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PREFACE 

Our road and street network represents a r:,ajo1 area of investment in 
transportation. The pavement portion of this investment is, in turn, quite 
substantial. People who are intrusted with the responsibility of expending 
ihe funds allocated for these investments require an efficient set of 
management practices. 

The term pavement management has become popular in recent years. In a 
broad sense, it includes the entire spectrum of interrelated activities that 
are involved in providing pavements. These range from the planning or 
programming of investments through to design, construction, maintenance and 
in-service evaluation. 

Any type of management is concerned with information, coordination of 
activities, making decisions and taking action. This is of cours~ not an 
easy task, especially in a large and complex area such as pavement management. 
In addition, few individuals have the opportunity or the responsibility to 
work in all the activities involved in pavement management. Nevertheless, 
it is desirable for all people involved in pavement management, no matter 
what their level of administrative or technical responsibility, to have at 
least an appreciation for these activities. In this way, their own more 
in-depth knowledge associated with day to day working activities can con­
tribute more effectively to the overall goal of pavement management --- that 
is, to ~chieve the best possible value for available public funds. 

This course has been prepared by the Center for Transportation Research 
at The University of Texas at Austin. This document does not constitute a 
standard, specification or regulation. 
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Lesson 21 

LESSON OUTLINE 

Sli.3CR;\DL MOISTURE HOVFMENT .',H) Dr,, 11st1.C' 

Instructional Objectives 

1. To provide the student with a basic knowledge of the movement of moisture 
near the pavement structure. 

2. To acquaint the student with the various methods of conveying water in 
the subgrade. 

Performance Objectives 

1. The student should be able to explain the various types of moisture 
movement in terms of factors that govern movement. 

2. The student should be able to simply sketch the various methods of 
subgrade drainage and explain the function of each. 

Abbreviated Summa_sy_ Time Allocations, 

1. Introduction 5 

2. Ground Water 10 

3. Gravitational Water 5 

4. Held Water 10 

5. Soil Suction for Clays 10 

6. Subgrade Drains 10 

min. 

so minutes 

Reading Assignment 

1. Instructional Text 

21-1 
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SUBGR.i\DE }10ISTURE MOVEMENT AND DRAINAGE 

1.0 TYPES OF WATER IN SOIL 

1.1 Ground Water 

Defined as water below the water table. 

1.2 Gravitational Water 

Defined as water flowing towards the water table under the action 
of gravity. 

1. 3 Held Water 

Defined as water retained in the soil principally by surface 
tension forces. 

2.0 WATER MOVEMENT 

2.1 Ground Water 

7..1.l Darcy's Law. Movement of ground water is governed by 
Darcy's Law: 

Q KiA 

where 

Q is defined as discharge per unit time 

K is defined as the coefficient of saturated 
permeability 

i is defined as the hydraulic gradient 

A is defined as the cross sectional area of flow 

Darcy's Law only applies when flow is through porous material. 

2.1.2 Coefficient of Saturated Permeability. K is primarily 
dependent on the particle size distribution of the soil. 

(a) typical values of K (Visual Aid 21.2) 
(b) determination of K by permeameter test (Visual Aid 21.3) 

21-2 



RevisPcl WRH/lg 6/9/8!f 

2. 2 Gravitational h'.1ter 

2.2.1 Darcy's Law. Due to the soil characteristics Darcy's Law 
is ineffective. 

2.2.2 Water in Transit. Gravitational water falls on the soil under 
natural conditions and flows through to form a water table on 
some impermeable structure r·low. Gravitational water is 
mainly in transit. 

2.3 Held Water 

2.3.1 Movement. Held water moves slowly but is not static. Movement 
is determined by suction and vapor pressure equilibria. Water 
is generally held in place by: 

(a) chemical combination in crystalline structure of soil 
(b) surface tension around contact points of particles 
(c) capillarities in pores between particles 

2.3.2 Effect of Thermal Gradient. 

3.0 SOIL SUCTION 

(a) movement of water from warm to cold regions 
(b) caused by alternating cycles of vapor condensation 

and capillary flow 
(c) caused by change in water affinity with change in 

temperature 

3.1 Definition 

Soil suction may be defined as negative pressure in a soil mass that 
is of sufficient magnitude to create movement of held water. 

3.2 Causes 

Soil suction is caused by forces causing hydraution, or absorption 
of water to soil particles together with surface tension at the 
air water interfaces. 

3.3 Numerical Values 

(a) value depends on moisture content of soil (Visual Aid 21.4) 
(b) values range from zero to several thousand psi 
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(1) psi 
(2) cm of H

2
0 
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(3) pF defined as log
10 

(cm of water) 

3.4 Components of Soil Suction 

3.4.1 Osrnat:i.c (Solute) Potential. Amount of work to transport 
water reversibly and isothermally. 

3.4.2 Gravitational Potential. Amount of work to transport water 
from one elevation to another. 

3.4.3 Capillary Potential. Amount of work to transport water to 
external gas pressure of a point. 

3.4.4 Potential Due to External Gas Pressure. Only considered when 
external gas pressure differs from atmospheric pressure. 

3.4.5 Matrix or Soil Water Suction. Negative gauge pressure to be 
in equilibrium through a porus penneable wall. 

3.4.6 Osmotic Suction. Negative gauge pressure to be in equilbrium 
through a semi-permeable membrane. 

4.0 MEASUREMENT OF SOIL SUCTION 

4.1 Types of Apparatus 

4.1.1 Suction Plate. 

pF range O - 3 

4.1.2 Pressure Membrane. 

pF range O - 6.2 

4.1.3 Centrifuge. 

pF range 3 - 4.5 

4.1.4 Vacuum Desiccation and Sorption Balance. 

pF range 5 - 7 

4.1.5 Calibrated Electrical Absorption Gages. 

pF range 3 - 7 
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Suction versus moisture depends on soil characteristics. 

5.1 Incompressible Soils 

Considerable hysteresis between wetting and drying curves. Pores 
may empty and fill at different suction forces. 

5.2 Compressible Soils 

Development of high suctions produces a structural condition similar 
to that present in natural ground. 

5.3 Intermediate Clays 

Curves fall between those for compressible soils and those for 
incompressible soils. 

6.0 SOIL PROPERTIES AND SOIL SUCTION 

6.1 Shear Strength 

cr' = p - 8'µ 

where 

cr' shear strength 

p total normal pressure 

8' a bonding or holding factor 

µ pore pressure 

µ can be inferred from the suction-moisture content relationship 

6.2 California Bearing Ratio (CBR) 

Relationship between suction and bearing ratio 
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constants 

S soil suction. 
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Visual Aid 21. 2. 
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LESSON OUTLINE 
SUBGRADE MOISTURE MOVEMENT AND DRAINAGE 

TITLE 

Schematic diagram showing occurrence of ground water. 

Approximate particle size and permeability of various soils. 

Simple constant - head upward - flow permeameter. 

Soil suction at various moisture contents and conditions for 
heavy clay. 

Units of measurement for soil suction. 

Underdrain. 

Interceptor. 

Drain trenches. 

Draw down water table. 

Perched condition. 

Interceptor ditches. 

Membrane. 

Membrane encapsulated. 

Lime-treated layer. 
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Visual Aid 21.1, Schematic diagram showing occurrence of ground Wqter, 

l Tronsp i ration 

Confining Loyer 
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After a Rain 



PARTICLE 
MATERIAL * _SJ ZEJ MM 

CLAY 0.0001 - 0.005 
SILT 0.005 - 0.05 

VERY FINE SAND 0.05 - 0.10 
FINE SAND 0.10 - 0.25 
MEDIUM SAND 0.25 - 0.50 
COARSE SAND 0.50 - 2.00 

*l MM= 0.03937 IN, 
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APPROXIMATE 
PERMEABILITY J 

GPD/SQ FT 

10-5 TO 10-2 

10-2 TO 10 

10 TO 50 

50 TO 250 
250 - 1)000 

1)000 TO 15)000 
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Porous 
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Visual Aid 21.4. Soil suction at various moisture contents and condition 
for heavy clay. 
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Visual Aid 21.5. Units of measurement for soil suction, 

PF* CM OF H20 PSI 

0 1 0.0142 
1 10 0.142 
2 100 1.42 
3 1.,000 14.2 
4 10.,000 142.0 
5 100.,000 1420.0 

*pF = LOGlQ(CM OF H20) 
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Granular .. 
Material 
(pervious) 

~ 

Impervious 
Loyer 
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2-4' Below Subgrode 

21-13 



\~"RJl ' \ f '.} ! 1. l1 / p, 1 

1x:' ,:,n ·.'.1 

..... -•- \n\eHU\)\\on ot t1otfl\O\ 
f \0'41 SuriOCI 

--. 



Visual Aid 21.8. Drain trenches. 
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f Transverse Drains 

• HerrinCJbone" Pattern 
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.. Drains 
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Visual Aid 21.9. Draw down water table. 

4 feet 
or more 
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P·-·vi :::c . 

Visual Aid 21,10, Perched condition. 

C : 21 

Drain Water Through Holes 
in Impervious Layer 
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Visual Aid 21.11. Interceptor ditches. 

4 feet or more 
below subgrode 
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Visual Aid 21.12. Membrane. 

Membrane Prevents 
Migration of Water ' 

'y 
--. 
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4-5 feet 

I 

Vapor Moving Up 
from Water Table 
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Visual Aid 21.13. Membrane encapsulated. 

Membrane) 
-

Permanent Structure 

Vapor from 
Water Table 
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l 

Vapor from 
Water Tobie 
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Lime-treated 1 ayer. 

: 
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CHAPT E.'R 71 MOISTURE MOVEMENT 

Types of Wate£ Movement 

The water in soil can be broadly divided into three categories: ground 

water beneath the water table, gravitational water flowing towards the water 

table under the action of gravity, and held water retained in the soil 

principally by surface tension forces. 

Of the water which falls on the soil under natural conditions, some 

passes through to form a water table on some impermeable stratum below. 

The water which passes through the soil in this form is generally referred 

to as gravitational water. The water below the water table is the ground 

water. 

When the supply of surface water and the flow of gravitational water 

cease, some moisture is retained in the smaller pores and channels and on 

the surface of the particles by surface tension and adsorptive forces. This 

water which cannot be drained directly may be conveniently termed ''held water." 

The water vapor which fills the soil interstices not occupied by water in the 

liquid phase and which, under special circumstances may play an important 

part in determining the distribution of moisture in the soil, may be reg~rdcd 

as constituting part of the held wate~ 

Ground Water. For clays and other fine soils, the effects of ground 

water can best be studied by assuming that Darcy's Law of saturated flow 

applies. 

Q = KiA 

where 

Q = discharge per unit time, 

K = coefficient of saturated permeability, 

i = hydraulic gradient, 

A = cross sectional area of flow. 
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For a fine grained soil such as clay, K can be obtained by running a 

variable head penneameter test and by using the following equation: 

K .aL l 
= At oglO 

where 

a = cross sectional area of standpipe 

A = cross sectional area of sample 

t = time 

ho,hi = original and final hydraulic J:,eads 

The coefficient of pern1eability is highly dependent on the particle size 

distribution of the soil. It may well vary from 20,000 ft/day for coarse 

gravels to .0002 ft/day for heavy clays. Due to the fact that horizontal and 

vertical strv:tureof soils differ, the soil sample must be oriented in the 

direction in which flow is most liable to occur, 

Gravitational Water. Gravitational water is water flowing through the 

soil to form a water table on some impermeable structure below. Since, in 

this case, the structural characteristics of che soil are such i.e. porosity, 

air voids, etc. that Darcy's Law is ineffective. Since gravitational water 

is mainly in transit, it is of little real importance to soil mechanics. 

However, in some cases, intercepting drains are used to avoid problems that 

may arise. 

Held Water. Held water is not static but does move slowly. It can be 

classified as follows: 

(1) wat~r chemically combined in the crystalline structure of a soil, 

(2) adsorbed water, 

(3) water held by surface tension around the points of contact of the 
partic<·es, and 

(4) water held by capillarity in the pores between the particles. 

i-he water that is chemically combined in 
0 soil minerals cannot be dried out but at a temperature of 110 C because it 

is an internal part of the soil solid. 
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The quantity of water held by surface adsorption depends on the 

surface area of the particles. This water can be reduced by oven drying the 

soil but never entirely removed. 

The greater part of the held water in granular soils is retained by 

surface tension either around the points of contact of the particles or in 

the soil pores and capillaries. When a soil is exposed to moisture, first 

the water layer around the soil particles gets thicker. Next, the spaces 

between the soil particles arc filled and held by surface tension. At this 

point, any additional water would cause gravitation flow, 

Other Soil-Water Terms 

In soils engineering and particularly in agricultural engineering 

aspects of soils, the terms wilting point, field capacity, and available 

water are widely used. 

Field capacity is defined as the moisture content of soil after gravity 

drainage is complete. It has been proven that the field capacity is essen­

tially the water retained in soil subjected to a suction of 1/3 atm. 

The wilting point represents the soil moisture at the time that plants 

cannot extract water from the soil. It has been found to be the moisture 

held at a suction equivalent to the osmatic pressure exerted by the plant 

roots. Recent tests have indicated t~~t it is represented by the moisture 

content at a suction of 15 atm. 

The difference between the moisture contents at field capacity and at 

the wilting ~oint is called the available moisture. 

In the swelling clay problem, th,<; water movement with which we are 

basically interested is that of held water. It is :in this range of moistt:re 

holding capacity that the complexity of the problem of swelling clays finds 

its apex of complexity. 

Movements of Held Water ---
Even though held water cannot be drained directly in this manner, i.t 

should not be regarded as static. Its movements are determined by suction 

and vapor pressure equilibria. The surface tension and absorptive forces 

by which it is retained reduce the vapor pressure of the held water and, 

at the same time, impart to the water itself a state of reduced pressure or 
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suction which is found to increase from zero at saturation to values 

exceeding 100 lbs/in2 in dry soils. If equilibrium moisture conditions in a 

soil suffer a local disturbance, the suction and vapor pressure gradients 

created cause a movement of moisture in the liquid and vapor phases tending 

to reestablish equilibrium. Since the particle size distribution is an impor­

tant factor in determining both the soil-suction-moisture content and the 

vapor pressure-moisture content relationships, equilibrium will not, in the 

case of non-uniform soils, correspond to a state of uniform moisture content. 

Since changes of temperature affect the vapor pressure of soil to a 

much greater extent than the suction, temperature gradients are important 

and should be included before we try to delve to moisture movement in the 

vapor phase. 

Effects of Thermal Gradients 

Observations and investigations of the influence of temperature gradients 

and variations in temperature on the retention and movement of water in the 

soil have been reported periodically since the early 1900's. 

One of the earliest of the many reports noted evidence of diurnal 

fluctuations in the rate of discharge of water from tile drains and in the 

level of ground waters in shallow wells. In the course of varied field 

experiments it was also noted that substantial upward movements of water in 

unsaturated soils during the winter months under frost free conditions was 

observed. A considerable change in the rate of vertical capillary flow in 

soil columns under constant moisture-tension gradients was observed when the 

columns were subjected to a change in ambient temperature conditions. 

After concentrated experimentation and independent study by many 

researchers, the following concl~~ions were reached: 

(1) A marked transfer of water from warm to cold regions of soil 
specimens was found. After attempting to segregate liquid 
and vapor flow characteristics, the conclusion was reached 
that thermal effects were largely related to flow in the 
liquid phase. 

(2) Moisture movement under the influence of a thermal gradient 
is the result of a combined cyclical process of vapor con­
densation and local capillary flow. 
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(3) There is flow of moisture in the film phase along the 
internal surface of the porous system due to a change in 
water affinity with change in temperature. "The physical 
explanation of the phenomenon is that the exchangeable 
cations possess a greater activity (arc more dissociated) 
at the cold than at the warm side; they cannot move to the 
warm side because they are held by negative charges of the 
mineral surfaces. The only way to decrease the concentra­
tion potential is by movement of water from the warm to 
the cold side." 

It is interesting to note that by different studies and techniques the 

investigations have arrived independently at similar conclusions. These 

conclusions are not always reinforcing, however. As observed in the first 

two conclusions, one names liquid water flow as the basic mechanics of 

water moisture due to thennal gradients, while the other promotes vapor 

~ondensation and local capillary flow as the causes for this motion. The 

generalized conclusions of the above mentioned investigation may be sununarized 

as follows: 

When a column of soil is subjected to a temperature gradient, the flow 

of moisture from warm to cool regions occurs largely in the vapor phase. As 

the vapor condenses in the cooler regions, a flow of moisture, in the liquid 

phase from cold to wann regions is created once a favorable pressure gradient 

within the liquid has been established. When the soil is sufficiently moist 

to permit active liquid flow, a state of equilibrium cannot be reached and a 

continuous circulation of water takes place within the enclosed column. 

Water Movement in the· Vapor Phase 
' At moisture contents well below saturation the air spaces inside the 

soil can provide continuous passages through which water may move in the form 

of vapor, and consequently, it is possible for changes in the moisture content 

of the soil to occur owing to the movement of water vapor from one region of 

che soil to another through these air channels. This movement is due to 

differences in relative humidity of the void space water vapor in the different 

parts of the soil. (The relative humidity of the water vapor is defined as 

the pressure of the water vapor in soil expressed as a percentage of the 

saturated vapor pressure of water at the same temperature.) 

Differences in relative humidity are associated with variations in soil 

type, soil moisture content, and temperature. Under actual 'and practical 
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road conditions, the temperature is the only one of these factors li~ely to 

be of importance, since local variations in moisture content can only cause 

appreciable differences in relative humidity when the soil has a comparatively 

low moisture content (<4% for sands and below 10% for clays). Temperature 

gradients such as those created in the soil by· the daily and annual tempera­

ture cycles may cause considerable differences in vapor pressure within the 

top few feet of the soil, and, if free channels are available in which water 

vapor can move, a transfer of moisture will occur. 

'When the soil is normally close to saturation, free movement of water 

·vapor is largely prevented and, thus, appreciable transfer of moisture is 

also prevented. In arid areas where very low moisture contents and large 

temperature variations are expected in the soil, the movement of water in the 

vapor phase is of great importance. This movement is one explanation for the 

high moisture contents which are found under some roads constructed in arid 

and semiarid climates. These impermeable surfacings are able to prevent the 

evaporation by which the moisture accumulated in the surface layers of the 

soil is normally removed. 

As a conclusion we can say that the tTansport of water vapor in the 

soil is controlled by temperature differences. Vapor movement is from high 

temperature (high vapor pressure) to low temperature. Vapor transport is an 

important factor in moisture movement when the moisture content is lowered 

to the point where capillary moisture is discontinuous. Under this condition, 

however, moisture content and temperature gradients arc usually so small 
I 

that the quantity of water moved is negligible. When th,:? surface soil is 

frozen, the vapor pressure gradient is upward and is accentuated by the lower 

v·apor pressure of ice 1:elative to water at that low temperature. Thus, when 

frozen soil thaws, its moisture content may be greater than at the time of 

freezing conversely, during summer, vapor pressure gradients would be down­

ward were it not f'.c the evaporation and transpiration. These conditions 

lower the surface temperature and significantly shift the gradient patterns, 

It is apparent and the general consensus that soil suction, negative 

pressures, by dry soils are the primary source of movement potential in 

swelling clays. For this r03son thi~ subject is given a ful1Pr treatment 

th.an was given to tne previous types of soil-water movement. 
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Soil Suction in Swelling Clays 

Soil suction is perhaps the backbone of the moisture movement phenomena 

in swelling clays. The soil suction which a soil experiences is caused by 

forces causing hydration, or adsorption of water to soil particles together 

with the surface tension at the air water interfaces. These forces combine 

to produce a state of reduced pressure, or suction, in the soil. The soil 

suction is experienced mostly in the held water fraction of the moisture 

range, It has been found experimentally that the increase in soil 

suction with decreasing moisture content is continuous over the entire 

moisture range. 

The value of the suction is dependent on the moisture content of the 

soil. The suction-moisture relationship for clays is found experimentally 

to be continuous for all soils. Figure 7.1 shows that the soil suction 

lncteases rapidly with decreasing moisture content. 

It follows from the previous discussion that in clays which are 
normally saturated at moisture contents above 15%, the suction 
in the water is due mainly to particle hydration and adsorption 
whereas in granular soils, surface tension plays the most impor­
tant role. 

Values of suction range from zero at complete saturation to several thousands 

of psi in over. dry soils. 

The suction'pressure can be expressed as negative pressure in psi or in 

other more convenient units. It will be shown later that the most common 

units for soil suction are those which express it in terms of cm of water. 

The term pF which has also been employed is the log10 (cm of water) and is 

used for ease in plotting. The water moisture is almost always plotted as 

a percent. 

The following chart relates the three basic units of pressure used: 

R! 
b (cm of ~O) 

.2!! 

0 1 .0142 

1 10 .142 

2 100 1.42 

3 1000 14 .2 

4 10000 142 
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Components of Soil Suction 

The total potential of soil water, ~, is the amount of work that must 

be done per unit quantity of pure water in order to transport reversibly and 

isothermally on infinitesimal quantity of water from a pool of pure water 

at a specified elevation at atm. pressure to the soil water at the point 

under consideration. It may be convenient to shorten the term to total 

potential or soil water potential and to divide it into parts, the division 

such that the sum of the parts equals the tqtal potential. 

Osmot.!.£_(.Solutel___R.<2!_~ntial. Amount of work per unit quantity of pure 

water to transport reversibly and isothermally an infinitesimal quantity of 

water from a pool of pure water at a specified elevation at atm. pressure 

to a pool containing a solution identical in composition with the soil water 

but in all other respects identical to the reference pool. 

Gravitational Potential. Amount of work from a pool containing a solu­

tion identical in composition to the soil water at a specified elevation at 

atm. pressure to a similar pool at the elevation of the point under considera­

tion. 

Capillary Potential. Amount of work from a pool containing a solution 

identical in composition to the soil water at the elevation and the external 

gas pressure of the point under consideration in the soil water. 

Potential Due to External Gas Pressure. This potential component is 

to be considered only when the external gas pressure differs from atm. 

pressure. 

Matrix or Soil Water Suction. Negative gauge pressure relative to the 

external gas pressure on the soil water to which a solution identical in 

composition with the soil water must be subjected in order to be in equili­

brium through a porous permeable wall with the soil water. 

Osmotic Suction. Negative gauge pressure to ~1ich a pool of pure water 

must be subjected in order to be in equilibrium through a semipermeable 

(permeable only to water molecules) membrane with a pool containing a solu­

tion identical in composition with the soil water. 

Total Suction. Total suction is equal to the sum of the soil water 

suction and the osmotic suc~ion. 
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_pF - Hysteresis Loop 

The nature of the suction vs moisttire relationship depends on the 

characteristics of the soil. For a better more lucid understanding of this 

relationship it is convenient to consider three categories. They are the 

following: 

(1) incompressible soils and materials of rigid structure, 

(2) compressible soils which may remain saturated at high 
suctions where the void space remains filled with water 
due to volume changes accompanying volume changes, and 

(3) sandy clays or intermediate clays. 

Incompressible Soils. The characteristic suction curves for two 

incompressible materials, in this case two grades of chalk (soft limestone), 

are shown in Fig 4.9 There is considerable hysteresis between the wetting 

and the drying curves. Thls arises from the fact that pores may empty at a 

~uction different from that at which they will fill, The vertical part of 

the drying curves indicates that considerable suctions can be applied to the 

pore water without change of moisture content, the effect being limited to 

a change in the radii of the water menisci at the surface pores. When the 

air-entry suct:i.on of those pores is reached drainage commences and is indi­

cated by the change in slope of the curve. For both types of chalk the 

wetting curve is below and to the left of the drying curve. This indicates 

a more gradual decrease in suction as the moisture is increased. The 

differences between the two sets of curves in Fig 4r9 indicates different 

densities ana hence different saturation moisture contents for the two 

materials. 

Compressible Soil. The nature of the ?~e1atlocship for compressi'.)le clay 

soil is shown in Fig 7 .1. Curve A represents the drying condition for an 

undisturbed sample taken from the ground and initially ,1(,tted to a very low 

suction. Curve B refers to the same soil wetted from an oven dry condition. 

-Cu rvc: C is the ifoconcf-ar-ying -c.ur.\le. Curve D indica t::e-s the safoe type of soil 

in an initially :l,1rri~d condition. As seen in the figure, the curve is 

identical with the drying curve or the natural soil Curve A at suction of 

4.5 pF, which ST,6ests that the development of high suctions produces a 

structural cond1 .. ion similar to that present in the natural ground. The 

i.ntermediate ruc::ion loops E and F show the effect ,Jf the ,;uction-moisture 

- lationship of s'.0rrying ~t 
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Intermediate Clays. The suction curves for intermediate soils partake 

of the characteristics of both the compressible and the incompressible soils. 

The curves for undisturbed natural samples of such soi.ls lie between those 

of the sands and the heavy clays to form a continuous spectrum. In this 

spectrum, the vertical characteristics of the sands at low suctions se~m 

to become less and less pronounced as one passes througl1 the sandy and silty 

clays towards the heavy soils. When heavy clays in the natural moisture 

condition are remolded and compacted to different degrees, the compacted 

material consists of aggregates of saturated or nearly saturated clay with 

comparatively large air voids. Although it is the magnitude of these air 

voids w'l-iich determine the difference in dry density between the samples, 

their presence has little effect on the suction-moisture relationship as 

a whole. 

Even though by carrying out a series of tests on sandy or silty clay 

soils at different initial densities a family of curves is obtained; these 

curves are not strictly comparable with these for an incompressible soil. 

The reason for this lies in the fact that these curves do not represent 

isodensity conditions because of the natural swelling and shrinkage of the 

soils. By carrying out swelling/shrinkage test simultaneously with the 

suction determinations, a family of suction curves corresponding to conslant 

density conditions can be prepared. These density curves show the same 

crossover charact"-'ristics as the curves for incompressible soils. A 

detailed study of the suction/moisture/density relationship of this kind is 

likely to be.of importance in soil swelling studies. Figure 7.2 shows 

typical suctio~-moisture-density curves for drying of a silty soil in three 

degrees of compaction. Figure 7.3 shows the same relationship for various 

densities of a fine sand. The same crossover characteiistic is also observed 

here. 

It is apparent that the suction of a given soil is a difficult parameter 

-to determine--.- Since---- the factG-rs- governing soil suction are infinitesimal in 

nature the tests which exist £0ilow an empirical basis. Nevertheless, the 

measurement of soil suction is an important factor to consider. 
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Measurement of Soil Suction 

Many different measurement devices have been designed to determine the 

soil suction and moisture content relationships of soils. This is of great 

importance since the thermodynamic approach to soil moisture movement analysis 

can be used to evaluate moisture migration in terms of moisture content on a 

weight basis if the appropriate relationship between suction and the moisture 

content are known. Table 7.1 lists the different methods which have been 

developed to determine this relationship 

TABLE 7,1. TYPES OF APPARATUS FOR SUCTION MEASUREMENT 

Method 

Suction Plate 

Pressure 'Membrane 

Centrifuge 

Vacuum Desiccation and 
Sorption Balance 

Calibrated Electrical 
Absorption Gages 

pF Range 

0-3 

0-6.2 

3-4.5 

5-7 

3-7 

The two most common tests used by research and laboratory work on 

the suction plate and the pressure membrane methods. As can be seen from 

Table i.l, different methods have different ranges and their usage depends 

on the precision required by the experimenters. 

Pressure Membrane Apparatus. In the pressure membrane apparatus of 

Fig 1.4, the sample is placed in contact with a cellulose membrane which is 

itself in contact with water at atmospheric pressure. The air pressure 

surrounding the sample is increased to produce a pressure differential 

between the water in the soil and the water in the membrane. Moisture leaves 

the sample until the suction (in psi) in the soil is numerically equal to the 

applied pressure. The suction-moisture content relationship can then be examined 

by carrying out tests at increasing suctions. For research purposes the 

range of this method, previously regarded as pF Oto pF 5.0 has been extended 

by the Road Research Laboratory to suctions as high as pF 6.2, the latter 

value involves pressures of 1500 atmospheres. 
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Sucti on Plate . The f or m of the suc t ion pla te equipmen t in use at the 

Rand Research Labo r atory i s s hown in Fig 5 Demountab l e chemical gla s s­

ware is used, the No . 5 sintered glas s porous plate being fused in to the 

narrow end of a No. B.40 cone. This is fused at its other end into t he 

wide end of a No. B.24 cone to the narrow end of which is also fu s ed a 

glass tube of 5 mm internal diameter. The No. B.24 cone fits into a female 

joint at the mouth of a standard filter flask, the length of the glass tube 

on the filter unit being adjusted so that it reaches almost t o the bottom of 

the flask when the apparatus is set up. The filter unit is filled wi th air­

free wa er and the flask itself contains air-free water above the level of 

the tube connected to the filter unit. A reduced pressure of between a few 

centimeters and one atm. can be applied to the sintered plate by evacuating 

t he space in the filter fl a sk , t he minimum being determined by the diffe rence 

in level between the plate a nd the water in the flask. A glass cap is f itted 

over the No. B.40 joi nt ca rrying t he sintered plate and this is connect ed 

by a tube that would o therwise be the open end of t he monome ter r ecording 

the pressure in the filter f lask. This minimizes fluc t uations of pressure 

in the apparatus due to variations of atmos pher ic pr essure a nd temperature. 

The suc tion-moi sture conten t r e l ati on ship is exp lored by al l owing 

samples to reach moistur e equil i br i um succe s s i vely wi th pla t es operat i ng 

at a range of suctions . Th i s equilibr ium we t we ight fo r each suct i on is 

measur ed and t he moisture conten ts on a dry weigh t basi s a re calculat ed from 

the oven dr~ we igh t ob tained at the conc lusi on of t he test s . 

So f a r we have l ooked at soil suc t i on a s the bas ic parame t er to be 

cons i de r ed when s t ud ying moistu re movemen t i n swelling c lays . There exi st 

also phys i cal c orre la tions a nd design prope r t ies whi ch can be relat ed t o 

suct ion moi s tur e propert ies of soils . Not much work has been done i n this 

area, however, bu t what ha s been done indicates promi se. 

Soi l Properties and So i l Suction 

Shear Streng th . It is probable that the shea r strength of unsaturated 

soils (pF 70) can be determined by an expres s ion simi lar to that for 

de te rmining the volume. 
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0
1 

= p - a' . µ. 

where p is the total normal pressure on the shear plane and µ is the 

pore water pressure on the shear plane. The pore pressure µ will in 

general be below atmospheric pressure and in principle can be measured by 

some suitable energy method. In practice it may be inferred from a know­

ledge of the suction-moisture content relationship for the soil and from 

the known effect of applied pressure on pore water pressure. 

The coefficient a' appears to be a holding or bonding factor and is 

a measure of the number of bonds of water under tension effective in contri­

buting to the shear strength of the soil. The coefficient s is a measure 

of the theoretical or microscopic shearing strength per bond. Considering 

the variation of the shear strength of soil with moisture content, as the 

soil dries the suction increases and the strength of the bonds per unit area 

of water contact also increases. On the other hand, the number of bonds and 

the area of each individual bond both decrease as the soil becomes more 

unsaturated. In this way the product a X s may reach a maximum as the 

soil dries, giving also a maximum of shear strength. At such a maximum 

a I • ds + S • da / = Q 

The maximum shear strength will occur at suctions less than one 

atmosphere for coarse sands, a being zero for such soils when air dry. 

For silts the maximum will occur at h i gher suctions than for sands; for 

clays the maximum shear strength will occur at very high suctions (Fig 7 .7). 

Some experimental data has been plotted on Fig 7 .7 which shows the 

increase in shear strength within an increase in soil suction. The suctions 

were determined be for e shearing and when the condition of suction wa s repre ­

s ented by a poin t on a unique line, 

Califor ni a Bear ing Ra tio (CBR) . Studies wh i ch hav e be en made of the 

CBR of soils at various moi s ture contents and dry densities also suggest a 

close relationship between s uc t ion and the bearing ratio of the so il. 

Figure 7.7 snows a family of curves relating CBR on a log scale with moisture 

c ontent for various dry densities. These curves indicate an optimum moisture 

content at which the highest CBR can be obtained. As was expected, the 

optimum moistur e cont ent dec rea sed as the densit y increases. 
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Figure .8 relates suction and CBR both on arithmetic scales. It is 

obvious that there exists a notable increase in CBR as the suction of the 

soil is increased. A change in density of 15 pct shows a glaring increase 

in CBR as shown in the figure. However, at higher suctions the paucity of 

points makes a generalization impossible. 

The results suggest a linear relationship of the type 

where 

cl , c2 = constants 

S = soil suction 

In tue CBR test a bearing capacity failure may occur in some cases. 

Restraint due to the pot and incomplete mobilization of the full bearing 

capacity at 0.1 inch deflection will in other cases make a bearing capacity 

analysis inapplicable to the test. The relationship between the bearing 

capacity of soil, the apparent angle of internal friction, ¢, and the 

apparent cohesion, C , is of the form 

Bearing capacity f 1 (¢) + C X f(¢) 

If the apparent cohesion is proportional to the product S' · s , the 

equation becomes 

Bearing capacity = f
1 

(¢) + S' · sf
3

(¢) 

The approximate linearity of the variation of CBR values with suction 

at suctions below one atmosphere for unsaturated silty sand (1124, PL22) is 

shown 1n Fig. 7.8, 

As a resume on the water movement in clays it must be Kept in mind 

that motion of moisture is 2 complex thermodyn2mic and physical phenomena. 

. r~ ~-- ,I, :o solve ttis problem. 
-·•, ' •' 

r):·:lS li ... ~,3. _!. 

the most basi= as~umptions. 
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Thermodynamics and Soil Water 

Following the thermodynamic methods of Gibbs it is possible to show 

that ¢, the total potential of a constituent, can be divided into µ , 

the chemical potential and e , the positional potential; thus 

¢ = µ + e 

The chemical potentia l is the chemical free energy per mole and 

depends on the nature and state of t he constituent . The positional po ten­

%ial is t he potential free energy per mole and depends on the position of 

the constituent in an external force field or fields . The external force 

field will be any field which extends over a region which i.s large compa red 

t o the size of a molecule. 

Since ¢ is a measure of the escaping tend ency of a constituent, assume 

that the gradient of ¢ is the force tending to cause movement. If it is 

further assumed that frictional forces are proportional to V, the steady 

state velocity, the following can be written as 

where 

V = -KM 
dx 

K = transmission constant 

By substitution 

V = -K [ E.1:!-_ + d9 J 
dx dx 

In an ideal solution, 

dµ = VdP - SdT + RT dN 
N 

(1) 

(2) 

(3) 

where V, S , N are the partial molar volume, partial molar entropy, and 

mole fraction of the constituent, respectively. P is the pressure, T is 

the absolute temperature, R is the gas constant. Therefore 
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V =- - K [ V d p - s E_'!. + B.?: d N + .9__:?. J 
dx dx N dx dx (4) 

Each of the terms can be regarded as a force tending to cause water 

movement with respect to a particulRr frame of reference. If the fra~e of 

reference is not the same for the different forces they will not have tl1e same 

transmission constant. 

From Eq 4, several equations applicable to the mcver.1cnt of water in 

soil may be obtained. If temperature is uniform, fr-ee salts are absent or 

uniformly distributed, an<l the only force field p::·esent i.'.; the gr2"itaUo:1al 

field, 

dT = 0 

dN -· 0 

d¢ -- Mgdh 

from Eq 2 

dµ. = VdP 

d9 = pgVdh 

where 

V = - [ dP dh J -KV - + pg -
dx dx (5) 

where 

p = density of water 

h = height above datum 

Since 

Q = VA 

then 

Q = -KVA [ dP + dh 
dx pg dx J (6) 

where 

A = cross sectional area of pores 
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In this form the equation is a derivation of Darcy's equatioE, 

Water Equilibria. When equilibrium is attained, the velocity of the 

water is zero and Eq 4 becomes 

v = o = vdP - SdT + :T dN + de 

This is integrated between the reference phase, indicated by the zero super­

script and any other phase at the same temperature to give 

V(P - P
0

) = 
N° o 

RTln ~ - (9 - 9) 

To apply this equation to the swelling of clays, let the symbols without 

superscripts refer to the median plane between two parallel clay plates and 

the symbols with superscripts to the external solution. Then t~e pressure 

difference (P - P
0

) is equal to the hydrostatic repulsive force which 

tends to separate the plate and cause swelling. 
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INTRODUCTION 

CHARACTERIZATION OF PAVEMENT MATERIALS 
FOR FUNDAMENTAL STRUCTURAL ANALYSES 

Elastic and viscoelastic structural analyses of pavements as layered 

systems are increasingly becoming a part of working design practice. This is 

largely due to the ease with which such analyses can be done be readily available 

computer programs and the easy understandability of the results. Moreover, there is 

growing evidence that the results of these analyses can be directly related to 

observed field performance. 

The inputs to these fundamental structural analyses must come from 

laboratory and field evaluations. Computers unfortunately cannot test materials. 

Consequently, the pavement designer must have realistic values for materials 

properties, traffic loads and temperature before he can conduct the analysis. 

Materials testing technology in the pavement field has, for good reason, 

been largely built on a comparative basis, using index-type tests. Such index 

testing is useful for within comparison of materials but it is often inadequate for 

comparison between materials, especially when nonconventional materials are being 

considered. In addition, index-type tests do not provide the fundamental materials 

properties needed for structural analysis. 

These fundamental properties may be evaluated in a number of different 

ways, both in the field and in the laboratory. Because field testing is usually 

time consuming and not always practical, laboratory methods have received considerable 

emphasis. However, even though a fundamental property is being evaluated, different 

types of tests can give widely different results. It follows then that the predicted 

structural response of the pavement can similarly vary widely, depending upon what 

test results are used. 
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LAYER ANALYSIS OF PAVEMENTS AND BASIC 
MATERIALS INPUT REQUIREMENTS 

STRUCTURAL RESPONSE OF A PAVEHENT TO TRAFFIC LOAD 

A pavement that carries a traffic load will be stressed in the 

general manner shown in Figure 1. Maximum stresses occur under the 

center of the load. Figures l(b) and l(c) show these in terms of a 

vertical stress and a horizontal stress. When the load and pavement 

thickness are within certain ranges, the horizontal stress will be tensile 

in the bottom part of the bound layer. The distribution of temperature, 

as schematically shown in Figure l(d), will affect the magnitude of 

these stresses. 

Layered methods of structural analysis are used to calculate 

these stresses, given certain input infonnation concerning traffic loads, 

materials properties and temperature distribution. As well, the strains 

or deflections in the directions of the stresses, or in any other desired 

directions, can be calculated. Stresses, strains and deflections can 

also be calculated at points away from under the center of the load, in 

any desired direction. 

Figure l(a) shows the traffic load in a single position. In 

reality, of course, the load is moving. Consequently, the stresses 

shown in Figures l(b) and l(c) can be considered as peak stresses which 

occur when the load is directly over the vertical dotted line shown in 

l(a). When the load is approaching, or leaving, smaller vertical and 

horizontal stresses will occur along that line. 
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STRUCTURAL RESPONSE CALCULATIONS OF HA.JOR INTEREST AND THEIR l'SES 

The stresses of usual interest to the paver.:ient d2~ngner - i.e., 

those which he can relate to observed pnvement beh.:ivior or perfornunce -

are the vertical compressive stress at the top of the subgrade and the 

horizontal tensile stress at the bottom of the bound layer. Similarly, 

the strains of usual interest are the vertical compressive strain at the 

top of the subgrade and the horizontal ten:..ile st-::-ain at the botto::1 0£: tt1e 

bound layer. The deflection of usual interest is that at the surface of 

the pavement, which of course can be compared to actual field measurements. 

The major use of horizontal stress or strain calculations at the 

bottom of the bound layer is for fatigue analyses, Vertical strain cal-

culations at the top of the subgrade are mainly used in permanent defor-

~.'.!ticn or rt.!t depth a.n.gJyse8. Vertical compressive stresses on the 

sub grade, and deflection at the surface of the pavement, have bPl:'n used by 

a number of investigators to relate to pavement performance (1). 

BASIC MATERIALS PROPERTIES REQUIRED 

The basic materials properties required as inputs for elastic or 

viscoelastic layer analysis of a pavement structure are as follows: 

1. Modulus of each layer material, and the subgrade, For bituminous 

bound layers, the variation of modulus with temperature and rate of 

loading should be known. 

2. Poisson's ratio of each layer material (i.e., the ratio of lateral 

displacement to vertical displacement of the material, under the 

particular test conditions). 

3. Creep compliance and related properties; compliance characterizes the 

stress - strain - time relationships for materials at various tempera-

cures. 21-47 



The determination of these values for the various materials can 

be accomplished by a wide variety of testing methods, as subsequently 

discussed in this paper. 

OPERATIONAL PROGRAMS FOR LAYER Ai.~ALYSIS 

There are a number of operational programs available for layer 

analysis of p.-.vements. They include the following: 

1. BISTRO or BISAR (elastic layered program developed by Shell Oil Co.) 
I 

2. CHEVRON (elastic layered program developed by Chevron Co.) 

3. FEPAVE II or FEPAVE IV (elastic layered program developed at the 

University of California, Berkeley). 

4. VESYS IIM (viscoelastic and elastic layered program developed for 

the Federal Highway Administration). 

CRITERIA FOR MATERIALS TESTS 

Satisfactory design of pavements requires an understanding of the 

load-deformation-time relationship and the strength properties of the 

materials to be used. Strength represents a limiting condition. As such, 

it is not directly applicable to design because pave~ents are not expected 

to fail under a single application of load. The load-deformation-time 

characteristics can, however, relate to a single application or to many 

applications of load. 

Materials which are actually used in pavements behave in a very 

complex manner and do not display completely elastic or viscoelastic 

properties. The load-d~formaticn-time properties depend on the ~agnitude 

of the load, the rate of loading, temperature, and mojsture content. 

However, because of the wide variety of materials, the complexity of be-
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havior, and the difficulty of characterizing materials service behavior 

it is necessary to treat materials as though they have simple linear 

elastic or viscoelastic properties. 

The type and extent of the testing program used to deternine 

these characteristics relates to the following general criteria: 

1. Ease of testing, 

2. Reproducibility of test results, 

3. Size of project and variability, and 

4. Ability to estimate fundamental properties. 

EASE OF TESTING 

In contrast to research, ease of testing is one of the more 

important criteria to be applied to any proposed test method. Often an 

"imperfect" test method should be favoured because of its simplicity and 

the ability to conduct the test without costly equipment, extensive test 

time, or extensive training of personnel. Thus, a test which can be 

readily implemented and used in the field and by design agencies is 

desirable. 

Simplicity and low cost should not, however, be the pri::::c~ry basis 

for selecting a given test or testing program. In comparison to the total 

cost of designing, constructing, and maintaining a pavement, the cost of 

the testing program usually is insignificant. 

REPRODUCIBLE TEST RESULTS 

A second criterion related to the choice of test is a small error 

associated with testing. A test method ideally should be able to reproduce 

test results for essentially identical specimens. One measure of this 
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reproducibility is the coefficient of variation obtained from laboratory 

prepared and tested specimens of a given mixture. The variation ob-

tained represents inherent variation of the mixture and specimen and 

testing error. 

be minimized. 

Variation associated with testing and the specimen should 

SIZE OF PROJECT AND VARIABILITY 

The size and cost of the project and the inherent variability of 

the materials involved must be considered in est~llishing the type and extent 

of the materials testing program. 

Materials variability raust be quc1ntified for meaningful design. 

It is obvious from even the most cursory evaluation of paveme·at performance 

and distress that variation is one of the most significant f2ct0rs to be 

considered. If, for example, 10 percent of a paver.,ent fails the,, the entire 

pavement has probably failed in terms of performance. 

The concept of variability and its relationship to failure is 

illustrated in Figure 2. It shows the variations of tensile stress and 

tensile strengths for a hypothetical pavement. The area of overlap 

represents a failure condition in which stress exceeds strength. If the 

variation in material characteristics increases, the probability of failure 

increases. Similar examples could be shown involving other properties or 

a combination of these properties. Examples of the magnitude of such 

effects are shown in a subsequent part of this paper. 

Closely related is the question of inherent variability and the 

extent of testing. It is ridiculous to conduct an elaborate and extensive 

testing program on a small sample of material which is quite variable. 

Such a program would yield a great deal of information which uould be 
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meaningful to only a very small portion of the pavement. Likewise, a 

very limited program would not provide useful information. 

A realistic approach would involve the determination of average 

values, variation, and significant changes in material properties. For 

example, where a new pavement is to be constructed, or an existing pavement 

overlayed, significant changes in subgrade soil support should be identified 

because of their relationship to required design thickness. Of course 

project size and cost are important. As the size of a project increases, 

variability will also increase. At the same time as size or cost increases, 

the justification for a more extensive testing program increases. Thus, 

the extent and nature of the testing program ultimately relates to the 

variability expected, the cost of the project, and the consequ'3nces of 

failure. 

FUNDAMENTAL PROPERTIES 

The final criterion relates to the ability of the tests to measure 

the fundamental or basic properties previously mentioned. In terms of 

elastic design this means that modulus values (as derived from the load­

deformation-time characteristics of the material) and Poisson's ratio need 

to be known. In viscoelastic design the basic properties involve creep 

compliance or a related property. Empirical test results are only of 

value to an empirical design procedure. 

Attempts at using empirical tests to estimate fund21t12ntal properties 

through correlations should be rejected unless better information is not 

available or cannot be obtained. 

approximate. 

Such correlations are usually only v~ry 
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CLASSIFICATION AND DESCRIPTION OF MATERIAL CHARACTERIZATION TEQINIQUES 

Although the problem of materials characterization has been with 

us for many years and a great deal of work has been done, it would appear 

that there is very little agreement with regard to type of test and test 

procedures required. According to Deacon (2) this lack of agreement is 

explainable for the following reasons: 

1. The variety of materials encountered by the designer is unlimited be­

cause of their nature and the manner in which they are manufactured. 

2. The nature of the pavement structure in which these materials are used 

depends upon the intended function of the pavement. 

3. During the service life of a pavement, ~~terial properties are 

altered by such factors as thixotropy, aging, curing, densification, 

change of moisture content, etc. 

4. The response of a pavement material to load is extrereely complex and 

is characterized by non-linear, inelastic, rate-dependent, anisotropic 

behaviour which is sensitive to temperature and moisture. 

5. Solutions to the pertinent boundary value problems have been essentially 

non-existent until recently. 

6. The approach to the problem, has been piecemeal at best and has in­

volved many different researchers from many different agencies each 

striving for an optimal solution to a singular problem of limited 

scope and sometimes prejudiced intent. 

It could be added that for the past 50 years or more pavement 

design agencies have always pressed for an immediate answer to their needs 

and problems. Long tenn, well thought out, sequential efforts have 

usually been rejected because of the time and expense involved. 
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Nevertheless, a wide variety of test methods and procedures have 

been developed over the years, some of ,.;,hich have been long forgotten, but 

many of which are still being used today. These test methods can be 

classified as field or laboratory tests, empirical or fundamental, or 

according to the mode of test (e.g., tension, compression, shear, flexural, 

torsion, or some indirect method relating empirical results to other tests 

or test parameters). 

Empirical tests generally yield index properties related to 

fundamental materials properties such as strength and stiffness modulus. 

HCJ!,,..,ever, these index properties only have meaning on a comparative basis 

(i.e., previous tests on similar materials), or in terms of correlations 

with fundamental properties. An example of a widely used index test is 

t~e California Bearing Ratio (CBR) test. 

Tests which yield fundamental properties directly are rr.uch more 

useful and a strong emphasis to use them has been apparent in recent years. 

Examples of such tests include the indirect tensile, triaxial, plate load, 

Dynaflect, and flexural tests. 

For purposes of discussion these tests will be classified either 

as field or laboratory in nature. They may be listed as follows: 

1. Field Tests 

(a) California Bearing Ratio (empirical), 

(b) Plate Load, 

(c) Benklenan beam, and 

(d) Dynaflect or other vibratory tests 

2. Laboratory Tests - Elastic 

(a) Dynamic, complex ~odulus, 
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(b) Resilient modulus, 

(c) Flexural stiffness, 

(d) Dynamic or static indirect tension, and 

(e) Stiffness by nomograph means 

3. Laboratory Test - Viscoelastic 

(a) Creep compliance 

(b) Relaxation 

(c) Cornrlex modulus 

Empirical test methods, with the exception of the CBR test which is so 

widely used, will.not be discussed. 

With regard to the test considered, it must be recognised that 

variations in techniques exist and tl1at there is a tendency based on 

history to use one test method for one material and another test for 

another material. 

While this is not a testimonial for standardization solely for 

the sake df standardization, techniques quite often differ simply because 

previous work has not been adequately considered. As well, a conscious 

effort to be different or vested interest in the particular techniques and 

design procedure. may sometimes apply. 

The following discussion briefly describes and summarizes the 

basic characteristics of the previously listed tests. 

FIELD TESTS 

Field tests basically can only be used to evaluate an existing 

condition. Thus, they can be used to evaluate the subgrade for a proposed 

pavement prior to design, an existing pavement to determine its basic 
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structural condition, or an existing pavement to determine its support 

characteristics for use in the design of an overlay. Results generally 

must be considered in terms of the conditions which exist at the time that 

the tests are conducted. 

California Bearing Ratio Test 

The CBR Test is a load-deformation test (or more accurately a 

load-penetration test) which can be performed either in the laboratory or in 

the field. The test is conducted by forcing a small cylindrical piston, 

(3 in2) end area, into a soil or other material. Load-penetration data 

is collected and the CBR value is computed by comparing the load required to 

produce a given penetration (normally 0.1 in.) to the load required to produce 

the sa~e penetration for a standard material. Thus, the CHR expresses the 

quality of the material in te.rms of what was once considered to be an 

excellent base material. In essence, there is no way to evaluate the 

material except in terms of CBR values for previously tested materials which 

have been used in pavements. Values for materials, such as those which are 

stabilized (i.e., with high strengths), are meaningless. 

Attempts have been made to arrive at more fundamental properties 

by establishing a correlation between CBR and the modulus of elasticity. 

An example is a simple correlation, developed by Heukelom and Foster (3), 

:.:~lating fi:cld-dc.!"ermincd CBR v3.lues and stiffness values obtained using the 

Shell vibratory method. The relationship is 

E = 1500 CBR 

where E = modulus of elasticity (psi) 

CBR California Bearing Ratio Value {percent) 

Shook dnc! Kallas (4) report that there is little evidence as to the accuracy. 
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of the method and, as previously discussed, it is doubtful that such a 

simple correlation can actually relate the two parameters. As well, it 

is subject to a great deal of scatter and the correlation is only valid 

for the conditions and range of values for which it was established. The 

use of any such correlation is discouraged except as a means of establish­

ing a rough estimate. 

Plate Load Test 

A plate load test normally is conducted in the field and has the 

positive characteristics of being direct and easily understood. It has 

been used for many years by some agencies with the result that there are 

many variations in techniques. Essentially, the test consists of loading 

a circular plate of a given diameter a.nd m~asuring the def lectlon of die 

surface upon which the plate is supported. 

static or repeated way. 

Loads can be applied in a 

In the static test loads are applied in increments and held until 

essentially all deflection has occurred. When the time rate of deflection 

has reached an acceptable level, an additional increment of load is applied. 

Static testing can be used to obtain the ultimate bearing capacity 

of a material, the modulus of subgrade reaction, or indirectly the modulus 

of elasticity of the material using a layered system analysis. 

In the repeated tests, deflections are measured and after a given 

number of load applications, the load is increased. A typical load vs 

accumulated deflection relationship, from Reference 5 is shown in 

Figure 3. 

The test can be conducted on natural soil, compacted subgrade soil, 

or on any exposed pavement layer; however, it is restricted to an evaluation 
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of an existing in place material. Thus, its primary use would be to 

determine the load-deformation characteristics of a subgrade for use in 

the design of a pavement or the load-deformation characteristics of a 

pavement for use in the design of an overlay. 

Dynaflect and Vibratory Methods 

The Dynaflect System, which is somewhat related to the plate load 

test, consists of a dynamic force generator mounted on a two-wheel trailer, 

a control unit, a sensor assembly and a sensor (geophone) calibration unit. 

This system allows rapid and precise measurements of roadway deflections 

under a cyclic force of known magnitude. 

The 1 cyclic force generator consists of a pair of unbalanced fly 

wheels which rotate in opposite directions at 480 rpms to produce a cyclic 

vertical force of 1000 pounds. The resulting deflections are sensed at 

a series of points on the surface of the pavement as shown in Figure 4. 

The deflections have been correlated with Benkelman Beam deflec-

tion values by many agencies. As well, the curvature of the deflected 

surface can be calculated and is used in some design procedures. 

Non-destructive Vibratory testing consists of applying sinu­

soidal vibrations to pavement and analyzing the wave propagation resulting 

from these vibrations. The shape of the dispersion curve provides infor-

mation r~lated to Lhe elastic characceristics of the material and the 

geometrics of the pavement. Many different types of equipment and 

techniques have been used but perhaps the best known has been developed 

by Shell and used for such applications as the Brampton Test Road (7). 
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The modulus value is calculated as the ratio of stress to recoverable 

(resilient) strain under repeated loading conditions. 

The major differences are that: 

1. A confining pressure can be applied in the resilient modulus test. 

2. Inelastic as well as elastic behavior can be measured in the complex 

modulus test. 

A third stiffness test has been described by Deacon (2) in which 

a beam is subjected to repeated flexure, A flexural stiffness modulus is 

calculated from the center point deflections under load (not the recover­

able deflection). 

In addition, the indirect tensile test has been used, both 

dynaraically and statically, to obtain estimates of modulus and other load­

defonnation characteristics. 

Complex Modulus 

Sinusoidal vertical loads are applied to 4-inch diameter by 8-

inch high specimens and strains are measured. Typical load-strain-ti~e 

relationships are sho~n in Figure 6, from Reference (4). Values of the 

complex modulus and phase lag are calculated using the following equations: 

I E* I a -= £ 

t. 
1 

and¢ = 
tp 

(360°) 

where: I E*I = absolute value of the complex modulus, psi, 

~ = phase lag, degrees 

CJ = amplitude of the sinusoidal vertical stress, psi (Figure 6), 

£ ::: amplitude of resulting vertical strain 
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t. = time lag between a cycle of stress and the resulting 
1. 

cycle of stress, seconds, 

t = time for a cycle of stress, sec. p 

Typical values of complex modulus are shown in Table la. Estimates of 

Poisson's ratio can also be obtained from the complex modulus test by 

measuring strains perpendicular to the applied load. 

Reference (2) are shown in Table lb. 

Resilient Modulus 

Typical values from 

Recommended procedures for the resilient modulus test for sub­

grade soils, untreated granular bases, and sub-bases are described in 

References(4, 11, 12). 

A haversine wave load is applied for 0.1 sec. and removed for 

0.4 sec. at a frequency of 120 loads per minute. The confining 

pressures vary from Oto 50 psi, depending on the type of material. The 

resulting axial deformations are recorded. A typical load-deformation-

time relationship for a test is shown in Figure 7. Normally for granular 

base and sub-base materials specimens are 6-inches in diameter and 12-

inches high while for soils a 4-inch diameter and 8-inch high speciuien .. 

is used. 

The modulus of resilience MR is calculated from the following 

equation: 

= 

where: ~\ = modulus of resilient deformation, psi 

Cd = repeated deviator stress (stress difference), 

C = repeated recoverable strain 
r 
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TABLE la 

Mean Values of IE*I 1 
Averaged Over Frequency,After Ref. (4) 

Pavement Couroe Temperature (F) Vertical Stress 
17.5 psi 35 psi 70 psi 

Asphalt 40 18.51 19.73 20. 01. 
Concrete 70 6.62 7.09 7.36 
Surface 100 1.63 1.68 1.87 

Asphalt 40 22.74 22.60 22.56 
Concrete 70 7.08 7.65 8.07 
Base 100 1.45 1. 79 1.45 

1 
in psi X 10 5 

TABLE lt, 

Poisson's Ratio Determined by 
Dynamic Complex Modulus Test Procedures, After Ref. (4) 

Poisson's Ratio 
Pavement Temperature Loading Freguency 

Course (F} 1 c:es 4 cps 14 cps -----

Asphalt 40 0.282 
Concrete 70 0.492 0.494 0.375 
Surf act> 100 0.374 

Asphalt 40 0.362 
Concrete 70 0.470 0.445 0.366 
Base lCO 0.433 
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Values of }){ are determined after some number of repeated 

applications of the load at which time the specimen exhibits essentially 

constant recoverable strain (i.e., after "conditioning"). 

Flexural Stiffness Modulus 

Repeated loads are applied at the third points of a beam 

specimen in the form of a haversine. The duration of the load is 0.1 

sec. followed by a 0.4 sec. rest period resulting in a frequency of 120 

loads per sec. This produces an essential constant bending moment over 

the center point of the beam. A load is applied in the opposite direc-

tion forcing the beam to return to its original position and f'.!aintain:inp, 

it in that position during the rest period. The deflection under load 

:..;:; r;,easi..red c1t th~ center of the oeam. A schematic of the apparatus in 

Reference (4) is shown in Figure 8. 

The stress and strain at the outer fibers-and stiffness modulus 

after about 200 load applications are calculated from the following 

equations: 

3aP 
a = 2 

bh 

= 

where: a = stress in the outer fibers, psi, 

E = strain in the outer fibers, 
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Es = flexural stiffness modulus, psi, 

a = reaction span length -4 = 1/2 in., 

p = dynamic load applied at third points, lbs., 

b = specimen width, in., 

h = specimen depth, in., 

i = reaction span length, in., 

I of inertia of specimen, in 
4 = moment 

and d = dynamic deflection of beam at the center, in. 

Indirect Tension 

The indirect tensile test is performed by loading a cylindrical 

specimen with a single or repeated compressive load which acts parallel to 

and ulong Q'\ 
~ , . T!;is 

ration develops a relatively uniform tensile stress perpendicular to the 

direction of the applied load and along the vertical diametral plane, which 

ultimately causes the specimen to fail by splitting along the vertical 

dia.'1leter. 

The development of stresses within the cylindrical specimen 

subjected to load is reported by Kennedy and Hudson (Refs. 13 and 14). 

Most of the work in this area has been done at the University of 

Texas at Austin as a part of two research projects titled "Evaluation of 

Tensile Properties :,f Subbases for Use in New Rigid Pavement Design" and 

11Tensile Characterization of Highway Materials". The series of reports 

from the initial project cover the static and dynamic fatigue testing of 

stabilized materials. Reports from the second project are concerned with 

both the static and dynamic characteristics of paverr,ent materials. 
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A 0.5-inch curved lo.J.ding strip is used because the stress 

distributions are not altered significantly and because calc~lations of 

modulus of elasticity and Poisson's ratio are facilitated by maintaining 

a constant loading width rather than having a constantly changing loading 

width (which would occur with a flat load strip, as shown in Ref. (15) 

and (16) ). 

The development of equations that permitted the computation of 

the tensile strain at failure, the modulus cf elasticity, and Poisson's 

ratio are reported in Refs. (15, 16 and 17). 

follows: 

E 

V 

e:T 

where: E = 

:-: 
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PFail 

p 

a 

h 

a 

p 

X 

X 

== 

= 

= 

total load at failure 

load 

width of loading strip 

height of specimen 

angle (radians) subtended by one-half the wi,!u ot u,.c 
loading st rip 

least squares line of best fit between load P and total 
horizontal deformation X, for loads up to 50 percent of 
the maximum load 

total horizontal deformation at any given load 

1 = length over which strain is estimated 

V 

R 

y 
R' = 

X 

= 

:: 

Poisson's ratio 

radius of specimen 

tensile strain at any given load 

least squares line of best fit between vertical defonnations 
Y and the corresponding horizontal deforrrw.tion X 

S 
0 ox 

, p ' 
= integrals of-unit stresses 

T = total tensile strain at failure 

Jr ory 
-r 

Sr aex 
-r 

J+r Crx 
p 

-r 

Jr oey 
-r 

s+r 0 ex 
p 

-r 

= 

= 

integrals of radial stresses in the 
x directions respectively 

integrals of radial stresses in the 
y directions respectively 

y 

X 

integrals of unit stresses Orx and 0 ex. 

and 

and 

These equations require that the integrations be carried out using 

a computer and a computer program MODELAS. However, for a given di2meter 

and width of loading strip these equations can be ~implified and used without 
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the aid of a computer. Table 2 presents these equacions for 4- and 6-

inch diameter specimens and a 0.5-inch loading strip (17). 

In the static test method a cylindrical specimen is loaded on 

generators at the top and bottom of the specimen at a relatively slow rate 

(generally 2 in. per min.). The temperature used is 75°, although other 

temperatures can be used to characterize behavior if desired. A spccirl 

transducer is used to measure the total horizontal (tensile) defonnation 

while the vertical deformations are measured using an LVDT. 

In the dynamic or repeated load indirect tensile test method the 

same equations are used except that it is not necessary to characterize 

the entire load-deformation relationships. A typical load pulse for the 

repeated load test is shown in Figure 10. The resulting load-defonnation 

relationships are shown in Figures 11 and 12. A complex or a resilient 

indirect tensile modulus can be obtained by measuring the total vertical 

and horizontal defonnation occurring under the applied Joad or the 

recoverable vertical and horizontal deformation and assuming a linear re-

lationship between load and deformation (Figure 11). In addition, this 

method also provides an estimate of permanent defonnation which occurs 

under repeated loads (Figure 12). Any level of stress less than the 

static strength can be used and applied in the form of a haversine (Figure 

10). 

Work using the dynamic indirect tensile test has been conducted 

both by Kennedy at the University of Texas at Austin and Schmidt at Chevron 

Oil Corporation, California, 

STIFFNESS HODULUS BY INDIRECT MEANS 

One of the most widely used methods of determ~ning stiffi.css 
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TABLE 2. EQUATIONS FOR CALCULATION OF TENSILE PROPERTIES,AFTER REF. (17) 

Diameter of Specimen 

Tensile Property 

Tensile strength ST, 
psi 

Poisson's ratio \l 

Modulus of 
elasticity E, psi 

Total tensile strain 
at failure t 

T 

4-Inch 

0.156 

0.0673DR - 0.8954 
-0.2494DR - 0.0156 

s~ 
fl ro 9a~r -- • , I O\J 

h -
+ 0.2692] 

X [ 0.1185'V + _0~03896] 
TF 0.2494'.' + 0.0673 

6-Inch 

0.105 
p · 1 ...I.!!_ 
h 

0.04524DR - 0.6804 
-0.16648DK - 0.00694 

s 
....!! [0.9990v + 0.2712] 
h 

X ro.0793v + 0.0263] 
TF l..o:"1665\/ + 0.0452 

PFail = total load at fai.lure (mn:dmL.'111 load P or load at fir$t break point) 
max 

in pounds; 

DR 

• height of specimen, in inches: 

:i total horizontal deformation at failure (defonnatir,n at the maximmn 
load or at first break point), in inches; 

y 
= defonnation ratio T (the slope of line of best fit* between vertical 

XT 
deformation YT and the corresponding horizontal deformation XT up to 

failure load PFail); 

p 
= horizontal tangent modulus 

XT 
(the slope of the line of best fit* 

between load P and total 
failure load PF . 1). 

horizontal deformation XT for loads up to 

a1 
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modulus of conventional bitumens and bituminous mixtures was originally 

developed by van der Poel (lg). 

S(t,T) = 
0 

E: 

Stiffness modulus is defined as 

where S(t,T) = stiffness modulus, usuallv as psi or Kg/cm 2 , of the 
material for a particular time of loading, t, and for 
a particular temperature, T 

o = stress at t and T, and 

c = unit strain at t and t 

The procedure involved has been described in numerous references. 

Ref.(20) contains a complete description, including the modifications 

developed by Heukelom and McLeod. It is quite quick and simple to use, 

employing fi~stly values of penetration and softening point to derive 

bitumen stiffness, for the desired time and temperature; then, the bitumen 

stiffness is used to derive the mix stiffness. 

It should be emphasized though, that because correlations are 

involved with index properties, the derived stiffness value of the mix may 

be quite approximate. Such limitations are fully discussed in Ref.(20). 

LABORATORY TESTS - VISCOELASTIC 

Viscoelastic tests ure used primarily to evaluate asphalt-

treated materials, clays and silty soils, and, to a lesser extent, granu-

lar subbase naterials. The only current pavement design procedure 

utilizing viscoelasticity is VESYS IIM which was developed for the 

Federal Highway Administration (Refs. 22, 23 and 24) and has been 
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described by Kenis and McMahon (Refs. 25-28). VESYS IIM involves a 

computer program in which materials properties arc expressed in tenns of 

both elastic and viscoelastic (creep) functions determined from laboratory 

tests. 

The elastic properties can be determined from the previously 

discussed elastic test0; however, the viscoelastic characteristics must 

be detennined from otb..::r tests. These viscoelastic properties are ex-

prcss2d in terms of creep compliance. Al thr:ugh VESYS !IM is still in the 

proccs!, of being evaluated, the tests and techniques for establishing 

creep conqliance values and other related properties· should be reviewed. 

Creep Compliance 

Normally creep compliance is determined by applying a constant 

axial load to a specimen and measuring the time-dependent defonnation 

which occurs. Creep compliance Jt is then calculated by dividing the 

strain by the applied stress as follows: 

at any test temperature T 

ct• strain at time t 

o • applied stress, psi 

A typical deformation-time relationship and creep compliance-

time relationship is shown in Figures 11 and 14. For asphalt-treated 

mate~ials and clay soils the test usually does not involve a confining 

pressure; however, for granular materials the specimen must be confined. 

Sin<:: the creep behavior is dependent on the loading history of 
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the test specimen, asphalt specimens are preconditioned by three cycles 

of the test load with load held constant for ten minutes. The specimen 

is then loaded for a 20-minute period during which deformation .:1easure­

ments are recorded. 

The test load is selected so that the specimen will not exhibit 

r1ore than one percent defonnation to assure that the linear range is not 

exceeded. The test temperature must be held constant through the test; 

however, the tests should be conducted over a range of temperatures. 

The resulting creep data can then be extended to longer time periods by 

means of the time-temperature superposition concept. 

Time-Te~perature Superposition 

Since it is not practical to test over the complete time range 

involved in design, the principal of time-temperature superposition can 

be used to extend the test data to much longer periods of time. 

The creep data for each test emperature are plotted versus time 

on logarithmic paper (Figure 15). The horizontal distance (time) 

required to superimpose the curves at a master temperature is graphically 

determined. This distance is called the shift factor aT. Shift 

factors for typical mixes are shown in Figure 16. 

Relaxation tests are not used in design methods currently in 

use or being developed (Reference 4). This type of test, however, may 

be utilized in the future. The test is similar to a creep test except 

that the deformation is maintained constant and the load is allowed t~ 

decrease with time. 
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Complex Modulus Tests 

The complex modulus test has been previously discussed as a 

method of obtaining elastic moduli. The absolute value of the complex 

~odulus I E*I is a measure of the elastic stiffness. The phase lag 

is a measure of the viscous response. However, additional work is needed 

if the phase lag ¢ is to be used in viscoelastic analyses. 

EFFECTS OF VARIATION 

The foregoing sections have described briefly the more COTih~On 

procedures available for determining materials properties to use in layer 

analysis of a pavement. Results of such types of analysis have been 

related to observed pave!"ilent behavior and performance by a nu;:iber of 

ltave 'oeeu suggested. 

However, significant variations in the input variables to th~ 

analysis can similarly result in significant variations in the design 

thicknesses selected, or in the number of loads that can be carried by a 

particular design thickness. In the case of materials characteristics, 

suci1 variations can be large, due to lack of unifor~ity, due to error in 

the test method, or due to differences between tests, 

The effects of such typical variation are considered in an 

exa~ple using an elastic analysis (Figure 17). ~ factorial arrange~ent 

of high and low values for subgrade, base and surface moduli is shown. 

The values selected ,He representative of the range that night occur on a 

typical pavement section. 

A layer analysis progrmn known as EISAI~ (developed by the Shell 
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Oil Co. Ltd.) was employed to calculate the vertical stresses an the sub­

grade, using the following inputs: 

Moduli values as shown in Figure 17 

Layer thicknesses as shown in Figure 1) 

Wheel load 9,000 lbs. and tire pressure 70 psi, 

Fadius of loaded area 6.4 in. 

Poisson's ratio of 0.38, 0.42 and 0.46 for the surface, base 

and subgrade materials respectively. 

The values in the squares in Figure 17 show the number of 

equivalent 18 Kip single axle load equivalents that the pavement section 

shown could carry during its service life, for the particular r.ioduli 

combination. Suggested design curves in Ref. (1) were used for the cal-

culations. 

The range of 18 Kip equivalent loads in Figure 17 is from 310,000 

for combination 6, to 450,000 for combination 3. 

several years in the life of the pavement. 

This could represent 

It is important to note, as illustrated by Figure 17 that an 

effect of a high or low modulus (or other property) of a material should 

not be considered in isolation. That is, its combined effect with the 

properties of the other materials should be considered for a complete 

assessment. For example, in Figure 17 a high surface modulus combined 

with a low base modulus and a low subgrade modulus (combination 6) give 

the worst condition. A low surface modulus, combined with the same low 

subgrade and base moduli gives a substantial improvement (i.e., combina-

tion 8). These examples should not be taken as universally applicable 

generalizations, but they serve to illustrate the importance of considering 
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all possibilities for a given situation. 

CONCLUS r mis 

The major points of this paper m.:iy be summarized as follows: 

1. Pavement design technology is making increased use of structural 

layer analysis techniques, These require as inputs materials 

properties of a fundamental nature. 

2. 'iherc are a wide variety of techniques available for 1;;u1s11ring these 

fundamental properties. The paper categorizes thco, briefly 

describes the more common ones that are used and suggests a number 

of criteria for their application. 

3. Variation in materials properties, ~hich can occur due to non­

uniformity, errors or differences in testing technique, can 

significantly affect the number of loads that a pavement can carry 

during its service life. 

effects of such variation. 

The paper presents some examples of the 
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LESSON OUTLINE 

REVISED WRH/lg 11/9/83 
Lesson 22 

GENERATING ALTERNATIVE PAVEMENT DESIGN STRATEGIES 

Instructional Objectives 

1. To introduce the student with the design strategy concept as opposed to 
the traditional design approach. 

2. To explain the different design options when generating alternative pave­
ment design strategies. 

3. To present sample computer based algorithm used to generate pavement 
design strategies in working design systems. 

Performance Objectives 

1. The student should be able to explain the concept of design strategy. 

2. The student should be able to generate pavement design strategies which 
consist of combinations of the different design options. 

Abbreviated Outline 

1. Introduction 

2. Structural Options 

3. Policy Alternatives 

4. Automation in Generating Alternative 
Design Strategies 

Reading Assignments 

1. Haas & Hudson - Chapter 15 

2. Principles & Practices/ Course Notes 

22-1 

Time Allocations, min. 

10 

5 

20 

15 

50 minutes 



REVISED WRH/lg 11/9/83 
Lesson 22 

GENERATING ALTERNATIVE PAVEMENT DESIGN STRATEGIES 

1.0 INTRODUCTION 

1.1 Design Strategy Concept (Visual Aid 22.1 and 22.2) 

Pavement Type selection should be based on an engineering and 
economic analysis. Most past design practice has been concerned with 
layer thickness selection. A more comprehensive concept is required, 
which includes consideration of materials types and expected policies 
of construction, maintenance, and rehabilitation throughout the 
design period. 

1. 2 Design Options (Visual Aid 22. 3) 

Therefore, when designing a pavement, the following options should 
be considered: 

1.2.1 Structural Options. 

(a) materials, and 

(b) thicknesses. 

1. 2. 2 Policies. 

(a) construction, 

(b) maintenance, and 

(c) rehabilitation. 

1. 2. 3 Design Period_. A general guideline for selecting the length 
of design period is that it should not extend beyond the 
period of reliable forecasts. For traffic, 20 years is 
often used as an upper limit. Most transportation studies 
use a range of 20 to 30 years, and this seems reasonable 
for pavements. 

1.3 Generation of Alternative Pavement Strategies 

By combining the different design options, a set of alternative 
designs are generated from which the best design can be selected. 

2.0 STRUCTURAL OPTIONS 

The selection of materials and thickness for each of the layers in a 
pavement structure is limited by local availability and practical 
considerations; however, the possible combinations of structural options 
render it essential to use automated solutions. 
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2 .1 Materials 

EVTSFD WRll/ .1 , L / <J/ 33 
Lesson 22 

Each material type has different mechanical properties and cost 
than the others. Different materials should be considered for each 
cif the various pavement layers; for instance, asphalt a,,d PC concr-,,te, 
cJr more than one asphalt cement may be considered for the surface 
layer. 

2, 2 Thickness 

The material types can be combined. ,. .... ch irn..:rcmeu t:.., L L:h-ickness co 
further multiply the number of possible solutions for a design 
problem. 

Visual Aid 22.4 is an example schewatic representation of the range 
of initial possible structural section alternatives for a pavement 
design problem. 

3.0 POLICY ALTERNATIVES (VISUAL AID 22.5) 

Different materials and thicknesses are obvious design options; L'1.;eve1, 
without including policies, there may be appreciable error in selectfoz 
an optimum design. 

3.1 Construction 

Success of a design strategy in performing as expected is largely 
dependent on the construction policies to build it. Policies that 
might be considered include the following: 

(a) tolerances for thicknesses, materials properties, initial 
roughness, etc., 

(b) traffic handling method, 

(c) time of day, and season, for construction operations, and 

(d) materials sources. 

3.2 Maintenance 

It is not yet possible to consider adequately alternative levels 
of maintenance in terms of their cost and benefit effects on a 
design strategy. Nevertheless, the designer should indicate policies 
and costs expected for the recommended strategy. 
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3.3 Rehabilitation (Visual Aid 22.6) 
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Overlays and seal coats are the most connn.on type of rehabilitation; 
either type, or both, may be applied up to several times during the 
design period. 

3.3.1 Structural Aspects. A large number of structural combinations 
and timing can exist. 

3. 3. 2 Policies. Similar to construction policies. They are very 
important because of their effect in extra users cost. 
(Visual Aid 22.7). 

4.0 AUTOMATION IN GENERATING ALTERNATIVE DESIGN STRATEGIES 

4.1 Solution Algorithms 

The computer costs and storage requirements involved in generating, 
analyzing, and evaluating several hundred strategies for one design 
problem can be significant. Therefore, existing design programs 
make use of solution algorithms to eliminate infeasible strategies. 

4.2 Sample Computer Programs 

4, 2 .1 Flexible Pavement Design System (FPS). This computer program 
generates alternate flexible pavement design strategies and 
prints out the optimal from an economics standpoint. Visual 
Aid 22.8 indicates the process of generating design strategies 
built into FPS. 

4.2.2 Rigid Pavement Design System (RPS). This program generates 
alternate rigid pavement design strategies and prints out 
the optimal from an economics standpoint. Visual Aid 22.9 
indicates the process of generating designs in RPS. 
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GENERATING ALTERNATIVE PAVEMENT DESIGN STRATEGIES 

VISUAL AID TITLE 

Visual Aid 22.1. Schematic diagram of post pavement. 

Visual Aid 22.2. Major phases of the systems analysis methods. 

Visual Aid 22.3. Key components of generating alternative strategies. 

Visual Aid 22.4. Range of initial possible structural section alternatives. 

Visual Aid 22.5. Effect of policies on user costs. 

Visual Aid 22.6. Illustrative performance patterns of overlays. 

Visual Aid 22.7. Traffic handling methods. 

Visual Aid 22.8. Process of generating designs of FPS. 

Visual Aid 22.9. Process of generating designs of RPS. 
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Visual Aid 22.2. Major phases of the systems analysis methods. 

(1) 

(2) 

PHASE 

DEFINE THE PROBLEM 
(State Objectives and Constraints) 

ESTABLISH SYSTEM REQUIREMENTS 
(Inputs, Outputs, Costs, Decision Rules) 

(3) ---------M-O_D_E_L_T_H--rE-P-RO_B_L_EM _________ ___, 
(Response to Loads and Climate, 

Performance and Cost Models, Etc.) 

~-------G-E_N_E_RA_T_E_A_L_T_E_R_N __ A_T_E_so_L_U_T_I_O_N_s _______ ___. l____ (Thickness, Materials, Construction, Maintenance) 

~-------S_E_L_E_c_T_B_E_s_T_A ..... N_D_I_MP_L_E_M_E_N_T ________ ~ 

~------C_H_E_C_K_P_RE_D_I_c_T_E_D_P_E_RF_o_RMAN __ c_E ________ ~ 
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Visual A~d 22.3. Key component~ of generating alternative strategies. 

L • C · · b · · t" f T · - ' ·,- ·: i·" ' · - ·," s:: : r• ,- · · .. · cl .,chn llld . ..1..0ilS O .. id_~ .... ~~ ,::J .... :_} LC. '..;l•u.._ _,_,._.,_• .... ~l'..._u. 

--------------··--------·-·-·--··--·--·--·-···-·-·---------J 

,-------· -·-··- -·----------·-----·-
- Construction Policies expected for -any particular- combination of variabLc::" 

- - -·-·- --~ 
,-·---·-

- Maintenance Policies expected for -any particular combination of variables 

--
Rehabilitation Alternatives available + --- ...-

policies expected for any particular 
combination of variables 

·---

- Performance Evaluation Policies expected for -
any particular combination of variables 

I ANALYSIS, EVALUATION, AND OPTIMIZATION 
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Visual Aid 22.4. Range of initial possible structural sec,. Sen, alternatives. 

Is layer to 
Alternative Possible 

bP. included 'i'hickness 
Initial Structural (in.) Layer in all Range 

Type Alternativef; (in.) 1 2 -+ i + k 1 + n -+ p q + 

Asphalt MI'.\ MAX 
Concrete YES 

2 4 2 2k + 4 2 212 + 4 2 2 + + -+ 
Surface 2 

Unbound YES 
Granular unless Lf 8 '~ !+ + 4 -+ 0 0 -r u -+ 4!1 5 -+ 

Base (c) is used 
or 

Asphalt YES 
Treated unless 2 4 0 0 + 0 + 2 2 + 2 -r 0 0 + 

Base (b) is used 

Unbound YES 
Granular unless 4 8 4 4 ·',- 4 ,.;,- 4 4 -+ 4 + 4 4 -+ 

Sub-base (c) is used 

TOTAL P AVEi.'1ENT THICKNESS 10 10~ 12 8 8 10 10~ 11 
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0 
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Visual Aid 22.7. Traffic handling methods. 

a _;':~'~2-~:_::~,: 
·.: · .. · ... '..,:: .•. ·.:.:::·<::·.·? :/ ·:-r.,)::~\w·-'i·r~::~;t~')\·'. · ::::y :·:·'.':,·~·;:::::\··.\::s\::.:·7\' .. ·:)\. 
METHOD I: Traffic routed to shoulder 

METHOD II : Alternating traffic in one lane 

C ----~- =~-----· ... ,.·. :·. l~:.·.···--. ··.'·L·~·~r:· .. ·.-......... '· · ..... <.;· .. . , ._,,.:'·.; .,.· .·:··•: ·. 

•· ." THOD Ill : Two lanes merge, non-overlay direction not affected 

I LSOL~SN) I 

METHOD IV: Overlay direction traffic routed to non-overley lanes 

.--~~ LO~~~• 

e 
. ······,;.:::::)}\]'.-::?\ • .'}/l\iii};?//()/i 

. ; .: .. · .. ··.~ ··· .. ,·, . ,· ,~ -·.::#~·:;· · ·' ·- ': · ···.: ... :.·.· .. .. :-_ .· ... ·:.· .... ··.·:·.·-.. • .. ;-•.:.'.~-; .. ·.::.-.· .. · .. · .. : .. · .. -~ '<; • .',' .-:·::: -> . . -:.-.-: :' · ' , 
--~..---

---+-- : -t----
-~~~-L~ I 

METHOD V: . Overlay direction traffic routed to frontage road or par.ti el rout, 
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Visual Aid 22.8. Process of generating designs of FPS. 

,-
1 

I 
I 

READ IN and 
PRINT DATA 

DO for all designs 

Design Cost Yes 
I more than Funds >-~~~~~~~-91 

I 
I 
I 
I 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Available 

Design Thickness 
<:'more than Total 
~ Thickness 

Restraint 

Calculate design Life 

time to 
overlay 

j This is a feasible design. 
I __ ~l.:_u~t_:_ the total cost. 

SORT all feasible designs 
by total costand PRINT 
the most optimal designs 

Yes 

Yes 

No 
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This design is NOT 
a feasible design. 
GO TO next design. 

This design is NOT 
a feasible design. 
GO TO next design. 

This design is NOT 
a feasible design. 
GO TO next design. 

This design is NOT 
a feasible design. 
GO TO next design. 
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Visual Aid 22.9. Process of generating designs in RPS. 

... Pavement type 
/" .j. - JCP, CRCP 

! 
... Concrete thickness 

/ .j .. .. Minimum to maximum 

• ... Concrete type 
/" a .. 

First, second, ---

+ ... 1 Subbase type 
/ .ilt. -., First, second, ---

L 
.j .. .. 

.. ~ Subbase thickness ... 
/ ii. .. 

Minimum maximum to 
it. 

I 

l I 
a. I 

.it. + 
ANALYZE 

I 
I • ··-

\..__ Is this a feasible 

No initial design? 

Yes 

1, 
I I l 

r~\..ppl; 1 i 
1 . 

i I 
overlay strategy 

I I I Scan and otpimize I I I 

lb • 
REJECT 

\. OR 
\. 

ACCEPT 
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LESSON OUTLINE 
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Lesson 23 

LIFE CYCLE COSTING AND ECONOMIC ANALYSIS 

Instructional Objectives 

1. To explain the concept of life cycle costing. 

2. To present economic analysis methods based on life cycle cost comparisons. 

3. To pinpoint the importance of economic analysis in the decision making 
process. 

Performance Objectives 

1. The student should be able to calculate the life cycle cost of a pavement 
project. 

2. The student should be able to explain the principles of each economic 
analysis method. 

3. The student should know the advantages and disadvantages of the different 
economic analysis methods. 

Abbreviated Sununary 

1. Background 

2. Time Value of Money Equations 

3. Life Cycle Costing of a Project 

4. Methods of Economic Analysis 

Reading Assignment_ 

1. Haas & Hudson - Chapter 16, Pages 199 to 216 

Time Allocations, min. 

s 

15 

10 

20 

SO minutes 

2. RTAC-Canadian Guide - Part 2 and Part 3, Pages 2.1 - 3.22 

3. Instructional Text 

Additional Reference 

1. Grant, E. L., Ireson, W. G., "Principles of Engineering Economy", Wiley, 
Sixth Edition, 1976 - Chapter 4, 6, 7. 

23-1 



LESSON OUTLINE 

Revised WRH/lg 12/10/83 
Lesson 23 

LIFE CYCLE COSTING AND ECONOMIC ANALYSIS 

1.0 BACKGROUND 

1.1 Definition 

1.2 

1.3 

Life cycle cost of a venture is the summation of all expenditures 
and incomes occurring over the lifetime or analysis period of the 
venture. 

Elements in Life Cycle Costing 

The elements usually included in life cycle costs in pavement 
projects are as follows: 

1.2 .1 Agency Costs. 

(a) initial cost, 

(b) rehabilitation, 

( c) maintenance, and 

(d) salvage value among others. 

1.2 .2 Users Costs. 

(a) delays, 

(b) extra operational costs, and 

(c) safety. 

Time Value of Money 

The estimation of life cycle cost is made somewhat complicated by 
the fact that money changes value with time. The time value of 
money can be computed using the equations shown in Visual Aid 23.1. 

1.3,1 Interest Ra.te, Interest ma.y be defined as money paid for the 
use of borrowed money, The rate of interest is the ratio 
between the interest changeable or payable at the end of a 
period of time, and the money owed at the beginning of that 
period. 

1.3.2 Inflation. The question of how to take inflation into 
account is a economic, evaluation is of concern to engineers 
and administrators. Basically, the answer is that inflation 
is not used in the evaluation, except when substantial 
evidence exists that real prices wi+l change, 
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1.3.3 Design Period. Time period over which an economic analysis 
are computed. This period should not extend beyond time 
of reliable forecasts. 

2.0 TIME VALUE OF MONEY EQUATIONS 

For the life cycle cost anlysis of pavement sections, the most used 
equations are the ones for present worth; however, the other approaches 
are also applicable. 

2.1 Present Worth of Single Pavement (Visual Aid 23.2) 

The equation to compute the present worth of a single payment 
answers the question: How much future sum F, "invested" (n) years 
from now, is worth if "invested" today at an interest rate (i)? 

p = F 1 [ ] (1 + i)n 

2.2 Present Worth of a Series of Equal Payments (Visual Aid 23.3) 

How much a series of payments of A, "invested" at the end of each 
of (n) periods at an interest rate (i), is worth today? 

p = A [ ( 1 + i) n - 1 ·] 
i(l + i)n 

2.3 Examples 

2.3.1 Sample Computation of PW of Single Payment. 

How much is it worth today - a sum of $200,000, obtained 10 
years from now, if the interest rate is 5%? 

P = 200,000 [ l lO ] = 200,000 (O .6139) = 122,783. 
(l+0.05) 

2.3.2 Sample Computation of PW of Series of Equal Payments. 

How much is it worth today - a series of payments of 
$3,000.00 invested at the end of 10 periods, at an interest 
rate of 5%? 

P = 3,000 
[ 

(1 + 0 ,OS) lO - 1 ] = 
J.05 (1 + 0.05)

10 
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Using the time value of money, the different costs occurring through the 
lifetitne or analysis period of a project can be transferred to an 
equivalent cost at some reference year. 

For instance, the present value of a pavement project, which will last 
(n) years, with an initial cost C, a yearly maintenance cost M, and a 
salvage value S, is equal to: 

p = C M [ (1 + i)n - 1 ]· S { 1 J 
+ i(l + i)n - (1 + i)n 

3.1 Examples of Life Cycle Costing 

Calculate the present worth of a pavement section where the follow­
ing investments need to be made: 

(a) Initial construction cost 

(b) Maintenance costs 

(c) Salvage value 

$1,000,000. 

3,000./per year 

200,000. 

Assume a design life of 10 years and an interest rate of 5%. 

P = 1,000,000. + 3,000 (7.7217) - 200,000 (0.6139) 

P = 1,000,000. + 23,165 - 122,780 

P = 900,385. 

4.0 METHODS OF ECONOMIC ANALYSIS 

By comparing the life cycle costs of mutually exclusive project, a 
selection can be made of the most economical. 

4.1 Basic Principles 

(a) Economic analysis provides the basis for a management decision 
but does not by itself represent a decision. 

(b) An economic evaluation should consider all possible alternatives, 
within the constraints of the problem. 

(c) All alternatives should be compared over the same time period. 

(d) The economic evaluation of pavements should include agency and 
user costs, and benefits if possible. 
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There are a number of methods of economic analysis that are 
applicable to the evaluation of alternative strategies. Visual Aid 
23.4 presents a sununary of the methods of economic analysis. 

The following paragraphs briefly consider the essential character­
istics of each method: 

4.2.1 Equivalent Annual Cost Method. This method combines all 
initial capital costs and all recurring future expenses into 
equal annual payments over the analysis period. (Visual Aid 
23 .5). 

4.2.2 Present Worth Method. This method can consider either cost 
alone, benefits alone, or costs and benefits together. It 
involves the discounting of all future sums to the present, 
using an appropriate discount rate. 

The combination of both benefits and costs is known as the net 
present value method (NPV). It is simply the difference 
between the present worth of benefits and the present worth 
of costs. Obviously benefits must exceed costs if a project 
is to be justified on economic grounds. (Visual Aid 23.6). 

4.2.3 Rate of Return Method. This method, which is used by a 
number of highway agencies, considers both costs and benefits 
and determines the discount rate at which the costs and 
benefits and determines the discount rate at which the costs 
and benefits for a project are equal. (Visual Aid 23.7). 

4.2.4 Benefit-Cost Ratio Method. The benefit-cost ratio is perhaps 
the most used approach for economic analyses in the highway 
field. It involves expressing the ratio of the present worth 
of benefits of an alternative to the present worth of costs. 
(Visual Aid 23.8). 

4.2.5 Cost-Effectiveness Method._ Where significant nonmonetary 
outputs are involved, the cost-effectiveness method can be 
used to compare alternatives. It involves a determination 
of the advantages or benefits to be gained, in subjective 
terms, of additional expenditures. 
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4.3 Considerations When Selecting the Appropriate Method 

(a) How important is the initial capital expenditure in comparison 
to future expected expenditures? 

(b) What method is most understandable to the decision maker? 

(c) What method best suits the requirements of the particular 
agency involved? 

(d) Are benefits to be included in the analysis? 



VISUAL AID 
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LESSON OUTLPrn 
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TITLE 
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Visual Aid 2j,l, Time value nf money equations. 
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Visual Aid 23.3. Present worth of a ser:i es of equal payments. 
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Visual Aid 23.7. Rate of return method. 
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N 
w 
I 

CXl 

Eguation 
Number 

1 Present 
2 worth 

3 Future 
4 worth 

5 Equal 
6 annual 

payment 

Symbols: i 
n 
p 

A 

F 

Visual Aid 23.1. Time value of money equations. 

Single payment present worth factor 

Equal payment series present worth factor 

Single payment compound amount factor 

Equal payment series compound amount factor 

Equal payment series sinking fund factor 

Equal payment series capital recovery factor 

annual interest rate, discount rate, or inflation rate 
number of annual interest periods 
a present principal sum 

p 

p 

F 

F 

A 

A 

= F 

= A 

= p 

= A 

= F 

= p 

a single payment in a series of n equal payments, made at the end 
of each annual interest period 
a future sum, n annual interest periods hence equal to the compound 
amount of a present principal sum P or equal to the sum of 

1 

(1 + i}n 

(1 + i)n - 1 

·r, + ·)n 1,_ . 1, 

(1 + i)n 

(1 + i}n - 1 
i 

i 

(1 + i)n - 1 

i(l + i)n 

(1 + i)n - 1 



t 
' • 

Visual Aid 23.2. Present worth of single payment. 

• 

P==F[--1 -
( 1 + i )n 

• • • 

] 

... , .. t------Analysis Perid 
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Visual Aid 23.3. Present worth of a series of equal payments. 

p = A [ 
n 

( 1 + i } -1 ] 

1(1+i}" 

t 
I 

• ' ' ' ' ' ,4 Analysis Period -, 
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Visual Aid 23.4. Methods of economic analysis • 

• EQUIVALENT ANNUAL COST 

• PRESENT WoRTH FoR 

CosTs 
- BENEFITS 

NET PRESENT VALUE 

• RATE OF RETURN 

• BENEFIT-COST RATIO 

• COST EFFECTIVENESS 
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Visual Aid 23.5. Equivalent annual cost method. 

EAC = CCRF) ICC+ AAMO + AAUC - CCRF) SY 
< 1 + C )N 

EAC = EQUIVALENT ANNUAL COST 

CRF = CAPITAL RECOVERY FACTOR 

ICC = INITIAL CAPITAL COST 

AAMO = AVERAGE ANNUAL MAINTENANCE PLUS OPERATION 
COST 

AAVC = AVERAGE ,l\NNUAL USER COST 

sv = SALVAGE VALUE 
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Visual Aid 23.6. · Ne~ present value method. 

NPV = TPWB - TPWC 

NPV = NET PRESENT VALUE 
TPWB = TOTAL PRESENT WORTH OF BENEFITS 

= }: (PWF) [ DUB + IUB + NUB] 
= TOTAL PRESENT WORTH OF COSTS 

ICC + }: (PWF> [ CC + MO + US] - (PWF)SV 
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Visual Aid 23.7. Rate of return method. 

FIND INTEREST RATE WHICH SATISIFIES: 

TPWB = TPNC 

TPWB = TOTAL PRESENT WORTH OF BENEFITS 

TPWC = ToTAL PRESENT WoRTH OF CosTs 
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Visual Aid 23.8. Benefit-Cost ratio. 

BCR = 
TPWB 

TPNC 

BCR = BENEFIT-COST RATIO 

TPWB = TOTAL PRESENT WORTH OF BENEFITS 

TPWC = TOTAL PRESENT WORTH OF COSTS 
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PAVEMENT TYPE SELECTION - LIFE CYCLE COST 

Introduction 

One of the areas of pavement management that has received a lot of attention 
over the years has been pavement type selection. It has been stated that the 
highway engineer or administrator does not have at his disposal generally acceptable 
theoretical or rational methods that give an absolute and indisputable comparison 
of the competitive pavement types for set conditions. 

The 1960 AASHTO Guidelines on Pavement Type Selection noted that there was 
no magic formula, where certain figures could be inserted and a definite answer 
to pavement type would result. 

The highway engineer has faced the problem of selecting pavement types from 
the beginning of modern highway construction. It is an essential part of the 
engineering process of developing a facility. The issue became quite serious 
at the start of the Interstate System. There was a debate in the Congress 
as to whether asphaltic concrete or portland cement concrete was the best type 
of pavement to use. There were of course industry advocates on each side of 
the issue and no doubt they had valid statistics to back up their position. 
The debate has continued in importance to the present. 

Many groups .and individuals are interested these days in the types of pavement 
being selected and constructed, even though they do not always understand the 
problems involved in making the selection. The engineer finds himself, to 
an increasing extent, required to justify and document his decisions. This 
is a healthy situation, for although the highway program is vast in extent, 
with large sums of money being expended, there is a great need for economy. 
Never before has the engineer been able to realize such large dividends, as 
can come from the proper selection of pavement type - dividends in construction 
and maintenance costs, as well as in service to the user. The taxpayer and 
those who represent him need to be assured that valid and correct decisions 
are being made by the engineer. 

The preceding comment was taken from a paper by W. J. Liddle of the FHWA Pavement 
Branch in 1961. It is interesting to note that the same situation exists today. 

With the decreasing amount of new construction and the effects of the current 
recession, industry appears to be becoming more actively involved in the selection 
of the pavement type. They are questioning our design procedures, selection 
guidelines and performance data. They are developing performance data of their 
own to illustrate the benefits of their product. 

For example, we recently adopted the Revised AASHTO Pavement Guide which revised 
Chapter III on rigid pavements. The concrete and cement industries opposed 
this adoption because under certain conditions, it would require thicker concrete 
sections and the industry felt that it would place them at an unfair disadvantage 
in competitive bidding against asphalt pavements. They were also concerned 
that the flexible portion of the guide was not revised at the same time. 

While we have maintained our adoption of the Revised Guide, we have encouraged 
the revision of the entire AASHTO Guide. AASHTO is contracting a project through 

23-17 



2 

NCHRP to accomplish this. Thi~ will take some time to complete and you can 
be certain that it will be closely monitored by both industries. 

Concern has not been limited to the concrete industry. There is a push to 
use full depth asphalt pavements and higher structural layer coefficients that 
result in thinner sections. The asphalt industry is trying to increase the 
structural layer coefficients as a result of a restudy of the AASHO Road Test. 
Everybody is trying to modify the design procedures and practices, sometimes 
not based on performance, but on a desire to make their product more competitive 
in the pavement type selection process. 

Why are we in this position? Why have things gotten out of control? Some 
of it can be traced back to the end of the AASHO Road Test in the early 1960 1 s. 
The Road Test was an accelerated full scale test with fixed axle loads being 
applied to varying thickness of the two pavement types on a common subgrade 
for a short time period. It was intended that after the Road Test, each State 
would take the results and conduct satellite studies to verify or modify the 
results to fit their own individual conditions. 

However, this was never fully implemented. We didn't get the performance data 
that was needed. Thus over 20 years later, we are still relying on the same 
ASSHTO design equation and asking the same questions? Which is better, asphalt 
or concrete? 

With decreasing highway revenues, increasing construction costs, and inflation, 
the emphasis has been on pavement management over the past few years. Highway 
administrators have been trying to get the best pavement for the highway dollar. 
With this emphasis, they have taken a hard look at pavement type selection. 
And this emphasis has initiated a lot of interest in a new term, life cycle 
cost. 

It is recognized by States and Federal Government that it is more desirable 
to measure the costs of a highway improvement over a certain analysis period 
instead of just comparing initial costs. This involves an economic analysis 
that compares all costs (initial, maintenance, rehabilitation, and road user) 
over a chosen analysis period. 

Before I get into a detailed·discussion of life cycle cost, I would like to 
discuss our policy on pavement type selection. It is hard to understand our 
emphasis on life cycle cost without a discussion of all phases of the pavement 
type selection process. 

FHWA Policy 

The FHWA policy on pavement type selection is of long standing and is designed 
to provide the public with acceptable highway service at a minimum cost while 
permitting opportunity for the use of competing materials and different design 
details. We recognize that alternate materials are available for use in the 
design of pavement structures and that acceptable designs can be prepared utilizing 
these materials. 

The pavement is to be designed in accordance with procedures that have been 
found by experience to provide an economical, durable and otherwise satisfactory 
highway structure under the conditions that will prevail on the highway section 
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under consideration. The design is to be based on traffic vo:umes and axle 
loads estimated to occur by the design year established for the project and 
on engineering and economic evaluation of all governing factors. 

For many years, FHWA has recommended that pavement selection be based upon 
an engineering analysis using the factors listed in the AASHTO publication 
entitled "An Informational Guide on Project Procedures." Some timE ago, portions 
of the Guide not related to pavement selection became obsolete and the guide 
was no longer available through AASHTO. Due to the emphasis on pavement management, 
AASHTO recently reprinted the chapter on pavement type determination separately 
and it is now available from AASHTO. 

From time to time proposals have been made by State Highway Departments whereby 
the selection of pavement would be determined by direct bidding competition 
between alternative types. In 1968, a policy on alternate bids was issued 
in a memorandum from Mr. Frank Turner to Mr. A. C. Taylor. 

This memorandum reaffirmed FHWA 1 s use of the factors listed in the AASHTO 
''Informational Guide on Project Procedures." It stated that when an engineering 
analysis showed that several specific types of pavement structures will equally 
serve the highway needs, alternate bids may be taken. There were two cases 
where alternate bids were permitted, Under the first case, ful1. 20-year designs 
could be bid against each other with the lowest bidder being acc~pted. Under 
the second case, an initial stage of a staged construction could be bid against 
a 20-year design. Costs for future stages during the 20-year design period 
were added to the bid for the initial stage to determine the lowest successful 
bidder. Separate PS&E's were required, maintenance costs could not be used 
in the analysis, and no future Federal-aid funds were permitted in the design 
period for case 1. This policy remained in effect for many years. Over this 
period, there were many interpretations of the poli~y; however, _the use of 
alternate bids was limited until recently. 

In 1974, Mr. Lindberg rescinded the requirement for 2 PS&E's. In 1976, we 
surveyed the Regions on pavement type selection processes. It was felt that 
the AASHTO "Informational Guide on Project Procedures" was still generally 
valid and suitable for use. There were no changed in the policy on alternate 
bids. 

In 1980, we issued an ANPRM in the Federal Register in an attempt to update 
our policy on pavement type selection. This notice asked several questions 
to stimulate discussion on the subject. All States responding supported the 
use of the AASHTO Informational Guide. 

About this time the use of alternate bids started increasing, especially in 
the southeast. The interpretations of Turner's memorandum were varied and 
there was no uniformity. Some States were bidding full designs against each 
other and some were bidding staged designs againt full designs. There was 
concern that the designs were not equivalent. Some States were using various 
methods to add on future costs. We started receiving numerous inquiries from 
the field. Also, industry started getting involved in the process, questioning 
a lot of the FHWA field decisions. They were questioning the designs saying 
they were not equivalent. 

23-19 



4 

Based on these concerns, it was dec ided to issue a policy statement as soon as possible 
on pavement type selection . A pol i cy statement was i ssued on October 8, 1981. 
The policy was designed to provide the public with acceptable highway service at 
a minimal annual li fe cycle cost while permitti ng maximum fl exibility . It was wr i t ten 
with the i nt ention of taking advantage of fluc t uating material prices whil e not 
compromi s ing good design and pavement management practices. 

The pol icy has the following four key po ints: 

1. Pavement t ype select ion should be based upon an engi neering eval uation 
cons ider ing the f actors contained in the 1960 AASHTO publicati on enti t led 
11 An Info rmat iona l Guide on Project Procedur es. 11 The considerati on of altern ate 
designs and strategies were encouraged in the pavement type selection process. 

2. The pavement type determinat ions should include an economic analysis based 
on life cycle costs of the pavement type. Estimates of life cycle costs 
should become more accurate as pavement management procedures begin providing 
historical cost, serviceability, and performance data. States without 
this data are encouraged to obtain it. 

It is this point that has generated the interest for presentation t oday. 
We will go into more detail later on. 

3. The third point is that an independent engineering and economic analysis 
and final pavement type determination should be performed or updated a 
short time prior to advertising on each pavement type being considered. 
Some agencies do the type determination years before a project is advertised 
and never update it. It should be updated to take advantage of any fl uctuating 
market prices. 

There has been some confusion as to what we mean by independen t. Some 
people have misinterpreted this term to mean that the determination has 
to be conducted by a separate agency or department. Our intention was 
that each pavement type would be reviewed and considered separately or 
independent of the other pavement types until the final determination is 
made. 

4. The last poi nt was that when the analysis reflects that two or more initial 
designs and their forecasted performance are determined to be comparable 
(or equivalent), then alternate bids may be permitted if requested by the 
contracting agency. The Division Administrator shall review the analysis 
and concur in the finding of equivalency prior to PS&E approval. 

The policy permits the use of alternate bids when an engineering and economic 
life cycle analysis results in no clear-cut choice between alternatives 
and when two or more designs are equivalent or comparable. The two prerequisites 
for the use of alternate bids are: 

1) Initial designs must be comparable or equivalent . Each pavement type 
is to be designed using the same traffic over the same analysis period. 
We use the 11 AASHTO Interim Guide for Design of Pavement Structures 11 

to evaluat e the adequacy of the initial designs. Please note that this 
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is a full initial design and not a stage construction design. 

2) The second prerequisite is that the forecasted performance must 
be equivalent or comparable. For alternate bids, it is essential 
that the State have adequate data to document the performance of 
each pavement type being used in the State. This will include 
current performance and life cycle cost data that reflect comparable 
or equivalent service life. 

The PS&E shall not include future costs as adjustment or add-on 
factors. This has been allowed by Turner's memorandum to Taylor 
in 1968, but it was decided that this should not be allowed anymore. 

It is difficult, if not impossible to even develop equivalent full designs 
between rigid and flexible pavements, much less equivalent designs between 
a stage construction and a full design. It is impractical to bring the cost 
of future overlays back to present worth for deciding the low bidder. With 
fluctuating interest rates, inflation factors, and materials costs, it is impossible 
to predict with any accuracy the cost for future improvements as stages. It 
was decided that it is unfair to the contractor to include this cost in the 
determination of the lowest bidder. If we are going to allow alternate bids 
then the performance or service life must be equivalent. We are not going 
to allow unequal designs to be bid against each other. 

A review of the overall policy statement reveals two key ingredients, an engineering 
analysis and an economic analysis. Each one of these is essential to insure 
that the proper pavement type is selected. 

Engineering Analysis 

The engineering evaluation is to consider the factors contained in the 1960 
AASHTO publication entitled 11 An Informational Guide on Project Procedures." 
These factors are found under the section entitled "Paving Type Determination 
and D0cumentation 11 on pages 49-54. The guide states, 

11 To avoid criticism, if that is possible, any decision should be 
firmly based. Judicious and prudent consideration and evaluation 
of the governing factors should result in a firm base for a decision 
on paving type." 

The fifteen governing factors are divided into two groups. The principle factors 
are those which may be considered to have a major influence. The secondary 
factors are those which have a lesser or only occasional influence. The order 
of magnitude or influence is considered interchangeable within the groups and 
between the groups, as no single order is held to apply in all cases. The 
factors are generally applicable to both new and reconstructed pavements. 

The first principle factor is traffic. The volume of passenger cars generally 
affects only the geometric or lane requirement. The percentage of commercial 
traffic and frequency of heavy load application generally has the major direct 
effect on the structural design of the pavement. Existing heavy-duty highways 
constitute sufficient evidence that both flexible and rigid pavement designs 
can meet requirements under given conditions. 
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If a cost comparison between competitive paving types is to be of value, it 
is imperative that the structural designs compared have equal capacity to carry 
loads. 

Another factor is soil characteristics. The characteristics of native soils 
not only directly affect the pavement structure design, but may, in certain 
cases, dictate the types of pavement economically justified for a given location. 

Weather is a factor that affects the subgrade as well as the pavement wearing 
course. The amount of rainfall, snow and ice and frost penetration will seasonally 
influence the bearing capacity of subgrade materials. Moisture and freezing 
and thawing affect a pavement 1 s performance. In drawing upon performance record 
of pavements elsewhere, it is most important to take into consideration the 
conditions pertaining in the particular climatic belt. 

To a large degree, the experience and judgment of the highway engineer is based 
on the performance of pavements in the immediate area of his jurisdiction. 
Past performance is a valuable guide, provided there is good correlation between 
conditions and service requirements between the reference pavements and the 
designs under study. This factor should not be allowed to develop into blind 
prejudice. Caution must be urged against reliance on short-term performance 
records, and on those long-term records of pavements which may have been subjected 
to much lighter loadings for a large portion of their present life. The need 
for periodic reanalysis is apparent. 

One of the most critical factors is the cost comparison. This is where the 
analysis of life cycle cost comes in and will be discussed later. In any cost 
comparison of paving types, the matter of availability of local or conmerically 
produced materials and the existence and proximity of manufacturing or processing 
plants will be of significant importance. 

The secondary factors are: 

1. Adjacent existing pavements. 

2. Stage construction - This is a definite advantage of flexible pavements 
and has been used by many highway agencies in their pavement management 
scheme. This faci:or should be considered as it may be more economical 
and provide for a smoother ride since you are scheduled to overlay 
within a certain time period. 

3. Depressed, surface, or elevated design. 

4. Highway system. 

5. Conservation of aggregate - This factor is important today with 
emphasis on rehabilitation. The recycleability of a material has 
become an important consideration. 
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6. Stimulation of competition. 

7. Construction consideration. Such considerations as speed of construction, 
reduction of traffic maintenance during construction, ease of replacement, 
anticipated future widening, need for minimum of surface maintenance 
in highly congested locations, seasons of the year when construction 
must be accomplished, and perhaps others may have a strong influence 
on paving type selection. 

One of the key considerations today is how long a pavement will 
last before requiring rehabilitation. For example, in an urban 
area you want the pavement to last as long as possible to avoid 
handling traffic during rehabilitation. The cost of traffic maintenance 
is a large part of rehabilitation and you want to choose the pavement 
type that will keep the need for maintenance of traffic to a minimum. 

8. Municipal Preference, Participating Loca1 Government Preferences 
and Recognition of Local Industry. 

9. Traffic Safety. 

10. Availability of and Adoption of Local Materials or of Local Commerically 
Produced Paving Mixes. 

These are the factors listed ir1 the 1960 AASHTO Guide. There may be other 
factors you may want to consider in an engineering evaluation. Now the guide 
was developed in 1960 and has served us for well over 20 years. The AASHTO 
Joint Task Force on Pavements has just completed an update of these factors. 
The new guidelines were approved by AASHTO but wili not be published at this 
time. The guidelines will be included in the future update of the AASHTO Pavement 
Design Guide. The new guidelines list the following items as p~i1lciple factors: 

1. Traffic 
2. Soil Characteristics 
3. Weather 
4. Construction Consideration 
5. Recycling 
6. Cost Comparison 
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The secondary factors are: 

1. Performance of s·imilar pavements in the area. 
2. Adjacent existing pavements. 
3. Conservation of materials and energy. 
4. Availability of local materials or contractor capabilities. 
5. Traffic safety. 
6. Incorporation of experimental factors. 
7. Stimulation of competition. 
8. Municipal preference, participating local government. 

The factors in the engineering analysis apply not only to new construction, 
but also to rehabilitation. You need to conduct a pavement evaluation and 
identify the distress and determine the cause of the distress. Then you can 
consider primary factors such as traffic, soils, construction consideration, 
weather. From this analysis, alternates are developed that address the cause 
of the distress. Life cycle cost analysis can then be conducted on each alternative 
strategy. 

The engineering evaluation must also evaluate the structural design. 
FHRPM 6-2-4-1 requires that the design of a particular pavement be evaluated 
to see if it coincides with the AASHTO Pavement Design Guide. 

Economic Analysis 

To properly discuss the costs of pavem,,nts, we should consider some of the 
principles of ecoromics. Webster defines economics as, "The Science that investigates 
the conditions and laws affecting the production, distribution, and consumption 
of wealth. 11 He further defines economy as, "The thrifty use of material resources, 
f1·ugality in expenditures, and efficient and sparing use of the means available 
~or the end proposed. 

Engineering economy has been recognized for years. In the field of transportation 
the subject goes back at least to 1877 when Mr. Arthur Wellington, a well known 
expert in railroading wrote the following: 11 It w0uld be well if engineering 
were less generally thought of and even defined c the e~t of consM~ucting. 
In a certain important sense it is rather the,,.- of ~ot constructing or to 
define it rudely, but not inaptly, it is the art 0f ooing ~ell with one dollar 
that which any bungler can do' v1ith two, after fashion," I believe -..,.12 can all 
agree that Mr. Wellington has correctly, if somewhat rudely, stated the need 
for economic as well as engineering considerations 1 n the design of an enJi1eering 
projE,ct. 

For f-',vp.r (:: ,,.,,,.,, hae selection, in addition to an engineering evaluation, 
you should conduct G ~c11mic 1nalysis based on 1ife cycle costs of the pavement 
type. As we started evaluating~ p1vement over its service 1~fe, we have begun 
to consider all thP costs over this period. With the different p0·formance 
of pavement types, 'Je need to select a common analysis period and evaluate 
all the costs over ~his period for all pavement types being considered. 

What is life cycle cost? Unfortunately, there is not much guidance available 
on it. I would define it as the economic analysis of all costs associated 
with a pavement type over a chosen analysis period. 
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This form of analysis of measuring costs is not·a system of precise calculations. 
It is rigid in concepts and procedures, but is based on estimates of future 
cash flows. Therefore, it is subject to a certain amount of question. Nevertheless, 
the analysis is being-used more and more. 

What is the objective of all this analysis? The objective is not to find the 
decision between a set of alternatives, but to assemble the information on 
economy to aid in the decision-making process. By making an economic analysis 
of each structural design, the engineer is in a position to better evaluate 
which alternative will provide the desired service at the least cost. 

You have to consider all the factors of cost and benefit. In other words, 
you cannot be just selective and take the costs that appeal to you. You have 
to include all costs that are apt to be experienced in the analysis period. 

The question everyone asks is what costs should be considered and collected? 
The first cost is the initial construction cost. This is a cost that has been 
collected and used in pavement type selection for many years. This data is 
obtained from bid tabulations. The cost should be kept current and should 
represent pavements of similar types in some geographical location of the State. 
Current typical construction costs reported to FHWA Construction Price Index 
are $24.29/ton for bituminous pavements and $12.75/square yard for portland 
cement concrete pavement. 

As noted earlier, construction costs are dependent upon the availability of 
local materials and in some cases on the proximity of manufacturing or processing 
plants. These costs can usually be estimated with reasonable accuracy. Careful 
study is required whenever a new type of pavement is considered, particularly 
when a history of building only one type of pavement has been established. 

The next cost to consider is future rehabilitation and heavy maintenance cost. 
How much is it going to cost to rehabilitate the pavement to keep it at an 
acceptable level of serviceability over the analysis period. There are several 
items that must be addressed to determine these costs. First, what is the 
minimum level of serviceability you want to maintain. This will vary from 
agency to agency and with the type of highway facility. For example, on the 
Interstate system, you will probably use a present serviceability index (PSI) 
value of 3.0 to determine when to initiate rehabilitation. On a farm to market 
road, you may be able to live with a threshold value of 2.0. These values 
will vary with what the motorist is willing to accept and what the agency can 
afford. 

Choosing a threshold value is also a matter of economics. You may think that 
using a low value will mean that you don't have to rehabilitate as often and 
you will save money. However, it has been shown that by doing rehabilitation 
or heavy maintenance sooner, when the pavement is at a higher threshold value, 
substantial savings can be realized. As a pavement deteriorates, the cost 
to rehabilitate it increases significantly. 

To determine when a pavement reaches the threshold value, you need to set up 
procedures to conduct periodic conditions surveys. These vary from State to 
State. Some are based on ride only, others on distress, and still others on 
combination of ride and distress. 
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Another item that must be considered is performance data. How long does the 
pavement last before it needs rehabilitation? You would be surprised with 
the number of States that don't have this data. I recently conducted a review 
of a southeastern State that based the selection of pavements on an old performance 
study by FHWA. When I reviewed this study, I found that it was a summary of 
performance data for western States. Here was a State that was basing its 
selection of pavement type on outdated performance data from other States with 
different design practices, materials, and environmental conditions. 

How long does your asphalt pavement last before needing overlays or how long 
does your concrete pavement last before needing joint repair? Each State should 
have this data. If you don't, then you are encouraged to obtain it. Historical 
data is essential in a pavement management process. 

The last item to address is what are the rehabilitation or heavy maintenance 
techniques that are currently being used by your State. Each State has had 
success with different rehabilitation techniques. The condition survey I mentioned 
previously determines the distress type. An engineering evaluation is made 
to determine the cause of the distress and then based upon past performance 
a rehabilitation technique is selected to address the cause. 

Also important is the timing of the techniques. How often are overlays placed 
or joints repaired? Here you need additional performance data on how long 
the rehabilitation technique will last. When evaluating a pavement type over 
a long analysis period, the rehabilitation technique may have to be applied 
several times over the period. For example, you may have to place overlays 
two or three times during the analysis period. For concrete pavement, you 
may repair joints, grind, or underseal. This will last a certain time before 
an overlay or additional rehabilitation is needed. We need to know how long 
these techniques will last. This is a very weak link in our analysis. We 
just don't have very good data. Some techniques are new and hav~ not been 
down long enough to make a good estimate of the service time. A rehabilitation 
technique may work in one area and be a failure in another. A good example 
is the different fabric treatments for reflective cracking. While your State 
may not have the necessary performance data now, steps should be taken to insure 
that this data is collected and available for future analysis. 

Once you know threshold valu~, performance of pavement types, types of rehabilitation 
work and their performance and timing, you can estimate cost for rehabilitation 
work. Cost data may be obtained from bid tabulations like initial costs. 
You may have to project some since data may not be available because some of 
the techniques may not have been used before. 

Another cost that should be considered in a life cycle cost analysis is minor 
maintenance cost. This is routine maintenance cost, the cost to preserve the 
pavement. This cost is presently collected by highway agencies, though it 
may not be in a form that is useful to us. 
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Some maintenance data are collected by control section with all costs lumped 
together. So the cost you have may include mowing and litter pickup. We must 
be able to relate the cost to a specific pavement type. 

As with rehabilitation and heavy maintenance costs, we need to know what type 
of minor maintenance is being performed on each pavement type such as joint 
sealing, pothole patching, etc. Also, we need to know how often, how long 
each treatment lasts, the timing of these applications. This relates back 
to performance data for the pavement types. How well a pavement is performing 
depends on how often maintenance is required. As with rehabilitation, proper 
timing can result in a significant savings in cost. Preventive maintenance 
can extend the serviceability of a pavement. 

Minor maintenance costs may vary for new designs. The maintenance costs we 
are collecting today are for the older designs. There have been changes in 
our design practices over the years. With the newer, improved designs, we 
will have different maintenance needs,treatments, and performance; therefore, 
the maintenance costs will be different. This will require a little engineering 
judgement to estimate these costs as accurately as possible. 

Estimates of maintenance costs may be toublesome. Industry has been known 
to question the rehabilitation and maintenance costs developed by State highway 
agencies. You can't satisfy everyone so you have to make the best estimate 
you can. 

In the course of seeking an improved decision-making tool for pavement management, 
it became apparent that direct agency costs of construction, rehabilitation, 
and annual maintenance did not provide a sufficient basis for determining the 
pavement structure design. The cost implications of lowered service to the 
public in terms of additional user operation costs, due to roug~V pavements, 
and delay costs, due to traffic impedence during rehabilitation and maintenance 
should also be included in the economic analysis. 

When you have to rehabilitate a pavement or perform a maintenance activity, 
you normally have to close a lane or disrupt the traffic flow. This delay 
or inconvenience to traffic caijses a cost to the traveling public. These activities 
disrupt traffic flow and cause vehicle speed fluctuation, stops and starts, 
and time losses. This indirect, non-agency cost has not in the past been given 
due consideration. The extra user cost is an expense to the road users and, 
therefore, should be included in the economic analysis. Cost is comprised 
of user time and vehicle operating values resulting from driving slowly, fluctuating 
speeds, stopping, accelerating, and idling. This cost includes vehicle running 
costs, time value to motorist; and accident cost. 

Here again, you need to know performance data of your pavement type. How often 
do you need to rehabilitate or perform maintenance? How often will traffic 
be delayed? 
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Each alternative pavement design is associated with a number of indirect costs 
that accrue to the road user and must be included in a rational economic analysis. 
Similar to pavement costs, user costs are related to the performance history 
of the pavement. A pavement design that provides an overall high level of 
roughness over a longer time period will result in a higher user cost than 
a design that provides a relatively smooth surface for most of the time. 

Road user costs include the sum of motor vehicle running cost, the value of 
vehicle user travel time, traffic accident cost, and discomfort. The motor 
vehicle running cost includes the expenses of fuel, tire, engine oil, maintenance, 
and that portion of vehicle depreciation attributable to highway mileage traveled. 
The roughness of the pavement surface contributes to additional tire wear and 
influences the maintenance and repair expenses incurred in keeping the vehicle 
in operation. 

As a pavement becomes rough, the operating speeds of vehicles are reduced. 
Lower speeds and rough pavements increase traveling time, level of discomfort, 
and other user costs. Since level of roughness for a pavement design depends 
on its initial construction thicknesses and material$, the extent of rehabilitation, 
ad the extent of major and minor maintenance provided during its service life, 
user cost is interrelated with all of these factors. 

There is a lack of extensive data on user costs as related to a pavement's 
riding quality. One of the most recent reports available is the report entitled 
"Vehicle Operating Costs, Fuel Consumption, and Pavement Type and Condition 
Factofs" published in March 1982 by our Office of Highway Planning. 

There is no doubt that road user or indirect costs should be considered in 
the economic analysis of pavement types. However, there is concern over how 
much weight should be given to these costs. If you give them the same weight 
as initial and rehabilitation costs, then you are assuming that the highway 
agency has all the money it needs. In this case, the road user·cost may govern. 
However, this is not a practical assumption, since there is limited money available 
to a highway agency. Realistically, we must consider direct (agency) and indirect 
(road user) cost separately in a two phase approach. Let the decision rest 
with the real direct costs unless there is no real difference between alternatives, 
then indirect costs can enter the decision-making process. 

Another cost considered is salvage value. While it is not an expense, it is 
a dollar value that we must consider. Salvage value, which also called residual 
or terminal value, has been an area of confusion and there has been disagreement 
over whether to consider it. Some engineers try to place some kind of value 
on the years of serviceability left in the highway at the end of the analysis 
period and no materials were to be salvaged. With conservation of materials 
in mind, the salvage value could be taken as the recycling value of the pavement 
materials less t~e cost of reclaiming the materials. Some people consider 
the salvage to be equal for both pavement types although as reconstruction/rehabilitation 
costs become better known, salvage can be better estimated. 

In a report by the National Asphalt Pavement Association, they did not include 
a salvage value because, first, it is difficult to estimate a salvage value. 
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Second, the terminal or salvage value would have to be quite large to have 
a significant effect on the analysis since it would be converted to a present 
worth at time zero using a discounting factor for 40 years at 8%. 

Salvage value refers to the residual value of the road after it has served 
its planned useful service life. The residual value represents the rema1n1ng 
value of the materials incorporated in the base, surfacing, and shoulder structure 
of the roadway. Minnesota just completed a study in which they determined 
that the value depends on many factors, both known and unknown, such as: 

1) Road condition at the end of analysis period, 
2) Will road be needed to continue to provide for vehicular transportation? 
3) What materials,technologies, and/or equipment will be available at the end 
of analysis period to reutilize or prolong the utility of the materials in 
the existing facility. 

Because of the unknowns, they decided not to consider salvage value in their 
economic model at this time. 

However, l tend to agree with Robley Winfrey, who in a recent conference in 
Minnesota stated that you must consider salvage value. To make a true economic 
analysis, you must consider all factors. If your study shows that the salvage 
values for the pavement types are equal or insignificant, then they can be 
omitted, but at least study them. 

These are the costs that should be considered in a life cycle cost analysis. 
Now each of these costs occur over various years of the analysis period. Therefore, 
an economic comparison must be made of these costs. There are several methods 
for making economic comparisons of alternate proposals. The present worth, 
equivalent uniform annual cost, rate of return and cost-benefit ratio methods 
are the most common. Of the four methods, the present worth and equivalent 
annual cost concepts are better suited for pavement cost evaluations. 

The most easily understood economic analysis is the present worth method. 
It is based on exactly the same principles that businessmen use in evaluating 
discounted cost flows in investment projects. In the present worth method, 
all cash disbursements that wili be made within the analysis period are reduced 
to their present worth at the beginning of the analysis period. The initial 
cost, of course, is already in terms of present worth, but annual maintenance 
costs, resurfacing, resealing, or any other expenditures made at varying periods 
of time must be reduced to the present worth value by use of the appropriate 
interest rate and period of time involved. The alternate having the lowest 
present worth value is the logical choice from an economical standpoint. 

Where the aJternates under study have unequal total lives, the equivalent uniform 
annual cost basis is convenient. This method varies from the present method 
in that lump sum payments including initial costs are converted to uniform 
annual sums by use of the capital recovery factor and added to the other annual 
recurring costs, such as maintenance. The alternate having the lowest equivalent 
uniform annual cost is the logical choice from the standpoint of economics. 
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These methods are described in any economic textbook. Mr. Charles Da1e will 
go into these methods in detail later on and in the workshop session this afternoon. 

During my presentation, I have been discussing analysis period. The analysis 
period is the period of time selected for making an economic analysis of pavement 
costs. All the costs associated with a pavement type are analyzed over this 
period. There is no set length for this period, it may vary from State to 
State .. The analysis period will depend on the method selected for economic 
comparison, service life of alternate pavement type, and salvage value determinations. 
The useful life used in an economic analysis of a pavement is a judgement decision 
in which consideration must be given to both the estimated time the facility 
will be used as intended, and the estimated time during which more desirable 
investments will not arise. 

It is convenient to use an analysis period equal to the estimated total life 
of a pavement; however, the period may be shortened provided proper allowance 
is made for salvage value of the pavement at the end of the period. It is 
common practice to use analysis periods in the range of 24 to 40 years for 
new construction and 5 to 20 years for rehabilitation so that at least one 
resurfacing of rigid pavement will be included and from one to three resurfacings 
of flexible pavement. In a recent study of their pavement type selection, 
Minnesota determined that they will use a 35-year analysis period. 

We have now come to the final stage of life cycle cost analysis and perhaps 
the most controversial. During my research on this subject, I came to the 
conclusion that economists are as prone as engineers to disagree, and may 
be even more so. The factors which provoke the most discussion among economists 
and administrators are whether or not discount rates or inflation should be 
used in an economic analysis and if so, what rate. This is particularly true 
where public works projects are concerned and the funds are derived from tax 
revenue. 

A discount rate is used to reduce future expected costs or benefits to present­
day terms. It provides the means to compare alternative uses of funds, but 
it should not be confused with interest rates, which is associated with borrowing 
money. 

The actual rate to be used in the agency's calculations is a policy decision. 
Also, this rate could vary with the element under evaluation to reflect the 
associated degree of uncertainty. Most agencies, however, use a single rate. 
In the pavement field, discount rates between about 4 and 10 percent have been 
typically used. 
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In a paper at the 1965 Highway Research Board meeting by Lee and Grant, the 
following factors were listed when considering inflation: 

1) Long-term inflation is difficult to forecast. 
2) The Federal Government is committed to price stabilization. 
3) Future dollars to pay for future expenses will likewise be inflated. 

The problem with considering inflation over a long-term period is the difficulty 
in estimating what the rate is going to be. Lee and Grant list this difficulty 
in forecasting long-term inflation as a "main reason" for not including an 
inflation rate in engineering economy studies. 

One older study had suggested that a long-term rate of inflation of 2 percent 
per year was a reasonable figure. As inflation rates over the past several 
years have been considerably greater than the 2 percent figure, it is appropriate 
to reconsider these recommendations on inflation. 

Recent works suggest the need for considering an inflation factor in engineering 
economic analysis if market interest rates are used. The interest actually 
charged is commonly called the market interest rate. 

Recent literature suggests a method of taking the rate of inflation into account, 
without forecasting what it is going to be. This method recognizes that the 
market interest rate is made up of the anticipated rise in prices (inflation) 
plus an amount to add a real increase in the purchasing power of the investment. 
As an example: Assume a friend asks to borrow $100 for one year. You agree, 
but want to be compensated for not having the use of the $100 for the coming 
year. You decide that you will charge an interest rate that, one year from 
now, will enable you to buy $104 worth of goods in today's dollars. The rate 
would be 4 percent if prices do not rise. However, suppose you anticipate 
prices to rise 6 percent due to inflation during the year. Then to ensure 
that you can buy $104 worth of goods (which would cost $104 x 1.06 = $110) 
you must adjust the interest rate to account for the expected inflation. You 
would have to charge 4% + 6% = 10% interest. 

The interest rate actually cha,ged (10% in the example) is commonly called 
the "market interest rate. 11 The percentage real increases in purchasing power 
(4 percent in the example) is referred to as the "real interest rate", the 
"real cost of capital" or the "real cost of money. 11 The percentage increase 
in prices is the "inflation rate. 11 The "real interest rate" is nominally equal 
to the "market interest rate" minus the "inflation rate." 
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AASHTO in a 1977 report entitled A Manual on User Benefits Analysis of Highway 
and Bus Transit Improvement recommends using the real cost of money in economic 
analysis. 

That report states: 

11 
••• the common practice of ca lcu 1 at i ng benefits in constant do 11 ars 

(usually at prices prevailing when the economic study is made) and 
discounting benefits at market rates of interest is in error, because 
the market or nominal rate of return includes (1) an allowance for 
expected inflation, as well as (2) a return that represents the real 
cost of capital. Thus if future benefits or costs are in constant 
dollars, only the real cost of capital should be represented in the 
discount rate used." 

AASHTO states that "Constant dollars refers to an expression of costs stated 
at price 1evels prevailing at a particular constant date in time ... 11 

If you use constant cost and not inflated costs, then the real cost of money 
should be used in the analysis. 

They further state that the real cost of money is a function of the "riskiness" 
of the investment and 11 the inf12tion adjustment is the investor 1 s expectations 
as to the 1 on g term o u t 1 o o k +' o r i n f l at i on . 11 I f the i n v es tor I s expect at ion 
for inflation was always accurate, then the real cost of money should be virtually 
constant for investments of the same riskiness. However, because of estimates 
of future inflation are not always accurate, the real cost of money does in 
fact, vary somewhat. Fortunately, this variation appears to be relatively 
small over the lon term. 

Economics textboolJ and recent engineering re~orts suggest that is is justifiable 
to use a constant 1'real interest rate" for economic ana1yses of investments 
of a given constant risk. Pavement surfacing is undoubtedly suGh an investment. 
Whac that interest rate should be is distussed in severa1 references. 

Hirshleifer and Shapiro state that 11 
••• the anti:ip~ted veal rate of return 

that enters into investor's calculations has remaired in the neiqhborhood of 
4 percent. 11 AASHTO states 11 

••• a rate of abou ~ -:' t J 5 perce1;f- s~e:ns appropriate 
for projects of average risk ,f:va 1 uated in constanl ·11 ars. ·· Based on a study 
of 1 iterature, Minnesota has dee ided the interest r:,. ... ;;; Jst:.:1 t: th<: e;:;onomic 
formula for pavement selection wi' 1 be the real ir:t ~0

\ rat~ of 4.5 percent 
)r.d that future costs will be expressed in constant do1·:c.f'., ~r11t is those 
~:ices prevailing at the time the economic study. 

Robley Winfrey~ an expert in economics, disagrees somewhat and finds it quite 
acceptable and re}sonable to adopt a discount rate which may include a small 
inflatior. fac This position comes from the fact that inflation is hard 
to detect in the rd~t ~ what you would call a pure, real interest rate, that 
is referred to in the 1iterlt~re so often, cannot be precisely defined. The 
pure interest is not definable and not identifiable. If you look a~ound the 
country, the pure int~rest rate varies with the person and with the 
geographical location involved. In the end, we see interest rates that are 
in use, but how much of the rate is pure interest, how much is inflation, 
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and how much risk we do not know. Mr. Winfrey sees rates of 8-9% being used. 

If benefits and costs are projected in inflated or "current" dollars, then 

17 

the full current market rate of interest should be used. A range of 8 percent 
to 12 percent is common to represent the average long-term market interest 
rate in recent economy studies of public projects. If current dollar valuations 
are employed, use of an average rate of inflation for all price changes is 
recommended unless there are good grounds to expect highly signifiant differences 
in the rate of price changes for some major resources or benefits of a project. 
It is felt that the constant dollar approach is preferable, in most cases, 
to using inflated or current dollars for economic analysis, since it avoids 
the need for speculation about future inflation in arriving at the economic 
merit of the project. 

A study conducted by the Florida Senate Committe on Transportation recommended 
that the Florida Department of Transportation should use a cost inflation factor 
based on the forecast of the firm with which the State Government contracts. 

Pennsylvania uses a 6% discount rate. Some economists argue that private interest 
rates reflect the risk of investment and recommend the use of long term government 
securities as a basis for the discount rate. 

It is obvious that the choice of a discount rate has an important influence 
on investment decisions. Too low a rate understates the value of current consumption, 
leading to projects with a high initial cost (and often low maintenance costs). 
Too high a rate results in less initial investment that is worthwhile often 
with high maintenance costs. 

I have tried to just present some of the arguments. There is no clear-cut 
answer and if that is what you are expecting, then you are going to be disappointed. 
I think various interest rates should be used to test sensitivity. I do not 
like selecting one rate for all projects. I like the three discount calculations 
presented by Robley Winfrey at a recent conference in Minnesota;• This is a 
system of calculating at three discount rates --- a low, medium, and high. 
It gives you the significance of the rate. That is, how it affects the answer. 
And tnat is important to know. If this three-rate analysis always selects 
the same alternative, you can safely conclude that a change in the discount 
rate within a reasonable range will not change the indicated winner in the 
competition for design. 

Now the results of the economic analysis along with the engineering analysis 
are used in the decisionmaking process to select the proper pavement type. 
The decision can be made by one individual or can be made by a pavement selection 
committee. These committees have been set up in a number of States, and are 
composed of representatives of construction, design, maintenance, materials, etc. 

Summary 

I have disCU$Sed our policy on pavement type selection and a lot of factors 
related to the engineering and economic analyses. The question is how involved 
should the division Office be in the pavement type selection process? What 
is the proper role for FHWA in this element of pavement management? It is 
not necessary that you review all pavement type determinations. You should 
insure that the State has adequate procedures. Don't second guess the State. 
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If they select rigid on a particular project, don't say it should be flexible. 
Evaluate their procedure. 

If a selection is made based on rational established procedures then accept 
it. Your concern should be with insuring that the State has adequate and established 
procedures. Your periodic reviews should focus on these procedures to improve 
them and to eliminate any identified deficiencies. This policy applies to 
CA as well as non-CA States. 

If there is one thing that should be clear from my discussion, it is that we 
do not have a consensus of opinion or uniformity on life cycle cost factors 
and issues. It may be desirable to have uniformity, but the fact is that we 
don't have any very good information and we are in an area where we are still 
defining the factors. AASHTO has not addressed the subject of life cycle cost 
yet. If we are ever going to get uniformity, then we must get AASHTO involved. 

Because of the lack of guidance on life cycle cost, a research project has 
been initiated for Fiscal Year 1984 pavement research program. This report 
is the result of concern by many people in the FHWA field and headquarters 
offices. The study will evaluate the agency and user costs to consider in 
life cycle cost analysis. 

Life cycle cost analysis is a new concept to the pavement type selection process. 
I have tried to present some of the background that led to our emphasis on 
it. There are a lot of unknowns and questions. I would suggest that each 
State study the subject as thoroughly as Minnesota has in their pavement type 
selection process. One important point to remember in closing, the selection 
of a pavement type should not be based solely on economics. The selection 
has two distinct parts, an engineering analysis and an economic analysis. 
The results of these analyses should provide the highway administration with 
the information he needs to substantiate his decision of selection of the best 
buy for the public dollar. · •· 
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REVISED WRH/lg 11/9/83 
Lesson 24 

LESSON OUTLINE 
;•.CONOMIC EVALUATION OF ALTERNATIVE Pt1VENENT STRATt:;:;r:ss 

Instructional Objectives 

1. To discuss the elements of pavement cost analysis. 

2. To present the application of economic analysis to evaluate alternative 
pavement strategies. 

3. To present some of the computer pavement design systems. 

Performance Objectives 

1. The students should be able to perform an economic analysis to evaluate 
alternate pavement designs. 

2. The students should be able to uhderstand the capabilities of the computer 
pavement design systems. 

Abbreviated Sununary 

1. Elements of Pavement Cost Analysis 

2. Application of Economic Analysis 

3. Automation of the Analysis 

4. Selection of a Strategy 

Reading Assignments 

1. Haas & Hudson - Chapter 16, pages 216 to 227 

2. Haas & Hudson - Chapter 19, pages 290 to 294 

Time Allocations, min. 

15 

15 

15 

5 

50 minutes 

3. RTAC-Canadian Guide - Parts 2 and 3, pages 2.1 to 3.22 

4. Instructional Text 

Additional Reference 

1. Grant, E. L., Ireson, W. G., "Principles of Engineering Economy", Wiley, 
Sixth Edition, 1976 - Chapter 9, 11, 19. 
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LESSON OUTLINE 

REVISED WRH/lg 11/9/83 
Lesson 24 

ECONOMIC EVALUATION OF ALTERNATIVE PAVEMENT STRATEGIES 

1.0 ELEMENTS OF PAVEMENT COST ANALYSIS 

1.1 Initial Capital Cost 

The initial capital cost involves the cost of in-place materials 
in a pavement structure, including quality of material to be 
provided, and equipment and labor necessary to prepare, place, and 
finish the pavement structure. 

1.2 Rehabilitation Costs 

1.2.1 Definition. Rehabilitation cost includes future overlays 
or upgradings made necessary when the pavement distress, skid 
resistance, structural capacity, or riding quality reach the 
limits of acceptability. 

1.2.2 Forecasting Rehabilitation. Essential to the determination 
of resurfacing costs are the algorithms that predict the 
number of years at which a pavement reaches terminal condition 
after initial or overlay construction. 

1.3 Maintenance Cost 

A comprehensive economic analysis should include the estimation 
of all costs that are essential to maintain the pavement at a 
desirable level of service and deterioration. Visual Aid 24.1 
indicates the effect of maintenance in the performance of a pavement 
section. 

1.4 Salvage Value 

Salvage return of a strategy is the value of a pavement at the end 
of its analysis period. Computation of this cost allows for com­
parison of designs with different deterioration and serviceability 
at the end of the analysis period. 

1.5 Traffic Delay Cost (Visual Aid 24.2) 

Overlay and maintenance operations disrupt traffic flow and cause 
vehicle speed fluctuations, stops and starts, and time losses. The 
user cost thus incurred is often a significant portion of the total 
cost and may warrant its inclusion in the economic analysis. 
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1.6 Extra Operational Costs (Visual Aid 24. 3) 

1tev1sed \~Kt!./ 1-g l.L/ 1.u, oj 

Lesson 24 

Each pavement design involves costs to the user and that must be 
included in a rational economic analysis. User costs are related 
to the serviceability and deterioration history of the pavement. 

1.6.1 Vehicle Operating Cost. This cost consists of fuel consump-
tion, tire wear, vehicle maintenance, oil consumption, 
vehicle depreciation, and parts replacement. 

1.6,2 Travel Time Cost, This cost is computed based on the extra 
travel time a user incurs as a result of a road not being 
built or a road in poor condition. 

1.6.3 Accident Cost. The cost users experience due to accidents 
because a roadway is not built or improved. 

1.6.4 Discomfort Cost. Costs associated with a user experiencing 
discomfort on a roadway section. 

Each of the operational costs is a function of roughness, skid, and 
deterioration of the road and of the resulting vehicle speed. 

2.0 APPLICATION OF ECONOMIC ANALYSIS PRINCIPLES 

This section consists of a worked out example which is intended: 

(a) To demonstrate the practical application of the economic analysis 
principles discussed in the previous lecture, and 

(b) To stress the difference in results, in comparing alternative 
pavement designs, when considering the initial pavement cost or the 
life cycle costs of the alternatives. 

2.1 Example Problem on Economic Analysis 

Visual Aid 24.4 to 24.6 describe, in summary form, an example 
problem. Five different pavement design strategies have been 
analyzed to select the most appropriate from an economic standpoint. 

Visual Aid 24.4 presents the five initial thickness designs. Visual 
Aid 24.5 indicates the overlay timings chosen for each strategy. 
Finally, Visual Aid 24.6 is a summary of the various cost components; 
inside a block, the least cost figures have been indicated. 

On a first cost basis alternative C appears to be the best solution; 
however, after considering its life cycle costing, it results in 
the most expensive alternative. Alternative D, the most expensive 
on a first cost basis, appears to be the least expensive alternative 
in the long run. 
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3.0 AUTOMATION OF ANALYSIS 

REVISED WRH/lg 11/9/83 
Lesson 24 

In order to generate, analyze, and sort all the feasible design 
strategies, a computer is mandatory. 

3.1 Existing Pavement Design Systems 

Several pavement design systems have been developed such as SAMP, 
FPS, RPS, OPPC, RPRDS. They vary widely in details and applications; 
however, getting acquainted with them can provide ideas for the 
development of specific pavement design system. 

3.2 Sample Input 

Visual Aid 24.7 presents a sample input of a pavement design system. 
The input values correspond to imposed limitations to layer thick­
nesses and policies, plus material properties, traffic, environ­
mental inputs, and materials and operation costs. 

3.3 Sample Output 

Visual Aid 24.8 presents a sample output of a pavement design sy,stem, 
The most optimal designs have been printed out, detailing the various 
cost components, the initial structure, and the timing and thickness 
of overlays. 

4.0 SELECTION OF A STRATEGY 

An economic analysis provides a basis for making a management decision 
to select the best strategy. However, other factors, in addition to 
economics, may be used to make this judgment. 

4.1 Role of the Decision Maker 

The results of analyses do not make decisions, this is the role of 
the "manager." The analyses are efficient tools to expand the 
scope and efficiency of the decision maker. 

4.2 Selecting the Optimal Strategy 

The final selection of a design strategy for implementation is 
largely subjective. No hard-and-fast decision rules exist that 
can be followed to the letter. The computerized design systems 
provide the decision maker with a list of nearly optimum strategies 
so he has enough flexibility in choosing the "best" alternative. 
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4.3 Connnunicating Design Strategies 

REVISED WRH/lg 11/9/83 
Lesson 24 

Once an optimal strategy has been selected, the designer should 
document this strategy for implementation. That is, other phases 
of pavement management need to become aware of the structural and 
policy aspects of a selected design. 
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VISUAL AID 

Visual Aid 

Visual Aid 

Visual Aid 

Visual Aid 

Visual Aid 

Visual Aid 

Visual Aid 

Visual Aid 

LESSON OUTLINE 

Revised WRH/lg 11/9/83 
Le;c;son 24 

ECONOMIC EVALUATION OF ALTERJ.'l'ATIVE P,\Vl::·iENT STR..-'..TE;:;..;..c., 

TITLE 

24.1. Performance as a function of maintenance. 

24.2. Traffic delay costs during overlay construction. 

24.3. User costs related to PSI for rural roads. 

24.4. Initial thickness designs for the example. 

24.5. Performance histories for sample designs. 

24.6. Summary of cost components for the example. 

24.7. Design system - sample input. 

24.8. Design system - sample output. 
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Visual Aid 24.2. 
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Traffic delay costs during overlay construction. 

Total Traffic Delay Cost Comprises of : 

I. Driving slowly through overplay zone 
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Revised WRH/lg 1L/1J8J 
Lesson 2-.'.; 

Visual Aid 24.3. User costs related to PSI for rural roads. 

Present Type of Cost 
Serviceability 

Index Time Operating Arcident Discomfort Total 

Two Lane Rural Roads 

1.5 9.86 7.95 0.86 2.20 20.87 
2.0 8.74 7.84 0.75 1.80 19.13 
2.5 7.93 7.73 0.68 1.40 17.74 
3.0 7.50 7,37 0.63 0.95 16.45 
3.5 7.25 7.06 0.61 0.50 15.42 
4.0 7.13 6.75 0.60 0.20 14.68 
4.5 7.07 6.58 0.59 0.00 14.24 
.'.>.O 7.07 6.43 0.59 0.00 14.09 

Four Lane Rural Roads, Undivided 

1.5 9.75 8.05 2.80 2.25 22.85 
2.0 8.57 8.00 2.06 1. 90 20.53 
2.5 7. 71 7 .96 1.55 1.50 18. 72 
3.0 7.25 7.70 1. 25 1.05 17.25 
3.5 7.01 7.34 1. 07 0.55 15.97 
4.0 6.84 7.03 1. 00 0.20 15.07 
4.5 6.73 6.84 o. 96 0.00 14.53 
5.0 6.73 6.67 0.96 o.oo 14.36 

Four or More Lane Rural Roads, Divided 

1.5 9.64 8.14 0.44 2.30 20.52 
2.0 8.48 8.10 0.38 1. 95 18.91 
2.5 7.65 8.05 0.34 1.54 17.58 
3.0 7.07 7.97 0.32 1.15 16.51 
3.5 6.78 7.65 0.31 0.65 15.39 
4.0 6.63 7.30 0. 30 0.25 14.48 
4.5 6.52 7.11 0.30 o.oo 13. 93 
5.0 6.52 6.88 0.30 0.00 13. 70 
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Revised WRH/lg 11/1/83 
Lesson 24 

Visual Aid 24.4. Initial thickness designs for the example. 

Actual Thicknesses, in. 

Design Description Surface Base Subbase 

A Conventional 5 10 9 

B Conventional 4 6 15 

C Conventional 6 6 6 

D Deep strength 8 12 

E Full depth 12.5 
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Initial 
Capital 
Cost of Overlay Maintenance 

Pavement Costs Subtotal Cost 
Design a b a+ b C 

A $232,950 $49,300 $282,250 $35,100 

B 203,950 70,450 1274,400 I 31,400 

C 1198,6001 81,300 279,900 27,500 
N 
.p. 

D 259,350 27,300 296,950 41,400 I 

N E 244,850 52,700 297,600 34,300 

• least cost 

Visual Aid 24.6. 

Extra 
User Costs 

During 
Subtotal Overlays Subto al 
a+ b + C d a+ b + C ·+ d 

$317,350 $ 5,100 $322,450 

1305,ooo I 10,300 316,100 

307,400 7,100 1314,5001 

338,350 1,450 339,800 

331,900 4,550 336,450 

Salvage 
Return 

e 

$13,550 

15,100 

16,300 

13,100 

17,200 

Extra 
User Costs 

Due to 
Speed 

Subtotal Reductions Total 
a+b+c+d-e f a+b+c+d-e+f 

$308,900 $ 92,950 $401,850 

301,000 108,900 409,900 

1298,2001 140,050 438,250 

326,700 64,350 1391,0501 

319,250 83,750 403,000 

Summary of various cost , components (present worth) for the ex::mple, 
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Visual Aid 24,7. Design system - sample input 

PROA A SAMPLf PR08LEfll 

TMF co~sTRUCTTON MATERIALS UNDER CO~SIOERATJON ARE 

MATERIAL coc;1,c.Y. ST.COEF. p.,JN 0 DEPTH 
ASPHALTIC CONCAETF 10.00 .02 l • 0 0 
CRo LIMESTONF:'•l s.oo .ss 6.00 
GRAVEL-1 J.oo .35 ti• 0 0 
SlJBGRADE o.oo •22 0•00 

NUMRER OF OIJTPUT PAGES DESil:~EDC8 DESIGNS/PAGE) 
NUMRER OF TNPIIT MATERIAL TYPES 

MAX 0 0EPTH 
10.00 
H,.00 
16.00 

0•00 

MAX FUNDS AVAILABLE PER SQ 0 yD 0 FOR INITIAL DESI~N (DOLLARS) 
LENGTH OF THE ANALYST~ PERIOD (YEARS) 
INTEREST RATE OR TIMf VALUE OF MONEY <PERCE~T) 
ASPHALTic CONCRFT~ PRnoucTinN RATE (TONS/~OvR) 
ASPHALTIC CONCRETE COMPACTEn DENSITY <TnNS/CoYol 
MAXIMUM Al.LOl'IFO THICK~IESS OF INJTIAL C0"iSTl<UCTl<1N (JNCHESl 

DISTRICT TF.MPfAaTURE CONSTANT 
SERVICEARILITy INDEX OF THE INITIAL STRUCTURE 
SERVICEABIUTY JN11EX Pl AFTFA AN OIIERLAY 
MINIMUM SFRV!rEA~ILITY INDEX Pl 
SWELLING CLAY PA~AMETFRS -- P2 PMIME 

Bl 

SALV 0 PCT 0 

45.nO 
75.00 

100.00 
o.no 

ONE-DIRECTION Anl AT REGINNING OF ANALYSIS PERino (VEHICLES/DAY) 
ONE•DIRfCTTON AnT AT FND OF ANAi YSIS PERIOD CVE~TCLfSIDAY) 
ONE-DIRECTfON ?0-YR ACCt1MULATED NO. OF EQt.,lvALFNT l~-KIP AxLE.S 

3 
3 

s.oo 
;,Q. 0 
s.o 

75.0 
loBO 
16•0 

30.0 
4.2 
308 
3.0 

1.50 
.OAOO 

12000 
1A000 

?000000 

MINIMUM TIME TO FIRST OVERLAY (y£ARS) 2.0 
MJNJMUM TTMF RFTWEEN 0VFRLAYS !YEARS) 5•0 
MIN TIME TO FIRST SEAi COAT AFTfH OVERLaY OR INITIAL CONST.(YEARS) 5•0 
MINIMUM TIME RFTWEEN SEAL COATS (YEARS) 3o0 
NUMRER OF OPEN I.ANES TN RESTRICTED ZONE Ifl. OeD• 1 
NUMsER OF OPEN LA~ES I~ RES1RicTEn ZONE I" N.O.n. 2 

C•L• DISTANCE nVER W~ICH TRAFFIC IS SLO~ED lN THf o.o• (MILES) 
C•L• DISTA~CE OVER WHICH TRAFFIC IS SLOWED IN THE NoO•D• (MILES) 
PROPORTION OF AnT ARRJVING EACH HOUR UF CONSTRUr.TlON (PERCENT) 
OVERLAY CONSTRUr,TtON TIME (HOUR~IOAYl 
THE ROAD T 5 l N a RURAL AREA. 

PROPORTION OF VFHICLF~ STOPPED RY ROAU fQUI~MENT IN OeDo (PERCENT) 
PROPORTION OF VFHICLFS STOPPED ~y ROAU f~UIPMENT IN N•O•D• (PERr.~Nf) 
AVERAGE TIME STnPPED ~y ROAD EQUIPMENT IN u.o. (MOUAS) 
AVERAGE TTME STOPPED RY ROAi) EQLilPlo'ENT TN ~.o.o. (HOURS) 
AVERAGE APPROACH SPEFO TO THE OVERLAY ZONE IMPHl 
AVERAGE SPEED THROUGH OVERLAY ZONE IN 0 0 0. (MPH) 
AVERAGE SPF.FD THROUGH OVERLAY ZONE. IN N.o.o. (MPH) 
TRAFFIC MODEL U~E~ IN THE ANALYSIS 

FIRST YEAR COST OF' ROUTINE MAINTENANCE (DOLLARS/LANE MILE> 
INCREMENTAL INCREASE IN MAINT. COST PlR YEAR CDnLLARSILANE MILE) 
COST OF A SEAL COAT (OOLLAR~/LANE MILE) 
WIDTH OF EACH LANE (FEET> 
MINIMUM OVERLAY THIC"NESS (INCHES> 
ACCUMULATfD MAXIMUM OFPTH OF ALL OVERLAYS (INCHES> 

24-13 

•50 
.so 
6.0 

l O • 0 

2•0 
o.o 

.100 

.100 
60o0 
40o0 
55.0 

3 

so.oo 
20.00 

1500.00 
12.00 

.s 
800 
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Visual Aid 24.8. Design system - sample output. 

PROB A SA~PLE PROBLE~ 

SUMMARY OF THE MOST OPTr~AL nESJGNS 
t~ ORDER OF INCREASING TOTAL COST 

1 2 3 5 6 7 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DESIGN NUMRFR J 3 2 3 3 2 ? 3 
INITe CONST. COST ?•000 2•278 l ,',144 2•30fi 2•347 2•222 2.292 2,375 
OVERLAY CONST. r.oc:: T e8A2 .543 .1:Je2 ,532 .517 .543 .517 .517 
USER COST ,203 .125 .l03 .123 .120 .12s .120 .121 
SFAL COAT Cf')5T .233 e3A4 .233 .1~0 .374 .3~4 • 374 I :;74 
ROUTINE MAINT. r.nsT •166 elQO .u,6 •190 •192 el 90 .192 1192 
SALVAGE VALUF -,f,79 -.711 -.bl2 -. 715 -1730 -.644 -1661 -.7J4 ...••...•.•........•.......................•................................. , 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• i 

TOTAL COST 2.ao4 21~10 2.~lfi 2.816 21A21 2.R2l 2.83~ 2,84~ ........•................•........•...•...................................... , 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NIJMBE:R OF LAYER«; J 3 2 3 3 2 '.> :1 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
LAYER DEPTH CJNCHtSl 

O I l l 
n < 2, 
O! 31 

1.0 1.n 
, 1 • n 

6 • 5 

1.0 110 
11 1 5 
610 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 0 

···········································································~· 3 4 3 3 3 1 J 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
PERF. TIME CYEA~«il 

TC l) 
T ( 2) 
TC 31 
T( 4) 

4e906 
9.945 

1 t,, 1 95 
211812 

6.2!;0 
12.3~.3 
?n10J9 

o. onu 

4.~69 
10.IJOA 
lb.JJ6 
24.031 

b140~ 
12.773 
20o7QJ 

o.noo 

6.531 
131094 
i?l1)J6 

0.000 

60281 
12.45] 
20•14A 
o .non 

fl,1563 616!:J6 
13.164 13.453 
2].445 21.969 

oloon 0 1 00 0 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
OVERLAY POLICY(l~CH) 
IFXCLUDING L~VFL•UP> 

01 1) loO .c; loU .s .5 1'5 1 5 .s 
()( 21 .s 15 ,!, ,c; .c; .s .s ,5 
oc 31 ,s o.o 1!, o.o o.n o.o 010 010 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
NU~BER OF ~~AL CoaT~ 2 3 ? 3 3 3 1 ~ 

**********************************************************••••••••••••••••••c 
SEAL COAT SCHEDULE 

(YEARS) 
sec 11 Q.906 s.ooo 9.~6~ s.onn s.onu s.non ~.ooo , 100 
sc, 21 14,945 11.zc;o 1s.00A 11.406 111~31 11.?81 11.561 11.65 
SC( 3) 01000 l7e3~3 OoOOO 171773 l~1094 17,453 1~.164 18.4~ 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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The application of principles of engineering economy to pavement 

management occurs basically at two levels. First, there are the 

management decisions required to determine the feasibility and timing of a 

series of projects; second there is the requirement to achieve the maximum 

economy within each project. Project feasibility is determined at the 

network level, by comparison with other potential projects, whereas 

within-project economy is achieved by considering a variety of 

alternatives capable of satisfying the overall project requirements. 

The only major economic evaluation difference between these two 

levels of pavement management concerns the specific type and amount of 

detail of information required. The basic principles involved are the 

same. This unit considers both these principles and their incorporation 

into models or methods of economic evaluation. Such models are a vital 

part of the pavement management system. 

Decision Criteria and Constraints 

Every highway agency faces constraints which limit the size and scope 

of the services they may provide. The most visible of these constraints 

is generally economic: the available budget for a district, department or 

program. Many other constraints are usually present, though, including 

limits on manpower, materials and equipment, minimum service levels to be 

maintained, stability of manpower and equipment usage in each department 

over several years, environmental limitations, length of construction 

season, testing capabilities, minimum time between overlays, and so on. 

No strategy can be approved unless all applicable constraints are met, so 

a primary function of the analysis methodology is to test proposed 

strategies against a complete set of constraints. 

24-15 
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Decision Criteria and Selection. The decision criteria applied to 

the various alternatives from the project analysis subsystem, in order to 

select the best one, may involve both quantitative and non-quantitative 

factors. These factors should reflect the needs of the network as 

perceived by the decision maker. A least cost or maximun benefit 

alternative may be selected, or previous experience, judgment, etc., may 

be combined with the economic based criterion. 

Decision Criteria and Budget Constraints Applied. The decision 

criteria and budget constraints applied to the initial program resulting 

from the network analysis subsystem may simply involve a selection of 

those projects and that maintenance program which can be done within some 

available budget. This budget may have been fixed at the higher 

management level, or several alternative budget levels may be considered. 

The projects or parts of the maintenance program falling below the 

budget cutoff would then be put back on the candidate list for 

consideration the following year. 

Some agencies designate separate budgets for new construction, 

rehabilitation and maintenance, while others, for example, have new 

construction projects 11 compete" with rehabilitation projects. As well, 

some transportation departments allocate budgets by region or district. 

The non-quantitative aspects of the decision criteria might involve, 

for example, an engineering judgment to move .3. project up in the priority 

list, or political decisions to include certain projects. 

Basic Principles of Economics 

A considerable amount of literature is available on the principles of 

engineering economy and methods of economic evaluation see for example 

References 1-3, 11, 12, 14. Those principles that are applicable to 

pavement management may be summarized as follows: 

24-16 
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1. The management level at which the evaluation is being performed 

should be clearly identified. 

2. The economic analysis provides the basis for a management 

decision but does not by itself represent a decision. Criteria, 

rules, or guides for such decisions must be separately 

formulated before the results of the economic evaluation are 

applied. 

3. The economic evaluation itself has no relationship to the method 

or source of financing a project. Such financing considerations 

can either limit the number of feasible projects, or limit the 

amount available for a particular project, but they do not 

affect the methodology or principles controlling the economic 

evaluation. 

4. An economic evaluation should consider all possible 

alternatives, within the constraints of time and other planning 

and design resources. This includes the need for comparJng 

alternatives not only with a base or existing situation but also 

with each other. 

5. All alternatives should be compared over the same time period. 

This time period should be chosen so that the factors involved 

in the evaluation can be forecast with some reasonable degree of 

reliability. 

6. The economic evaluation of pavements should include agency costs 

and user costs, and benefits if possible. 

Pavement Cost and Benefit Factors 

Many economic factors should be considered in planning pavement 

investments. These factors :inrlnde both costs and benefits associated 
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with alternative strategies. Not all costs and benefits may be included 

in a particular economic analysis, however, for the following reasons: 

Not al 1 co st s and benefits are easily quantifiable. Non­

quantifiable factors are excluded from the analysis even though 

they may be important. 

Some measures of benefit involve primarily non-economic factors 

and are treated during the technical analysis. 

Time and budget constraints may not allow detailed consideration 

of more than a handful of economic factors for each alternative 

strategy. 

Some factors, though quantifiable and important, may not vary 

appreciably among the possible alternative strategies under 

consideration and may therefore be exclurled. 

In general, costs and benefits employed in pavement management may be 

Cl4~sified in three groups: (1) factors affecting the transportation 

agency, sucn as maintenance costs; (2) factors affecting the road user, 

such as vehicle operating costs; and (3) factors affecting the public in 

general, such as changes in the prices of transported good. As a general 

rule, selected factors from only the first two categories are used in the 

economic analysis for pavement manz.gement. The third category is, 

however, recognized to some exte~t by decision-makers, and 1s indirectly 

included in the decision process in a non-quantitative manner. 

Identification of Pavement Costs. The major initial and recurring 

costs that a highway agency may consider in the economic evaluation of 

alternative pavement strategie.s include the following: 

24-18 
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b. Future capital costs of construction or rehabilitation 

(overlays, seal coats, reconstruction, etc.) 

c. Maintenance costs, recurring throughout the design period 

d. Salvage return or residual value at the end of the design 

period ( which may be a "negative cost") 

e. Engineering and administrative 

d. Costs of investments 

2. User Costs: 

a. Travel time 

b. Vehicle operation 

c. Accidents 

d. Discomfort 

e. Time de lav and extra vehicle operating co st s during 

resurfacing or major maintenance 

3. Nonuser costs (Ref. 4) 

Identification tl Pavement Benefits. The benefits of a transport 

project can accrue from direct or indirect cost reductions, and from 

advantages or gains in business, land use and values, aesthetics, and 

community activities in general. Pavement benefits would accrue primarily 

from direct reductions in transportation costs of the user. 

In order to measure or calculate pavement benefits, it is necessary 

to define those pavement characteristics that will affect user costs. 

These could include level of serviceability, slipperiness, light 

reflection characteristics, appearance) color, etc. However, the first 

two factors of serviceability (as it affects vehicle operating costs, 
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travel time costs, accident costs, and discomfort costs) and slipperiness 

(as it affects accident costs) would have the major influence. 

Figure 14.1 is a schematic representation of the effects of different 

pavement design strategies on user costs. Considering only the variation 

in serviceability, for example, the diagram shows the following: 

1. As serviceability decreases, travel time costs increase because 

average travel speed decreases (in a nonlinear manner). 

2. When rehabilitation uccurs (i.e., major maintenance, 

resurfacing, or reconstruction), high travel time costs can 

occur because of traffic delays. 

The other three components of user costs, shown aggregated, also 

illustrate two major points: 

1. As pavement serviceability approaches a terminal level, user 

costs increase at an increasing rate. 

2. Pavement strategies that do not call for surfacing or other 

rehabilitation until a lower limit of terminal serviceability is 

reached will result in higher user costs. 

Quantification of User Costs and Benefits i2!:. Pavement Projects. A 

considerable amount of reference material is available on user cost data 

for various highway types and design characteristics. Those relating to 

vehicle operation can be found in such sources as the AASHO Red Book (Ref. 

6), which is now somewhat outdated, Winfey .<Ref. 3), and Claffey (Ref. 7). 

A recent study by the Stanford Research Institute (Ref. 8) has updated and 

expanded these sources. In addition, there is a variety of material 

available on the costs of travel time and accidents. However, it was 

NcFarland (Ref. 1) who first quantified the effects of varying pavement 

serviceability on user costs, providing the information required to 

0 4-20 
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Figure 14.1. Effects on user costs of pavement strategies 
with varying performance profiles 
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evaluate pavement benefits. Kore recently, an extensive UlfDP-aponaorecl 

study ia Brazil (1.ef. 16), and a similar research effort in Kenya (1.ef. 

17), have produced considerable data relating user costs to roadway 

roughness. 

An example of the quantification of user cost variation with paveaent 

serviceability and speed is shown in Figure 14.2 (Ref. 2). The measure of 

present serviceability is the Canadian Riding £oafort Index (I.Cl). 

A portion of McFarland's original data is given in Tables 14.1 and 

14.2. Table 14.1 is for urban roads, without including accident costs. 

Also not included are extra costs associated with changing speeds and 

stopping at traffic lights or stop signs. These extra costs should, 

however, be independent of any pavement characteristics. 

Table 14.2 is for rural roads, with accident costs included. Because 

the data for both rural and urban condition relate to only one (average) 

speed for each level of serviceability, McFarland also developed data to 

show the variation of total user costs with varying average speed (Ref. 

1). 

Example. Consider a 10-mi. portion of two-lane rural highway that 

has tentatively been programmed for resurfacing this year. It is desired 

to calculate the extra user costs incurred if the project is delayed for 

one year. This delay could be achieved by sufficient maintenance to keep 

the serviceability index at its present level of 2.0. Average daily 

traffic on the road over the year is expected to be 2,000 vehicles. 

Resurfacing is expected to raise the serviceability index to 3 .5. 

Table 14.2 shows total user- coats of 19.13 and 15.42 cents per 

vehicle aile for serviceability index levels of 2.0 and 3.5, respectively. 

Thia would result in total user costs of 0.1913 x 10 x 2,000 x 365 • 

$1,396,490 for the nonreaurfaced case and 0.1542 x 10 x 2,000 x 365 • 

$1,125,660 for the resurfaced case. The difference, $270,830 in total or 
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between points 
A(RC1=7.5, Speed 
=70 mph) and 
B(RCl-5.0, Speed 
=59 mph for cars 
and 49 mph for 
trucks) is: 
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mile 

Single Unit 
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Tractor 
trailers=3. 75 
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Figure 14.2. Unit costs (vehicle operating+ travel 
time) of speed reductions at different 
RCI levels 
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Table 14.1. User Costs in Cents per Vehicle Mile 
Related to Present Serviceability Index 
for Urban Roads 

Present Type of cost 
s,ervlc:eability 

index Tima Operatint Disc:omfon Total 

two lane. Urban roads 

1.5 24.74 5.90 0.70 31.34 
2.0 19.80 5.43 0.53 25.76 
2.5 17.22 5.03 0.40 22.65 
3.0 16.50 4.91 0.20 21.61 
3.5 15.84 4.86 0.08 20.78 
4.0 15.84 4.83 0.00 20.67 
4.5 15.84 4.82 0.00 20.66 
5.0 15.84 4.82 0.00 20.66 

four lane Urban roads. undivided 

1.5 18.00 5.60 0.93 24.53 
2.0 14.67 5.30 0.75 20.72 
2.5 12.77 5.10 0.55 18.42 
3.0 12.00 4.94 0.35 H.29 
3.5 11.65 4.85 0.13 16.63 
·4.0 11.48 4.77 0.02 16.27 
4.5 11.31 4.74 0.00 16.05 
5.0 11.31 4.73 0.00 16.04 

four or mon lane Urban roads. divided 

1.5 13.66 5.66 1.25 20.57 
2.0 11.65 5.45 1.05 18.15 
2.5 10.42 5.26 0.75 16.43 
3.0 9.66 5.12 0.45 15.23 
3.5 9.21 5.02 0.20 14.43 
4.0 9.00 4.94 0.05 13.99 
4.5 8.80 4.88 0.00 13.68 
5.0 8.80 4.84 0.00 13.64 

After M:cFarland (l). 
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Table 14.2. User Costs in Cents per Vehicle Mile 
Related to Present Serviceability Index 
for Rural Roads 

Present Type of cost 
..-viceability 

Index Time Operating Accident Discomfort Total 

·two lane Rural roads 

1.6 9.86 7.95 0.86 2.20 20.87 
2.0 8.74 7.84 0.75 1.80 19.13 
2.5 7.93 7.73 0.68 1.40 17.74 
3.0 7.50 7.37 0.63 0.95 16.45 
3.5 7.25 7.D6 0.61 0.50 15.42 
4.0 7.13 6.76 0.60 0.20 14.68 
4.5 7.07 ,6.58 0.59 0.00 14.24 
5.0 7.07 6.43 0.59 0.00 14.09 

four lane Rural roads, undivided 

1.5 9.75 8.05 2.80 2.25 22.85 
2.0 8.57 8.00 2.06 1.90 20.53 
2.5 7.71 7.96 1.55 1.50 18.72 
3.0 7.25 7.70 1.25 1.05 17.25 
3.5 7.01 7.34 1.07 0.55 15.97 
4.0 6.84 7.03 1.00 0.20 15.07 
4.5 6.73 6.84 0.96 0.00 14.53 
5.0 6.73 6.67 0.96 0.00 14.36 

four or more lane Rural roads, divided 

1.5 9.64 8.14 0.44 2.30 20.52 
2.0 8.48 8.10 0.38 1.95 18.91 
2.5 7.65 8.05 0.34 1.54 17.58 
3.0 7.07 7.97 0.32 1.15 16.51 
3.5 6.78 7.65 0.31 0.65 15.39 
4.0 6.63 7.30 0.30 0.25 14.48 
4.5 6.52 7.11 0.30 0.00 13.93 
5.0 6.52 6.88 0.30 0.00 13.70 

After Mc?arLa~d (1) 
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about $27,000 per mile, represents the savings to users that could be 

realized by resurfacing this year. 

Such user savings or benefits, plus savings in maintenance through 

resurfacing this year instead of next, may be compared to the costs of 

resurfacing this year. To be accurate,. the savings should be reduced by 

the difference between the present worth of next year's resurfacing costs 

and this year's resurfacing costs. If the net benefits exceed the costs 

of resurfacing, then such resurfacing should occur this year. Actually, 

benefits should be calculated over the expected service period of the 

resurfacing and discounted to present worth. These total net benefits 

might well exceed costs, especially in the example given. However, 

normally budget constraints limit an agency to programming investments 

only for those projects yielding the highest net benefits. Even if the 

example were economically justifiable, it might still have to be delayed 

one or more years because of such budget constraints. 

For roads with high traffic volumes, user delay costs due to 

resurfacing can be appreciable and can significantly affect the 

programming of such rehabilitati.on. 

Analysis Period 

A general guideline for selecting the length of analysis period is 

that it should extend over the expected service life of the improvement, 

but should not extend beyond the period of reliable forecasts. Some 

tradeoff between these two goals may be needed in the event that the 

former exceeds the latter. For traffic, 20 years is often used as an 

upper limit. For other factors, 30 years may not be unreasonable; 

however, the present worth of costs or benefits at such future times may 

be insignificant, depending on the discount rate used. In general, an 

analysis period in the range of 10 ,to 30 years is reasonable. The 

particular period chosen is basically a policy decision for the agency 

concerned and can vary with a number Of factors. 
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The choice of a relatively short analysis period may be partially 

compensated through considertion of salvage value. 

Discount Rate and Interest Rate 

A discount rate is used to reduce future expected costs or benefits 

to present-day terms. It provides the means to compare alternative uses 

of funds, but it should not be confused with interest rate, which is 

associated with borrowing money. 

The actual rate to be used in the agency's calculations is a policy 

decision. Also, this rate could vary with the element under evaluation to 

refiect the associated degree of uncertainty. Most agencies, however, use 

a single rate. In the pavement field, discount rates between about 4 and 

10 percent have typically been used. It should be emphasized that 

discount rate is a highly significant factor and can have a major 

influence on the results of an economic analysis. 

The discount rate does not include consideration of inflation. In 

fact, inflation is not generally recommended for inclusion in economic 

evaluation of pavement strategies. This is due to several factors, such 

as the difficulty in forecasing inflation rates and the balancing effect 

of the inflation of both benefits and costs. 

Salvage .Q!:. Residual Value 

Salvage or residual value is used by some agencies in economic 

evaluation. It can be significant in the case of pavements because it 

involves the value of reuseable materials at the end of the design period. 

With depleting resources, such materials can become increasingly important 

in the future, especially when used in a new pavement by reworking or 

reprocessing. 
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Salvage value of a material depends on several factors such as volume 

and position of the material, contamination, age, or durability, 

anticipated use at the end of the design period, and so on. It can be 

represented as a percentage of the original cost or as an estimate of the 

benefit remaining due to previous improvements, or in a number of other 

ways. 

Methods of Economic .t:valuation 

There are a number of methods of economic analysis that are 

applicable to the evaluation of alternative pavement strategies. They can 

be categorized as follows: 

1. Equivalent uniform annual cost method, or the annual cost method 

2. Present worth method for: 

a. Costs 

b. Benefits 

c. Benefits minus costs, usually termed the net present worth 

or net pr.esent value method 

3. Rate-of-return method 

4. Benefit-cost ratio method 

5. Cost-effectiveness method 

These methods have the common feature of being able to consider 

future streams of costs or of costs and benefits, so that alternative 

investments may be compared. Differences in the worth of money over time, 

as reflected in the compound interest equations used, provide the means 

for such comparisons. 
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PAVEMENT INVENTORY DATA COLLECTION, EQUIPMENT AND PROCESSING 

Instructional Objective 

1. To introduce the student to the inventory data system approach concept. 

2. To explain all the data needed for implementing the pavement data system. 

3. To provide the general picture about the pavement management system in 
the planning stage. 

Performance Objective 

1. The student should be able to understand the concept of the inventory 
data. 

Abbreviated Sunnnary 

1. Pavement Inventory Data Collection 

2. Major Types of Pavement Evaluation 

3. Inventory Data Processing 

Reading Assignment 

1. RTAC-Canadian Guide - Part 4 and Part 8 

2. Haas & Hudson - Chapter 23 

3. Instructional Text 
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PAVEMENT INVENTORY DATA COLLECTION, EQUIPMENT, AND PROCESSING 

1.0 MONITORING AND EVALUATION 

1.1 Distinction 

1.1.1 Monitoring. Monitoring is taking measurements or observations. 

1.1.2 Evaluation. Making a judgment based on measurements or 
observations. 

1.2 Purposes (Slides 25.1 - 25.5) 

(a) Provide data base for all pavement management functions. 
(b) Provide information for improving design, construction, and 

maintenance Practices and standards. 

2.0 TYPES OF EVALUATION 

2.1 Roughness - Serviceability 

2.2 Structural 

(a) strength or deflection, and 
(b) cores for thickness of layers. 

2.3 Distress or Surface Condition_(Transverse Profile and Rut Depths) 

3. 0 PAVEMENT INVENTORY DATA COLLECTION 

3.1 Data Collection (Visual Aid 25.1) (Slides 25.6 and 25.7) 

The first basic requirement for data collection is some reference 
system for identifying locations. It is desirable to have a common 
location indexing scheme across an agency so data from planning, 
construction, maintenance, etc., can be linked. 

(a) geographical coordinates, 

(b) highway, number, section and mileage, and 

(c) contract or project number and mileage. 
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There are several alternative ways of creating a file structure for 
the data items, but they should relate to the basic structure of the 
pavement management system involved. 

3.2.1 Master File. As-built data on geometry of the pavement 
structure, location, dates, material quantities, and quality 
control data, costs, subgrade type and properties, shoulders, 
etc. (Slide 25.8) 

3.2.2 Evaluation File. Periodic data on deflection, roughness, 
condition, skid resistance, traffic, environment, etc. (Slide 25.9) 

3.2.3 Maintenance and Rehabilitation File. Periodic data on main­
tenance types, locations and costs; also data on the location, 
dates, geometry, material quantities, and costs, quality 
control, etc. of rehabilitation (i.e., overlays, seal coats, 
etc.). (Slide 25.10) 

3.3 Guidelines for Selecting Inventory Sections and Frequency of 
Measurements (Slide 25.11 and 25.12) 

The section of inventory sections for periodic pavement evaluation 
and the frequency of measurements required involve a number of 
considerations. 

(a) type of measurement (i.e., roughness, skid resistance, deflec­
tion, etc.), 

(b) type of facility (i.e., freeway, local road etc.), 

(c) purpose of measurement (i.e., for detailed project evaluation, 
for mass inventory at the network levels, etc.), 

(d) users of evaluation information (design, maintenance or 
construction people, administrators, researchers), 

( e) resources of the agency, 

(f) age and condition of the section, 

(g) physiographic and topographic features of the area traversed 
by the route, 

(h) traffic and geometric conditions of the route, and 

(i) maintenance history on the route. 

3.4 Selecting Section and Subsection Boundaries and Length (Slide 25.13 & 25.14) 

Inventory sections should be relatively homogeneous over their 
length with respect to traffic and roadway geometrics. 
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3.4.1 Basis for Selecting Boundaries of the Section (Slide 25.16) 

(a) beginning and end of original construction contract, 

(b) intersection with another major facility, and for a 
major change in traffic volume, and 

(c) beginning or end of maintenance district or county. 

3.4.2 Basis for Selecting Boundaries of Subsections.(Visual Aid 25.3) 
Subsections are usually selected within these sections for 
roughness, condition survey, structural and skid resistance 
measurement purposes. (Slide 25.15) 

(a) section beginning or end, 

(b) major change in subgrade soil type or drainage 
characteristics, and 

(c) change in pavement structure (thickness and/or type). 

3.5 Selecting Frequency of Measurement (Visual Aid 25.4) 

It is not possible to develop absolute standards for the frequency 
with which evaluation measurements should be taken. Nevertheless, 
it is possible to develop some very general guidelines related to 
mass inventory evaluation, as shown in Visual Aid 25.4. 

3.6 Indexing Sections, Subsections and Measurements 

It is imperative that evaluation measurements be properly indexed 
by section and subsection, for efficient data management. 

3.6.1 Sections. By geographical coordinates (i.e., geocoding), or 
by contract number, or by highway number and mileage, offset 
from a landmark. 

3.6.2 Subsections. By geographic coordinates, or by assigned 
number within section identification, or by mileage within 
section identification. 

3.6.3 Measurement~. In addition to by date, by subsection as a 
whole, or by graphic coordinates, or mileage within subsection 
(where precise location is desired). 

3. 6. 4 Compatibility. It is highly desirable that evaluation sections 
and subsections be located and indexed so they are completely 
compatible with design, construction, and maintenance. 
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The evaluation of pavements can involve one or more of the following: 
structural capacity, physical deterioration or distress, user-related 
factors such as riding comfort, safety and appearance, and user related 
costs and benefits associated with varying serviceability and with 
various rehabilitation measures. 

4.1 Evaluating Pavement Structural Capacity 

Pavement structures can be divided into three separate classes for 
the evaluation of structural capacity; a rigid pavement structure, 
a composite pavement structure, and a flexible pavement structure. 

4.1.1 Laboratory Tests. These tests include grain-size distribution, 
density, and moisture content. In addition, the properties 
of the pavement can be determined by use of split tensile 
tests, compression tests, etc. In order to perform many of 
these tests in the laboratory, extensive investment in 
facilities is required. 

4.1.2 California Bearing Ratio (CBR). For many problems it is 
possible to obtain an estimate of the strength of a subgrade 
from original CBR tests that were made prior to the original 
design and construction. However, densification of the road 
under traffic coupled with environmental factors of ten make 
these estimates unreliable. 

4.1.3 Plate Bearing Tests. These tests on in-service pavements 
require that test pits of substantial size be dug, and, 
hence, this type of test is time consuming and often expensive. 

4.1.4 Non-destructive Field Tests. Except deflection measurement 
instruments, there are methods of evaluating structural 
adequacy with instruments which apply vibratory forces to the 
pavement, and then by means of velocity transducers, the 
response of the pavement is measured. 

4 .1. 5 In-place Density and Moisture Tests. Moisture and density 
data can be obtained using standard sand cone, water balloon, 
or nuclear techniques. 

4.1.6 The Benkelman Beam. (Visual Aid 25.5) The Benkelman Beam 
Test has been used to quantify experience, simplify theory, 
and assess construction quality control. This test was 
developed for the purpose of measuring pavement deflections 
under static wheel loads. 
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4.1.7 The Dynaflect. (Visual Aid 25.6 and 25.7) The system 
provides rapid and precise measurements of roadway deflections 
at five points on the pavement surface using a cyclic force 
of known magnitude and frequency which is applied to the 
pavement through two steel wheels. 

4.2 Evaluating Pavement Serviceability 

The serviceability of a pavement is largely a function of its 
roughness. There are several methods for measuring serviceability 
at any particular time, these will be covered in detail in future 
lessons. 

(a) Measuring riding comfort index by panel rating procedure 
(Visual Aid 25.8). 

(b) Measuring pavement roughness by car road meter (Visual Aid 25.9 
and 25.10). 

(c) Measuring pavement roughness by more precise or sophisticated 
methods (Visual Aid 25.11). 

(1) U.S. Bureau of Public Road type of roughometer (BPR) 

(2) CHLOE type profilometer CHLOE 

(3) Rolling Straightedge (RSE) 

(4) British Transport and Road Research Laboratory type of 
profilometer (TRRL) 

(5) Surface Dynamic Profilometer (SDP) 

(6) Precise levelling method for profile determination (LEVEL) 

4.3 Evaluating Pavement Safety 

The evaluation of pavement safety is usually thought of in terms 
of skid resistance. However, there are several safety components. 
Skid resistance will be covered in detail in future lessons. 

(a) Skid resistance measurements and methods (Visual Aid 25.12). 
(b) Surface ruts. 
(c) Pavement color, light reflectivity and lane demarcation. 

4.4 Evaluating Pavement Distress 

The section is primarily concerned with condition surveys used to 
periodically measure and evaluate distress. 
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4.4.1 Condition Survey Approach. Condition survey, together with 
RCI, skid resistance and other measurements, are used in 
determining the maintenance needed to prevent accelerated 
future distress, or to determine the rehabilitation measures 
needed. 

4.4.2 Components of condition surve!s and procedures for field 
measurements. (Visual Aid 25.13) 

(a) surface defects, 

(b) permanent deformation or distortion, 

(c) cracking, and 

(d) patching. 

Traffic and Load Data 

Traffic data is essential for investment programming and design 
purposes. It is also required for certain aspects of construction 
and maintenance functions. Volumes, loads and classifications of 
traffic need to be known so costs and benefits can be evaluated in 
investment progrannning and in project economic evaluation, so struc­
tural designs can be analyzed and construction and maintenance 
operations properly scheduled. It is beyond the scope of this 
lecture to describe these data in detail. 

5.0 INVENTORY DATA PROCESSING 

'!be development of computer programs for data editing, storage, updating 
and retrieval is a main part of a pavement data system. 

5.1 Basic Functional Re uirements of a Pavement Data S stem. (Visual 
Aid 25.14) Slides 25.17 - 25.20 

(a) planning requirements, 

(b) design requirements, 

(c) construction requirements, 

(d) maintenance requirements, and 

(e) research requirements. 

5,2 Basic Steps in Development and Implementation (Visual Aid ?.5.15) 

Visual Aid 25.15 gives a comprehensive development plan for 
implementing a data system into pavement management. 
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PAVEMENT INVENTORY DATA COLLECTION, EQUIPMENT AND PROCESSING 

VISUAL AID 

Visual 25.1 

Visual 25.2 

Visual 25.3 

Visual 25.4 

Visual 25.5 

Visual 25.6 

Visual 25.7 

Visual 25.8 

Visual 25.9 

Visual 25.10 

Visual 25.11 

Visual 25.12 

Visual 25.13 

Visual 25.14 

Visual 25 .15 

TITLE 

Data Collection in the Ontario Pavement Data Bank System 

File Structure for the Ontario Pavement Data Bank System 

Example of Pavement Evaluation Measurements by Section and 
Subsection,, 

Guidelines for Selecting Frequency of Pavement Evaluation 
Measurements for Mass Inventory Purposes 

Benkelman Beam and Califor.nia Continuous Deflectometer 

Dynaflect and Schematic Illustration of the Dynaflect Force 
Application and Deflection 

Example Correlations Between Benkelman Beam and Dynaflect 

Evaluation Forms for Individual, Subjective Pavement Ratings 

Schematic of Frame for B.C. Photo Inventory 

A Typical Output of the Mays Ride Meter Type or Car Road Meter 

Areas of Applicability and Uses for Various Types of Roughness 
Measurements 

(a) Variation of Skid Resistance with Time (Traffic) as a 
Measure of Pavement Performance 

(b) Example of Short Term Change in Skid Resistance Due to Rain 

Major Distress Factors for Condition Surveys 

General Functional Nature of A Pavement Data System in Operation 

Major Steps in Developing and Implementing a Pavement Data Bank 
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Visual Aid 25.1. Data collection in the Ontario pavement data bank system. 
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Visual Aid 25.2. File structure for the Ontario pavement data bank system. 
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Visual Aid 25.3. Example of pavement evaluation measurements by 
section and subsection. 
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Facility 
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or 
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Rural 
Highways 
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Highways 

County 
or 
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Rural 
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Transparency 25.4 
Guidelines for Selecting Frequency of Pavement Evaluation Measurements 

for Mass Inventory Purposes 
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Visual Aid 25.5. Benkelman beam and California continuous deflectometer. 
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Visual Aid 25.6. Dynaflect and schematic illustration of the Dynaflect 
force application and deflection. 

(a) Dynaflect 

Cyclic Force applied _ ________ 

1 on Load Wheels I . 
/ - -
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(b) Schemat ic Illustration of the Dynaflect 
Force Application and Deflection 
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Visual Aid 25.7. Example correlations between Benkelman beam and dynaflect. 
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'Visual Aid 25.8. Evaluation forms for individual, subjective pavement ratings. 

5 

V.-y Good 

Acceptable 7 4 

§ 
Good , .. 3 

No Fair 

Undecided 2 

Poor 

1 

Very Poor 

0 

Section Identification •••• , •••••••• , •• ,., •• , Rating 

Rater........ Date • . • • • • • • • Time • • • • • • • • • Vehicle, ..••••••. 

(a) 

10 >· .. , Good 
9 Rater •.•.••••..•................ 

8 Hwy. No. .•.....................••.. 
Section No . ..••.••....•...••.......... 

7 Good 
Date ...•..•••..•......••..••••. 

6 

Is Pavement of Acceptable ~ality7 
5 Fair 

0 Yes 

4 

No 0 3 Poor 

2 Undecided 0 
1 Very Poor 

0 ..... rka ••••••••••••••••••••••••••••••••• 

Evaluation forms for individual, subjective pavement ratings. (a) Indivi­
dual Present Serviceability Rating (PSR) form used at AASHO Road Test. (b) 
Present Performance Rating (now Riding Comfort Index) form developed by the 
Canadian Good Roads Association (now the Roads and Transportation Associa­
tion of Canada), 
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Visual Aid 25.9. Schematic of Frame for B.C ~ Photo Inventory. 

Roughness Control 
Indicators 

Roughness (Short Int erval) 

Roughness1Long ln l erval) 

Grade 
Altitude----

Centrifugal Force _____ _. 

Digital Compass -------

Data Slate 
Frame Interval 
Indicators 

---- Odometer 
----- Speedometer 

Ori ver Stress 

-------- Clock 
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Visual Aid 25.10. A Typical output of the Mays Ride Meter type 
or Car Road Meter. 

1 Distance Event Channel----

--c 0.1 r· ~1--c j 0.1 Mitd 
Scales off as 2.3 in. of Roughness 

-r~~2-~re s?Tnt :~-t---

Roughness Signature 

l l t - - + 
-+-

! 

l 
f 

General Event Marker 
1 ~~==-cJ=-=---t=-=t--=t-=t==--r~'."'""'-=--=-~~T~-'--"'=F="""l 

l 
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Visual Aid 25.11. 

Fac,hly Type 

r,et:w<ly or 

Primary 
Highway 

Secondary 
!Rural) 
Highway 

Counly or 
Local Aural 
Highway 

Runways 

Uses ol Roughness 
Measuremenls. lor 
All Fac,hty Types 

Construct,on 
Monitoring 

Ma1n1enance 
Programmrng 

lnvenlory and 
Network 
Programming 

fiesearch 

Areas of applicability and uses for various types 
of roughness measurements. 

lntll~ll fiOUC)tUU!S~, 

llPH SIJP. CllM 
RSE 1 

iTRRI. CHLO[);, 

lJPFl CfiM. RSE 
(SDP. TR~L 
CHLOE) 

CRM. ElPA. 
ASE (SOP) 

SDP. TAAL. CAM 

Yes3 

Yes 

CllM SDP 
(Tnf1l CHLUE1 

CRM 1SDP. 
mm. CHLOE) 

CRM 

CRM. SDP. THRL 
(LEVEL) 

Yes 

Yes 

Yes 

Cf,M Sllf' 
!CHLO[ THl1L 1 

CAM iSDP CHl Ol 
TRAll 

CAM 

SDP. TRAL. LEVEL 

Yes 

Yes 

Yes 

See section 4.3.3 and 4 3 4 lor explanattons ol abbreviations lor roughness devices 

Parenlhcses denolc apphcab,hty primarily tor special purposes or control sections 

These rndrcate the pnmary apphcablhly of !he class of measuremenl (re .. rnrhal roughness mcasuremen1s are 
pr,manly apphcable to construction mon,lonng. for all lac,hly lypes). 
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Visual Aid 25.12 

100 

80 

... 
~ 
~60 ... ... 
"' ... 
,q: .,, 
c:i40 

PERFORMANCE 

ic 1-----
.,, Action Level for 

100 

80 

60 

40 

Surface Rehabilitation _ife r 
------~S-e-rv_i_c_• : ____ Js,,.;oe L~J :• 

20 

0 
TIME (Traffic} 

RIDING 
SAFETY 

jiiQ 

~ I I 

(a) Variation of Skid Resistance with Time (Traffic) as a Measure of Pavement 
Performance 

: Drying : 

Dry .~. Rain .i. t\• Dry 

---''----------·-----· -----
TIME 

(b) Example of Short Term Change in Skid Resistance Due to Rain 
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Visual Aid 25.13. Major distress factors for condition surveys. 

PAVEMENT DISTRESS 
MANIFESTATION Severity Dens, ty , Character. 

- ----· - ------ ·--------- - ---:=. 

EVALUATION 
-----_------[------_----1--- Other --

====~-=we·-------..:;:;;::----- -- ·-- ------·-- ._ -· -- ::.:::s: 

I Surface Defects 

• Coar~P ,\ggrPK,llP Lo,, 

• KJvPlllflg 

e r:u,h1ng 

Surface Deformation 

• R1pril 1:1·,:, 

• ',hov1n1: 

• \~hpel !1.ick Ku1t111g 

• D1 ~ tmt 1or1 

Cracking 

• Lnng1 :wll!1al WhPl'I Tr,H k 

M1dlanr 

• .".1candPri nf\ 

• Transvt>rsl' 

• Alligator 

• Ranrlorn 

• Sl1ppagP 

• OthPr 

Ct>nt,,• L11u' 

PJVPIIIPfll [dgP 

Maintenance Patching 

• Spray 

• ~k111 

• Hot-Mix 
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Lesson 25 

Visual Aid 25.14. General functional nature of a pavement data system 
in operation. 

Supplier [-Central offices, l u_ ser r-- District, Field ---, 

Output Report 

i ___ Researchers. etc.___ t 
( /'::=. ~-:1.1 I/ --/, r? 
:1 I' Data Input 

'I! 

Pavement 
Data Base 
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Visual Aid 25.15. Major steps in developing and implementing a pavement data bank. 

PROPOSAL TO IMPLEMENl 
DATA SYSllM 

WhJI IS Da ta llankl 
· Wh,11 dot·s it do? 
- Who w,11 USP iP 

How will th<" y US!' itl 
fs l1 m,1 t iun o t annu ,11 cos t lo 

n1t11n1,1in tht• ~ys lt·m 
Lt, . 

MANAC[M[Nl 
APPROVAL 

---~+ 
Pl ANNINC AN() DESICN 

ur SYSHM 
l(pvi1•w ol ot lwr working 

sys l1•ms 

I 
lll'li111· spc·cilirobjc•c li v1 ·s 
Dl'iinc• cun str,1inl s 
PIJn ll< tivitiP~ 
Scll!'d11ll' s 
Cos t Ps t,maling 
E It. --------

SELF CT OR [)EVELO!' 
DAT A REFERrnCE BA SE 

! 
... 

~( 
[)isruss ion with 

.11111 Fl'c·dh,1 r k l10m 
all D.1 1,1 Suppli ers 

.. 
SYSlEM INPUTS 

- Detin,· d,1IJ input s 
· Cla ss ify data inpul s 
- Dl•line measuring 

techniques 
- Define 1mplemenl ,1lion 

re spons ibilit i Ps 
(who' s to supply wh.il ') 

DL V[l or (" ()()INC SY\ ll.M 

AN O FORMAT ur DAl A 
COLL[ CT ION SHEfl tS) 

[)[VU.OP SAMPLI N(, PL AN 

) l._ _________ .... -~e l crill'r i ,1 tu, se l<'tl111>; ... ,...__________ ... IP SI S C'( l ion s 

I 
i 

SELECT COMPUTER 
I IARDWARl 

(or o lher Data Stor,lgl' 
,111d An,llysi, Syst,·m) 

AND Dl VELOP ~OFTWARE 

0dl,1 Storing, uµdlll1n g, 
Pil1 ting, retric•ving, l't<. 

/ '"' 
1---• TRI AL IMl'L(MLNTA TI ON , ... - Te s t ~.1mpli og Pl an and 

I D,11 ,1 l'rocess111g 
\. ' 

RlV l lW SYSTEM 

fi11 poss1hll' 1111provt'ml'llb 111 th,• light 
of trial imp lenwnl ,1 ti on 

DEVELOP FINAL MANU AL S 
AND OP(RA IIUNAL CU I DES 

DEVELOP DAlAANALYSIS PACKAGES(S) 
- M,1n.1gement 
- lJl'SI gn 
- Ma111 IPn,1nre 
- Pt> r forman re 
- Etc. 

t 
PERIODI C REVIEW OF SYSTEM 

- Examine how it i s fultilling 
it s intended !unc tions 

- Modify input s, prorrsses .i nd 
output s of systl'm 

--·------ -25-23 
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INSTRUCTIONAL TEXT 

Revised DS/lg 1/1/84 
Lesson 25 

MONITORING AND EVALUATING PAVEMENTS: DISTRESS, STRUCTURAL 
CAPACITY, SAFETY, GEOMETRICS 

Introduction 

The evaluation phase of pavement management involves the 

determination and continuous monitoring of the condition of the roadways 

within the agency's purview. Evaluation provides the primary source of 

information for use at all levels and in all activity areas of a pavement 

management system. Monitoring involves the routine collection of field 

data and recording such data in a useful form. Evaluation, as described 

in this Session, encompasses monitoring, but involves a judgment or 

deter~ination of the meaning of the infar:mation collected. 

It is the function of pavement evaluation in a pavement management 

system to measure pavement condition periodically in order to: 

1. Provide data for checking and updating predictions 

2. Reschedule rehabilitation, maintenance, etc. as indicated by 

these updated predictions 

3. Provide data for improving the prediction model 

4. Provide data for improving construction and maintenance 

techniques 

5. Provide information for updating network improvement programs 

Pavement condition information needed for rehabilitation involves 

five main components: (1) serviceability or riding comfort, (2) load­

carrying capacity, (3) safety, (4) distress or surface condition, and (5) 

geometrics. The specific information to be recorded is a function of its 

use. which may involve project or network level applications. 
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Pavement condition varies with time. In this sense it must be 
' considered now and in the future. Planning, design, and other areas of a 

pavement management system must be concerned with both the present and 

fu~ure (and to some extent, the past) values of the "outputs" of a 

pavement, including the condition components noted above. Figure 5.1 is a 

schematic representation of the variations of the major types of pavement 

outputs with time. These outputs are predicted over the analysis period 

and are of course actually measured when the pavement is in service. 

Measures of Pavement Outputs 

Various measures 

identified in Figure 5.1. 

Figure 5.2. 

are used to represent the pavement outputs 

Some typical measurement methods are listed in 

Physical structure and material strength can be monitored by physical 

testing and sampling. 

Behavior can be defined as the immediate response of the pavement to 

load. Thus, load-deflection testing of all types, including plate load 

tests, static deflection measurements such as those using the Benkelman 

Beam, and dynamic deflection measurements, fall into this category. 

Although information about the physical structure of the pavement is often 

inferred from behavioral evaluations, it should be remembered for purposes 

of clarity that these load-testing techniques evaluate only the behavioral 

response of the pavement and not the physical properties directly. 

Further information on structural evaluation may be found in Unit 2.6 

of the Reference Notebook, and in Reference 1. 

Safety may be measured in an empirical fashion, e.g., through 

determination of those locations with high accident rates. However, this 

may not be due to pavement-related 'factors, but could, for example, 

indicate an alignment problem. Such factors may be included in the 
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Skid 
Resistance 

Structural 
Capacity 

Riding 
Comfort 

Distress 

Maintenance 
Costs 

User 
Costs 

Figure 1 

Safety Output 

Structural Capacity Output 

iii~~µ:g~ 
AGE fY•-sJ 

Performance Output 

Distress Output 

Maximum Acceptable ..•..•........••................•....• 

Maintenance Cost Output 
Maximum Acceptable ........••..•.•............•...•.•...•.. 

User Costs Output 
Maximum Acceptable ..•................•.••.•••.•..•.•.•.•.• 

Outputs typically 
measured in the pave­
ment evaluation phase 

Additional outputs 
for use in economic 
analysis 

Major Types of Pavement Outputs or 
Performance Indicator (After Ref. 1) 
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Figure 2 Example Measures of the Four Major 
Pavement Outputs 

Pavement Output or 
Performance Indicator 

Safety 

Structural Capacity 

Serviceability 

Distress 
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Skid Number, Accident Rate 

Cores, Deflections 

PSR, PSI 
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pavement_management system, at the discretion of the agency involved. The 

typical current practice is to use skid resistance as the primary measure 

of safety related to pavements. 

Distress can be defined as observable deterioration or damage in the 

pavement. Thus, the accumulated damage that the pavement has suffered is 

monitored and evaluated. Because maintenance may have been performed on 

some of the distress, the evidences of this maintenance in the form of 

patches and sealed areas should also be monitored. Such monitoring is 

done routinely by many agencies in the form of condition surveys, and the 

data accumulated can provide important pavement evaluation information. 

The identification of various distress types for measurement 1n a 

routine pavement condition survey is generally made on the basis of the 

experience of the individual agency regarding which distress types are 

most important. Thus, the specific variables recorded, and the units in 

which they are measured will vary from agency to agency. A sample 

condition survey form is shown in Figure 5.3, but this is just a sample 

and is not to be considered suitable for all agencies. 

lt is, of course, desirable to have consistent pavement condition 

measurements carried out by all states, using the same techniques, units 

and categories of measurement. This would facilitate comparison of 

pavement performance, prediction models, etc., and would allow better 

determination of the effects of climatic variation, etc. A recent FHWA 

report by Smith, Herrin, and Darter provides detailed information on an 

extensive list of pavement distress variables, along with suggested 

severity levels and measurement techniques (Ref. 3). The widespread use 

of this report would represent a giant step toward compatible pavement 

condition measurement. 

Another category of pavement ev?luation of major interest is pavement 

serviceability and performance. This is discussed in Sessions 4 and 4A. 

25-28 



EVALUATION 
PAVEMENT DISTRESS 

MANIFESTATION Severity Density Other 
Character. 

Surf ace Defects 

• Coarse Aggregate Loss 

• Ravelling 

• F,lushing 

Surface Deformation 

• Rippling 

• Shoving 
• Wheel Track Rutting 

• Distortion 

Cracking 

• longitudinal Wheel Track 

Midlane 

Centre line 

Pavement Edge 
• Meandering 

• Tl'ansverse 

• Alligator 

• Random 
• Slippage 

• Other 

Maintenance Patching 

• Spray 

• Skin 

• Hot-Mix 

Figure· 3 Example Form for r~vement Condition Evaluation 
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There is a growing feeling that the word "performance" should be 

reserved to mean the over-all service history of the pavement, 

incorporating not only serviceability, but structural adequacy, distress, 

etc. Some feel that safety, life cycle costs, etc. should also be 

included in the definition of performance. These course notes tend toward 

a broad definition. In a sense, the choice is a matter of semantics, but 

it is clear that a word is needed to denote the combined, over-all service 

adequacy of a pavement over a period of time. 

Other factors, such as costs and aesthetics, are not generally 

measured as a part of pavement evaluation. Each activity area is 

generally charged with recording costs incurred in carrying out its own 

specific functions. Routine maintenance costs, for example, are reported 

by the maintenance division. Aesthetic factors are generally not treated 

1n a quantitative way, but may be included in a subjective manner by the 

decision-maker. 

There is, of course, considerable overlap among the evaluation 

measures discussed here. However, they should not be confused or used 

indiscriminantly. For example, the fact that some people evaluate 

serviceability level using a serviceability equation that involves 

cracking and patching does not mean that the equation provides an adequate 

evaluation of distress. Likewise, the fact that dynamic deflection 

measurements may be used to estimate pavement structural thicknesses 

and/or properties should not confuse the user. These behavioral 

measurements can be used to estimate structural inputs only in conjunction 

with some type of theory or model. The structural input values themselves 

can be evaluated directly only with a destructive test or sampling 

procedures. Figure 5.4 is a schematic diagram of the Dynaflect load wheel 

and sensor configurations. A block diagram illustrating the relationship 

of the different inputs to a rehabilitation design subsystem from 

monitoring and evaluation is shown in Figure S.S. 
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LESSON OUTLINE 

Revised DS/lg 1/9/84 
Lesson 26 

FIELD MEASUREMENT OF SERVICEABILITY AND ROUGHNESS 

Instructional Objectives 

1. The participant will be able to illustrate the importance of adequate 
field measurements of pavement roughness, serviceability, and performance. 

2. The participant will be able to discuss the problems which arise to 
interfere with such measurements. 

Performance Objectives 

1. The student shall understand how the serviceability concept is translated 
into practice through the measurement of roughness. 

2. The student should be able to discuss the use of roughness in evaluating 
pavement performance and relate that to other factors such as "distress". 

Abbreviated Summary 

1. Development of the Serviceability Concept 

2. Concept of Ratings 

3. Developement of a Serviceability Index 

Reading Assignment 

1. Haas & Hudson - Chapter 7 

2. NCHRP 7 

26-1 

Time Allocations, min. 

10 

10 

30 
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LESSON OUTLINE 

Revised DS/lg 6/9/84 
Lesson 26 

FIELD MEASUREMENT OF SERVICEABILITY AND ROUGHNESS 

1.0 COMPONENT OF PAVEMENT ROUGHNESS (Slides 26.1 & 26.2) 

1.1 Roughness Defined 

The distortion of the road surface which contributes to an undesirable, 
unsafe uneconomical, or uncomfortable ride. 

1.2 Factors Influencing Perception of Roughness 

1.2.1 Road Profile. (Slides 26.3 - 26.8) To define the pavement 
roughness function completely, some evaluation of the roughness of 
the entire surface area of the pavement should be made. However, 
for the most purposes this roughness can be divided into three 
components: 

(a) transverse variations, 
(b) longitudinal variation, and 
(c) horizontal variations of pavement alignment. 

1.2.2 V~_hicle Response. (Visual Aid 26.1) (Slides 26.9 & 26.10) 
Many previous studies have shown that the longitudinal 
variations are the major contributing factor to undersirable 
vehicle forces. The next greatest offender is transverse 
roughness. The ride sensation is however, a function at the 
road profile, the vehicle parameters, and the vehicle speed. 

2.0 ROUGHNESS MEASUREMENT 

2.1 Fundamental Uses of Roughness Measurement 

(a) To maintain construction quality control. 
(b) To locate abnormal changes in the roadway. 
(c) To establish a statewide basis for allocation of road 

~aintenance resources. 
(d) To identify road serviceability. 

2.2 Methods of Measuring Roughness 

There are a variety of methods or devices for measuring roughness 
that have found common use for highways and airports in North America. 
These range from the simple to the sophisticated and include: 

2.2.1 US Bureau of Roads Type of Roughometer (BPR).(Slides 26.20-
26.24) The BPR roughometer is one of the best-known devices 
This roughometer essentially simulates one wheel of a 
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Revised DS/lg 6/9/84 
Lesson 26 

passenger car and is comprised of a press, spring, and damper 
combination. Displacement of the wheel with respect to the 
mass is recorded by an integrator coupled to an electronic 
counter. 

2.2.2 CHLOE Type of Profilometer (CHLOE).(Slides 26.14 - 26.16) 
The CHLOE device was developed at the AASHO Road Test as 
a simplified modification of the AASHO slope profilometer. 
Pavement roughness is measured by the change in angle 
between two reference lines, one of which is determined by 
two small wheels and the other which is determined by a 
20-fout long frame member supported by two large rear 
wheels and a trailer hitch on the front. 

2. 2. 3 ~CJ_l:__l__ing Straightedge (RSE). (Slides 26. 34 & 26. 35) The 
rolling straightedge or profilograph has been used by 
several agencies. The device records a continuous chart 
profile in each wheel track. Two sets of bogey wheels 
30-felt .:iparl provide reference points from ·,,hid1 a 
vertjcnl displ:1remcnt is ,n,-d:mreJ l:,v a record-i,,y; wheel at 
the midpoint. The curnlllativc verti.cal displa,:erne;H per 
mile is termed the roughness index. 

2.2.4 British Road Research Laboratory Profilometer (RRL). 
-(Slide 26. 36) This device consists of an articulated 
carriage with four 4-wheel bogies of total width of 
4-feet and wheel base length of 21-feet. The detector 
assembly at the center consists of a detector wheel 
mounted centrally on a vertical shaft postioned in 
vertical guides and trailed by two flanking wheels. A 
profile is plotted of the road surface in a natural 
vertical scale. Also, the number of bumps of different 
sizes are measured by means of a classificaiton. 

2.2.5 Surface Dynamics Profilometer (SDP). (Slides 26.10 - 26.13) 
(Slides 26.25 - 26.28) The SDP is a system consisting of 
two road following wheels mounted on trailing arms beneath 
a van. Relative motion between the vehicle and the wheel 
is measured by a potentiometer. An accelerometer measures 
the acceleration of the vehicle itself. The signals go 
into an analog computer in the vehicle. A detailed evalua­
tion of the SDP is contained in the next lession. 

2.2.6 Car Road Meter, PCA, or Maysmeter (CRM). (Slides 26.37 - 26.49) 
The CRM type devices have become very popular with highway 
agencies during the past few years. It is a simple 
electromechanical device that measures the number and 
magnitude of vertical deviations between the body of the 
automobile and the center of the rear axle. 
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Lesson 26 

2.2.7 Precise Leveling Method for Profile Determination (LEVEL). 
This is the only viable method for determining actual 
profile information for pavements. Although this method 
is very simple and very accurate, it is extremely slow 
and painstaking. 

3.0 CORRELATING THE OUTPUTS OF ROUGHNESS-MEASURING DEVICES 

3.1 Reasons for Correlation (Slides 26.50 - 26.53) 

(a) Calibration using a repeatible device to provide periodic 
checks for another device that may vary with time or use. 

(b) Estimation using one device to estimate the output of 
another. 

3.2 Areas of Applicability and Uses for Various Types of Roughness 
Measurement 

Visual Aid 26.2 provides a tabular listing of the applicability 
of roughness measurements. It suggests that the overall approach 
should be concerned with purpose of measurement, applicable facility, 
use of data, and whether the primary interest is in estimating 
serviceability or some other purpose. 
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LESSON OUTLINE 

Revised DS/lg 1/9/84 
Lesson 26 

FIELD MEASUREMENT OF SERVICEABILITY AND ROUGHNESS 

VISUAL AID TITLE 

Visual Aid 26.1. Relationships amoung resonant frequencies of cars, car 
speed, and pavement surface wavelength. 

Visual Aid 26.2. Areas of applicability and uses for various types of 
roughness measurements. 
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Visual Aid 26.1. Relationships among resonant frequencies of cars, car 
speed, and pavement surface wavelength. 

Car Speed 

( MPH) 

-10 CPS Resonant/ 
Frequency 

Resonant 
Frequency 

0 10 20 30 40 so 60 70 80 

Wave I en gth ( feet) 
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Visual Aid 26.2. 

F aci I ity type 

1. Expressway or 

primary 

highway 

2. Secondary 
(, ural) 

highway 

3. County or 

local ru,·al 

highway 

4. Runways 

Uses of roughness 
measurements, for 
all facility types 

A. Construction 

monitoring 

B. Maintenance 

programming 

C. Inventory and 

network 

programming 

0. Research 

Areas of applicability and uses for various types of 
roughness measurements. 

Classes of measurement, by purpose 

Initial ride 

BPR, SDP, CAM, RSE" 

(RRL, CHLOE)b 

BPR, CAM, ASE (SOP, 

RRL, CHLOE) 

CR~,. BPR. nsE (, .. ,p) 

Initial ride 

Yesc 

Yes 

Periodic ride 

CRM, SDP (FIAL, 

CHLOE) 

CAM (SOP, RRL, 

CHLOE) 

CAM 

CRM, SOP, RR L 

(LEVEL) 

Periodic ride 

Yes 

Yes 

Yes 

Terminal rid9 

CRM, SDP 

(CHLOE, RAU 

CAM (SOP, 

CHLOE, RAU 

CAM 

SOP, RRL, LEVEL 

Terminal ride 

Yes 

Yes 

Yes 

---~---------
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FIELD MEASUREMENT OF SERVICEABILITY-PERFORMANCE AND ROUGHNESS 

Use .Qf Roughness Heasurements rn Estimating Pavement Serviceability 

The major use of roughness measurements, which are objective, is for 

estimating pavement serviceability, which is subjective. Carey and Irick 

(Ref. 1) provided the most widely known means for this purpose in 

developing the Present Serviceability Index (PSI) equation at the AASHO 

Road Test. The original form of this equation is as follows: 

where: 

C = coefficient (5.03 for flexible pavements and 5.41 for rigid 

pavements) 

A1 = coefficient l-1.91 and -1.80 for flexible and rigid 

respectively) 

R1 = function of profile roughness [log(l + SV)], where SV = mean 

slope variance obtained from the Road Test profilometer 

Bl= coefficient (-1.38 f-.r flexible and O for rigid) 

D1 = function of surface rutting (RD~, where RD= mean rut depth 

as mesured by simple rut depth iPdicator) 

Bz = coefficient (-0.01 for flexible and -0.09 for rigid) 

D2 = function of surface deterioration (C = P), where C + P = amount 

of cracking and patching, determined by procedures described in 

Reference 2 
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Given this general form of equation, it is necessary to determine the 

coefficients for a particular set of input variables. This was done at 

the Road Test for several sets of variables as reported by Carey and Irick 

(Ref. 1). It is important to understand that the resulting equation for 

the particular variables selected is a best-fit equation based on all 

observed data used in the equation. Other variables that were candidates 

for inclusion in the equation proved in the regression to add no 

significance in predictin~ PSI when added to the eQuation. 

It should be remembered that a regression equation is not a causative 

relationship and that covariance between terms can account for very small 

coefficients on a variable that alone is only slightly less well 

correlated with the dependent variable. For example, a great deal of the 

observed roughness in a pavement is due to cracking, and therefore the two 

factors are highly correlated. Consequently, once the roughness term is 

included in the equation, little variation remains to be explained by 

adding the cracking terms and thus the coefficient is small. This does 

not indicate a lack of concern for cracking and is merely the form the 

equation takes. It is not satisfactory for users of the equation to alter 

the equation arbitrarily because they intuitively "feel" that cracking is 

more imp oi: t n t. I n fact, any such alteration is erroneous and produces 

unpredic t -·: .. '~, .·u.r..i..S o 

Othe .. :r::.~ ... s r;f th e PSI equ tio hav e been developed for other 

pavements and f , o':.h-er i nput variables. 

Any change in measurement methods or units will result in a modif i ed 

equation. This can be done either by performing a entire l y new 

regression if all data are available, or by compar i ng the old measurement 

to the new and making an appropriate substitution in the equation. This 

was done at the Road Test for the BPR roughometer by comparing the 

roughometer output, R, in inches per mile, to mean slope variance, SV. 

The resulting equation is 
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PSI= 5.41 - 1.80 log (0.40R - 30) - 0.0~ ( 2) 

with terms as previously defined. 

The actual numerical values noted for all the coefficients in the 

~quations were determined by Carey and Irick by multiple regression 

techniques for over 120 data points observed on existing pavements in 1958 

ind 1959. It must be emphasized, however, that the PSI model rep4esented 

by Eq. (1) is not an end in itself. Carey and Irick made this quite clear 

in pointing out that it is intended to predict PSR to a satisfactory 

approximation, Unfortunately, this intention and use of the concept has 

~eea for;otten by many engineers in the ensuing years. Engineers are 

sorne,1hat inherently "hostile" to the concept of a completely subjective 

evaL1c1t.ion as represented by PSR. They p1·efer to evaluate their 

s t r u c t 1. r (, s b y m e s 11 r a b 1. e p h y s i c a 1 c r 1 t e r i a t h a t c a n b e d e t e rm in e d 

objectively. Consequently, the PSI concept also largely served the 

2urpose of c,aking available to engineers a t:ype of tool ,nth which they 

were more familiar and amenable to using. 

Ttie PSI equation was developed by multiple regression techniques, as 

previously noted. That is, a set of physical measurements were related tu 

the subjective, user evaluations in terms of the mean panel rating values, 

PSR, described in Session 4. Although these physical measurements include 

condition or distress data (i.e., mean rut depth plus cracking and 

patching), 1.t is roughness that prov id es the major correlation variable 

(i.e., correlation coefficients between PSR and PSI are increased by only 

about 5 percent after adding in the condition data). Thus, it should be 

emphasized that whenever PSI is calculated from physical measurement data, 

this is really only an estimate of PSR; that is, 

PSI= PSR + E (3) 

where E is an error term. In other words, contrary to what is all too 

often implied or stated in the literature, PSI and PSR are not 
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two different ways of obtaining pavement serviceability. PSI is not an 

end within itself. It represents a means of using objectively obtained 

data to estimate a subjectively based parameter, as originally pointed out 

by Carey and Irick (Ref. 1) and subsequently by Haas and Hudson (Ref, 10) 

The original Canadian evaluation studies previously noted (Refs. 4,5) 

also tried to relate panel ratings tp physical measurement data by 

multiple regression techniques (roughness data was not included), 

Although these efforts were relatively successful in explaining 

performance variations, the regressions were not significant enough as a 

predictive design tool for many pavement groups. Consequently, most 

agencies continued to make direct, periodic subjective ratings until the 

mid-1960s. At that time, a major program was initiated on relating these 

subjective ratings of Riding Comfort Index (RC!) to roughness 

measurements, primarily using the CRM type of devices (Ref. 6). Figure 

4A-l contains example correlations from the Canadian studies. A result of 

these studies was a set of recommendations relating to correlation and 

calibration procedures and to operating methods for the CRM (Refs. 6, 7, 

8). 

It should be noted that correlations such as those shown in Figure 

4A-1 can change significantly among regions and with time. Thus, the 

recommendations noted in the preceding paragraph include periodic 

recalibration experiments. 

Most efforts by U.S. agencies to correlate CRM output with 

serviceability have involved several steps. First, slope variance of a 

number of evaluation sections is measured with a CHLOE profilometer. This 

data is then used to calculate PSI. Next, CRM measurements are taken of 

the sections and these are correlated with the calculated PSI's. Figure 

4A-2 is an example of such correlations for flexible and rigid sections in 

Wisconsin (Ref. 9). 
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There are two major questions that can be raised concerning 

approaches that go through a number of transformations to estimate PSI 

from CRM measurements: 

1. The PSI equation itself (which is supposed to estimate PSR) may 

no longer be valid for the particular area of application 

2. Transformations can compound errors, as demonstrated by Haas and 

Hudson (Ref. 10) 

As a result, several agencies in the Un.i.ted States have developed their 

own serviceability equations, rather than use the PSI equation. Reference 

11 is an example of this approach. The work by Canadian agencies (Ref. 6) 

is similar in approach. These efforts are based on the premise that it is 

necessary to conduct new rating panel sessions at periodic intervgls (say, 

every 3 or 4 years) and to correlate the results with roughness 

measurements. The roughness device itself may have to be calibrated at 

much more frequent intervals. 

It should be strongly emphasized that the serviceability-performance 

concept, as originally advanced by Carey and Irick (Ref. 1) has as its 

principal purpose the modeling or simulation of subjective user response 

or opinion. In other words, acceptance of the serviceability-performance 

concept as the primary output characterization of a pavement does not 

require acceptance or use of the PSI equation at all. There will 

undoubtedly continue for some time to be a variety of equations used to 

estimate user opinions, combined with the changes of these opinions with 

time. Unfortunately, there are still some misconceptions with regard to 

the foregoing concepts and principles. These seem to arise mainly over 

the fact that performance (i.e., the serviceability-age history) has a 

precise meaning in the Carey-Irick formulation, and over the fact that the 

PSI equation developed at the AASHO Road Test represents only one of the 

many possible means of estimating serviceability. 
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Precautions .ill Using Subjective Measures 

If one accepts the premise that pavements are provided for the user, 

then one must employ some measure of user response in analysis and 

evaluation. This user response is in terms of an entirely subiective 

opinion, as indicated in the serviceability-performance concept. Because 

the methodology for modeling such subjective opinions or ratings has been 

developed primarily in the field of psychology, engineers are often 

unaware of its features and its limitations. 

The literature on this subject, termed psychophysical scaling, is 

extensive. Of particular interest to the pavement engineer is the work of 

Stevens (Ref. 12), who classified measurements on the basis of the 

transformations that leave the scale form invariant. Hutchinson (Ref. 3), 

and subsequen~ly Haas and Hudson, have shown that the considerations 

presented by Stevens are particularly relevant to the pavement field in 

terms of the validity of certain statistical manipulations that are 

performed on evaluation data. These considerations should be carefully 

reviewed when devising experiments to relate subjective user opinions to 

objective mechanical measurements, and when the results are interpreted 

and applied to design. 

There are also several major assumptions involved in acquiring or 

modeling user opinions themselves. Such as the PSR's of the AASHO Road 

Test or the RCI's of the Canadian studies. These assumptions neglect the 

following systematic errors that can occur! 

1. Leniency error (i.e., a rater's tendency, for various reasons, 

to rate too high or too low) 

2. Halo effect (i.e., rater's tendency to force a particular 

attribute rating toward his or her overall impressions of the 

object) 
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3. Central tenrlPncv error ( i.e., a rater's hesitation to give 

extreme judgments, thereby tending ratings toward the mean. of 

the rating panel) 

A number of guidelines for constructing rating scales, and a 

discussion of the precautions to be used in interpretation, have been 

presented by Hutchinson (Ref. 3) and by Haas and Hudson (Ref. 10). They 

have suggested that careful consideration of these guidelines and 

precautions can lessen the incompatibilities in pavement evalution that 

often exist both within and between agencies. 

Hidden Errors in PSI Estimates 

One of the sources of potentially large errors in current methods of 

present serviceability evaluation has escaped the attention of many users. 

The reason is that the errors are ''hidden" by using or assuming previous 

correlations to be perfect. To illustrate this situation, we can recall 

that the initial present serviceability equations as previously discussed 

are multiple regression equations, with correlation coefficients of about 

0.8 and 0.9 and a standaro error of .:!:_0.3 to 0.4 PSI units. But this 

correlation is valid only for the original AASHO Road Test profilometer. 

That device has been used only for research, because it is too big to be 

of practical use on highways. Consequently, the most widely used PSI 

equation invovles the CHLOE profilometer. This equation was obtained by 

correlating the roughness estimate from the CHLOE device with the AASHO 

Road Test device on several pavement sections during the Road Test in 

1961. 

Because there is error in both mesurements, the true correlation 

coefficient of CHLOE profilometers with the panel ratings becomes more 

erroneous. Recently, users of the new instruments, as subsequently 

illustrated, have gone one step further by correlating their device with a 

CHLOE device that is not the original but a later model. Thus, if they 

use the original PSI equations, as most do, they are three or four steps 
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away from the original correlation data. That true correlation of such a 

process is quite low , and the probable error of such estimates is qu i te 

high. 

The concept of these hidden cumulative errors can be expressed most 

simply by looking at the mathematics involved, taking the estimated 

relationships for PSI, and moving through a correla tion between the AASHO 

prof i lome t er and the CHLOE pr ofilometer to some t h i rd devi ce as f ollows. 

Rewriting the original AASHO PSI euation (Eq. 1) in the form 

PSI= Ao+ Ai log (1 + SV) + e1 ( 4) 

where el is the error of estimate, and Ao, A1 are coefficients, and using 

a correlation between CHLOE and AASHO profilometers, 

log (1 + SV) =Bo+ Bl [f(CHLOE)] + ez (5) 

where e 2 is the error of estimate, and Bo, B1 are coefficients, it 

follows, by direct substitution, that 

where Co, c1 are coefficients. It can be seen that the importance of the 

term A1e 2 and e1 is not their ~adomness but their m~gnitude. If, in 

addition, we correlate a third type of roughness device, RM, as follows: 

f(CHLOE) = Do + D1 (RM) + e3 ( 7) 

where e3 is the error of estimate, and Do, Di are coefficients, it follows 

that 
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where Fo, Fi are coefficients. The total error therefore is that .given in 

brackets [C1e3 ±. A1e2 ±. e1l, not e3 alone. 

The best way to eliminate this problem is to form a new pavement 

rating panel and to correlate the results directly with the particular 

roughness instrument of interest. This has been done in Texas for both 

the CHLOE prof ilometer (Ref. 13) and the surface dynamics prof ilometer 

(Ref. 11), and in Canada. 

Toward Achieving Better Compatibility .ill Serviceability-Performance 

Evaluation 

Highway agencies are increasingly becoming conscious of the 

importance of pavement performance evaluation. Many agencies have put 

considerable effort into developing, applying, and analyzing 

serviceability measuring schemes. This is certainly encouraging; .however, 

it has also led to a proliferation of methods and data, many of which are 

unfortunately incompatible with other data. This lack of compatibility is 

essentially dual in nature: 

1. "External" compatibility, relating to whether the results of_ one 

agency's work have any quantitative relation or meaning to those 

of another agency, and 

2. "Internal" compatibility, relating to correlating results, 

achieving repeatability, etc., within an agency. 

It seems apparent from various c~nferences and studies, and from 

engineering reason based on experience with other structures, that better 

compatibility in pavement performance evaluation is desirable. 

Consequently, the following suggestions are directed toward this goal: 
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1. Performance evaluation of pavements should be established on a 

planned basis to become an integral part of the overall pavement 

management system. 

2. An automated data feedback system is a most useful and perhaps 

necessary component of the performance evaluation scheme. 

3. The existing definitions of serviceability, and its components, 

should be clearly understood, as well as the underlying 

assumptions. Moreover, it should be explicitly recognized that 

serviceability measures, such as those developed at the AASHO 

Test and in Canada, are not ends within themselves; they exist 

to estimate the road user's opinion. 

4. There are a variety of possible errors in subjective evaluations 

of serviceability. These can be significant, and it is 

important that the principles underlying subjective rating scale 

design and analysis are well understood. Because such 

principles have not been a "normal" part of engineering 

analysis, they have been somewhat neglected in much of our 

current met ho do logy. It seems necessary, however, that such 

understanding be achieved if we are to make significant progress 

toward better compatibility. This book has presented some 

pertinent discussion on this problem area and has noted the 

major references that should be examined by those involved with 

pavement serviceability analyses. 

5. Serviceability measures can be conveniently approximated, for 

many practical purposes, by condition surveys, roughness 

measurements, or a combination of the two. However, it must be 

realized that any serviceability predicted from a "unique" 

method of surveying structural condition is only qualitatively 

compatible with any other measure. Predictions from roughness 

measurements can be quantitatively compatible, but it must be 
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recognied that because of the nature of subjective evaluations, 

the interpretation and use of a serviceability measure is unique 

to the particular region. 

6. The problems of internal compatibility often seem to be related 

to lack of correlations and replications. These can perhaps be 

largely controlled by carefully designed experiments, so that 

proper statistical analyses may be conducted. 
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LESSON OUTLINE 
ROUGHNESS MEASUREMENT TECHNIQUES 

Instructional Objectives 

1. To introduce the SD profilometer as a stable profile device. 

2. To discuss the use of the SD profilometer to calibrate response type 
roughness meters. 

Performance Objectives 

1. The student should be able to explain briefly how the accelerometer­
potentiometer system in the SD profilometer measures road profile. 

2. The student should be able to explain how the RMSVA statistics are 
computed and how they are used. 

Abbreviated Summary 

1. SD Profilometer 

2. Root Mean Square Vertical Acceleration 

3. Mays Ride Meter Calibration 

4. Summary 

Reading Assignment 

1. Haas and Hudson, Chapter 7 

2. RTAC - Canadian Guide, Chapter 4; Section 4.3 

3. Instructional Text 
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LESSON OUTLINE 
ROUGHNESS MEASUREMENT TECHNIQUES 

1.0 SURFACE DYNAMICS PROFILOMETER (Slide 27.1) 

With the development of the SD profilometer computerized, repeatable, 
stable roughness measurements can easily be obtained. 

1.1 Objectives of Roughness Evaluations (Slides 27.2 - 27.4) 

Define a set of roughness indices with the following properties: 

(a) reflects the degree of roughness in different frequency ranges, 
(b) simple to compute, 
(c) insensitive to the particular profile measuring device or 

method, 
(d) definition in conceptionally simple, 
(e) can be compared by statistical methods that shows high 

correlations to roughness measuring devices (Slides 27.5 & 27.6). 

1.2 Basic Concepts of the SD Profilometer 

The SD profilometer is complex electromechanical device consisting 
of an accelerometer-potentiometer configuration utilizing an on-board 
computer for data collection and analysis. 

(a) Accelerometer - measures the vertical motion of the vehicle. 
(b) Potentiometer - measures the change on the distance from the 

bottom of the vehicle to the road surface. 
(c) On-board Computer - double integrates the signal from the 

accelerometer and adds the resulting displacement to the 
potentiometer signal. This gives a dynamic measurement of 
road profile which can be analyzed. 

2.0 ROOT MEAN SQUARE VERTICAL ACCELERATION (RMSVA) 

RMSVA is a road profile statistic which provides measure of different 
frequencies which make up a road profile. 

2.1 Base Length (Slide 27.7) 

The base length is the distance between two data points. The 
shortest base length use for calculations currently is 6 inches. 
The range of base lengths considered are: 
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(a) 0.5 ft 
(b) 1.0 ft 
(c) 2.0 ft 
(d) 4.0 ft 
(e) 8.0 ft 
(f) 16.0 ft 
(g) 32.0 ft 
(h) 64.0 ft 
(i) 128.0 ft 

2.2 RMSVA Defined (Slides 27.8 & 27.9) 

Revised DS/lg 1/9/84 
Lesson 27 

RMSVA at base length (b) is proportional to the root-mean-square 
difference between adjacent slopes connecting points that are "B" distance 
apart. The result is calculated for each base length. 

3.0 CORRELATION WITH MAYS RIDE METER (Slide 27.10 and Slides 27.26 - 27.32) 

The response of the Mays Ride Meter has been shown to be sensitive to 
only some of the road profile frequencies. 

3.1 Linear Correlation (Slide 27.14) 

A reasonable linear correlation exists between the Mays Ride Meter 
and the RMSVA. The correlation best fits with a combination of the 
four and sixteen foot wavelengths. 

3.2 Mays Ride Meter Calibration (Slides 27.11 - 27.22) 

The State of Texas uses 25 test sections for Maysmeter calibration. 
These sections are profiled quarterly with the SD profilometer. The 
RHSVA statistics are then used to calibrate the Maysmeters which are 
used for highway inventory. 

J. J Correlation with Rod-and-Level Surve}'.'_ (Slide 27 .13) 

The SD profilometer has been correlated to rod-and-level surveys 
using the established test sections. The correlation is reasonably 
Ji.near. 

4.0 SUMMARY (Slide 27.23) 

The SD profilometer can provide a stable reference with which to calibrate 
less expensive response type roughness inventory devices. 
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4.1 RMSVA (Slide 27.24) 

The B_oot-!!_ean-1quare Vertical Acceleration is a useful statistic 
has successfully characterized pavement roughness. 

4~2 Road Profile (Slide 27.25) 

A road section exhibits a spectrum of frequencies making up overall 
roughness. The frequencies can be measured and analyzed separately using 
RMSVA. 
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ABSTRACT 

This paper is one of a group of four papers summarizing the evaluation 

of existing pavements and determination of appropriate overlay designs. 

Roughness, along with condition evaluation and non-destructive structural 

evaluation provide important inputs into the overall pavement evaluation 

process. In particular, roughness as it relates to serviceability and 

performance is an extremely useful evaluation technique for long term 

monitoring of pavement performance, If compatible roughness measurements are 

taken and faithfully recorded over a long period of time, they can be 

extremely useful in upgrading pavement evaluation methods. 

The paper also summarizes the importance of rational and compatible road 

roughness measurements and points out some of the problems and possible 

methods for making such compatible measurements. The problems of calibrating 

and correlating roughness measurements with relatively simple devices such as 

the Mays meter, are also covered. Reference is mnde to the Texas method of 

analyzing rod and level surveys or other true profiles to provide calibration 

techniques for the so-called simple devices. 

INTRODUCTION 

One of the primary operating characteristics of a road, whether paved or 

unpaved, at any particular time is the level of service that it provides to 

its users. In turn, the variation of this level of service or serviceability 

with time provides one measure of the road's performance, This performance, 

and the cost and benefit implications thereof, are the primary outputs of a 

pavement management system. In 1960, Carey and Irick (Ref 5) showed that 

surface roughness was the primary variable needed to explain the driver's 

opinion of the quality of serviceability provided by a pavement surface, 
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e.g., its desirability for use. More recently, resear1.-11 """ 011uwt. LHat u,,~. 

costs are also related to roughness, particularly on rougher paved roads and 

unpaved roads. The Kenya Highway Design Standards Study conducted by the 

u. K. Transport and Road Research Laboratory and the World Bank from 1971 to 

1975 demonstrated the relationship of vehicle operating costs to road 

roughness (Ref 34). Prelimi.nary results of a similar study in Brazil give 

the same general conclusions (Ref 35). 

From the timt~ the first highway was built, both the engineers and users 

of highways have made judgments relative to the quality of the highway. In 

the very early days these were very general statements, related primarily to 

whether the road was passable or impassable. In general the "service life" 

or how long the roadway continued to adequately serve the riding public was 

the major criteria for whether or not a road was "good" or "bad". This type 

of quality evaluation scheme is best typified in Fig 1. This pavement 

evaluation scheme was used for many years, from the earliest Roman roads 

until the mid-1950's. 

At the WASHO Road Test it was essential to define pavement quality, in 

order to compare the service life (performance), of pavement sections 

subjected to either identical traffic but with slightly different surface 

thicknesses, or identical pavement design sections subjected to different 

applications of axle loads. Mr. William N. Carey, Jr., the Chief Engineer of 

the WASHO Road Test, recognized the need for defining pavement quality but 

was unable to implement a new definition until the beginning of the AASHO 

Road Test in 1958 (Ref 5). The "serviceability-performance concept" 

initiated by Carey and Irick (Ref S) quantitatively outlines a method for 

pavement performance evaluation which includes: 

(1) the measure of surface roughness, 
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(2) ~ne measurement of surface distress such as cracking and patching, 
and 

(3) the combination of these factors into a serviceability "index". 

This index is an objective measurement intended to approximate the 

subjective rating of a group of typical highway users and engineers. 

Since the AASHO Road Test many new pavement evaluation methods have 

developed. These basically fall into three categories: 

(1) Evaluation of pavement distress or surface condition. 

(2) Evaluation of pavement riding quality and objective roughness 
measurements. 

(3) Evaluation of pavement serviceability rating by a panel of one or 
more human evaluators. 

The relationship for these methodologies are shown in Fig 2 and 3. A similar 

evaluation concept has been shown in the book by Haas and Hudson and ie 

reproduced in Fig 4 (Ref 40). In either case, it is important to realize 

that evaluation of surface damage or distress does not replace roughness or 

serviceability evaluation, but rather supplements and combines with it to 

yield a better overall picture of the pavement quality and pave•ent 

performance. 

Specifically roughness is one of three major approaches involved in 

pavement evaluation. People often misunderstand these approaches and feel 

that they replace each other or interfere with each other; they do not. As 

shown in Fig 4 condition surveys evaluate pavement distress, deflection or 

non-destructive methods evaluate pavement behavior and roughness evaluates 

pavement serviceability and thus performance. Other papers treat the aspect 

of condition surveys and non-destructive testing. 

will consider only roughness. 
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What is road roughness and how can it best be defined? Some people talk 

about smoothness; other, serviceability. The Canadians talk of "riding 

comfort" and there are national committees in the United States to evaluate 

"riding quality." Still others talk of surface profile. In this paper, 

then, road roughness and smoothness will be defined as opposite ends of the 

same scale. A general definition of roughness must include ''those surface 

characteristics of a pavement which affect vehicle operating costs and the 

riding quality of the pavement as perceived by the highway user." 

Roughness is important in terms of evaluating road surfaces and their 

performance. It is also important in terms of evaluating vehicle operating 

costs as outlined above. The accuracy in measurement required for these 

various purposes may vary, as it may also vary hP-tween very rough roads, such 

as gravel and earth roads, and relatively smooth or paved roads. In the face 

of these diverse needs, it is important that a compatible roughness scale be 

made available for worldwide use. 

Road Roughness 

Road serviceability or riding quality is largely a function of road 

roughness. Studies made at the AASHO Road Test (Ref 5) have shown that about 

95 percent of the road user's perception of the serviceability of a road is 

contributed by the roughness of its surface profile. That is to say, the 

correlation coefficients in the present serviceability or PSI equation 

studies improved only about 5 percent when other factors were added (Ref 5) 

to the index. Francis Hveen discusses this problem in several papers (Ref 

14). He states that "there is no doubt that mankind has long thought of road 

smoothness or roughness as being synonymous with pleasant or unpleasant." 

New economic engineering research has shown that the effect of roughness on 

transportation costs may be more important than the effect on riding 
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comfort. This aspect is of overwhelming importance in low-income, developing 

countries. Road surface roughness is not easily described or defined, and 

the effects of a given degree of roughness vary considerably with the speed 

and characteristics of the vehicle using the road. 

The Need for Compatibility 

Diverse measurements of roughness are used around the world. It is not 

feasible to compare equality among these measurements since there is no 

roughness measuring system capable of giviug equal results for all 

conditions. 

Rather, it is essential to insure that we have compatible measurements. 

Given proper consideration, a compatibility among the various measuring 

systems can be provided. This compatibility involves two levels of concern: 

(l) "External" Compatibility -- relating to whether the results of one 
agency's or country's work have a quantitative relationship or 
meaning with those of another agency, and 

(2) "Internal" Compatibility relating to correlating results, 
achieving repeatability, etc., within an agency. 

This second aspect of compatibility means that all measurements with a 

particular agency must be compatible, not only on a given day, but from day 

to day and over a period time. In other words, you must be able to take a 

reading on pavement section number 237 on October 3, 1983 and be able to 

compare that sa~e measurement with a measurement made on Highway 339 on 

December 3, 1985. 

The problems of external compatibility relate to comparing results 

between agencies. For example, if we are to take the results of pavement 

performance measurements from several State Highway Departments and put them 

together to have a broader data base, those measurements must be compatible 
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0n a quantit tive ~asis. 

Roughne s Defined 

Road , -1ghness is a phenomenon ,.1hich results from the int~'.'a.,·tl" ,J! 

road surface profiles and any vehicle traveling over that surface and is 

experienced by the vehicle, its operator, and any passengers or cargo. This 

roughness is a function of the road surface profile and certain parameters of 

the vehicle, including tires, suspension, body mounts, seats, etc., as well 

as of the sensibilities of the passengers and driver to acceleration and 

speed. 

Hudson and Haas (Ref 8) refer to "pavement roughness" as the "distortion 

of ride quality". This definition is intended to refer to the road surface, 

whether paved or unpaved. Safety considerations also influence the 

acceptance of roughness, and the important economic aspects of roughness on 

vehicle operating costs should also be recognized. For purposes of this 

paper, then, the following definition or road roughness is suggested: 

"the distortion of the road surface which contributes to an 
undesirable, unsafe, uneconomical, or uncomfortable ride". A 
similar but slightly different definition is "distortion of 
the road surface which imparts undesirable vertical 
accelerations and forces to the vehicle or to its riders, thus 
contributing to an undesirable, uneconomical, unsafe, or 
uncomfo.:table ride". 

To define completely a road roughness function, some evaluation of the 

roughness of the entire surface area of the road should be made. However, 

for practical purposes this roughness can be divided into three components: 

(1) transverse variations, (2) longitudinal variations, and (3) horizontal 

variations of road alignment. In other words, any functional roadway 

parameter w~ich imparts acceleration to the vehicle or to the riders should 

be examined. Of most interest, however, are those functions which influence 

the deterioration of the vehicle and/or the comfort and safety of the rider. 
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Previous studies have shown that longitudinal roughness is the major 

contributing factor to undesirable vehicle forces (Ref 29). 

greatest offender is transverse roughness (e.g., the roll 

The next 

component 

transmitted to the vehicle). The horizontal curvature of the roadway, which 

imparts yaw forces to the vehicle, is considered to be the least offensive 

and is normally handled by following good highway alignment practices. Since 

most vehicles (approximately 70 percent) travel in a well-defined wheel path, 

with their right wheels located about one meter (3.28 feet) from the outside 

lane line, we conclude that measurements of longitudinal profile in the two 

respective wheel paths, which are 1.83 meters (6 feet) apart, might provide 

the best sampling of roadway surface roughness. Furthermore, comparison 

between the two wheel paths can provide some measurement of the cross slope 

or transverse variations, which are also important. 

A rider in a vehicle passing over a road surface experiences a ride 

sensation. This ride sensation is a function of (1) the road profile, (2) 

the vehicle parameters, and (3) the vehicle speed. A variation of any one of 

these three variables can make a rough road profile appear smooth, or rough. 

Therefore, we might say that from a passenger's viewpoint roughness is an 

undesirable combination of road profile, vehicle parameters, and speed. 

Riding characteristics of airplanes are also affected by the properties of 

airfield surfaces and of the aircraft. Vertical accelerations of sufficient 

magnitude to critically affect safety or aircraft operations are sometimes 

obtained over poor surfaces. 

Most drivers have experienced the sensation of improving their ride on a 

particular road by either slowing down or speeding up. This indicates that 

the road surface profile contains roughness waves or undulations of a length 

which, when driven over at a particular speed, produce an excitation in the 
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vehicle at one of the vehicles's resonant frequencies. Since a normal 

vehicle is a simple mechanical vibrating system made up of the mass of the 

vehicle, the springs on which it rides, and the shock absorbers, there is a 

particular frequency of vibration or bouncing of any vehicle at which the 

vibrations tend to increase in amplitude. This is normally called the 

resonant frequency. The typical pa~senger car has resonant frequencies of 

between one and ten cycles per second (Fig S). This relationship indicates 

that at any particular speed of travel there is a road profile wavelength 

that will excite the vehicle at one of its resonant frequencies and thus 

cause excessive vibration or bouncing. If the amplitude of that resonant 

wavelength is large, the vibration or vertical accelerations imparted to the 

vehicle may be quite noticeable. Since vertical accelerations import 

significant vertical force, these wavelengths result in significant forces 

applied to the vehicle, which can result in damage to vehicle components and 

increase operating costs, as well as in an unsafe and uncomfortable ride. 

In general, most vehicles in a particular class, i.e., passenger cars as 

one class and trucks as another class, possess similar characteristics and 

for any particular road surface, most vehicles in the same class will be 

driven at about the same speed. With two of these variables held relatively 

fixed, the excitation in the vehicle and thus the riding quality and vertical 
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~orces on the vehicle become primarily a functior, )f the wave1e ti, cor' ,nt 

of the road profile surface. 

Road ~oug~ness Evaluation 

Roughness evaluation has received considerable attention from many 

highway and airport agencies in North America in the last three decades. 

Roughness is the primary component of pavement serviceability and a large 

number of different roughness measures are in current use to evaluate such 

serviceability. Some of the more widely used methods of measuring roughness, 

correlating measurements, and applying the results are outlined in Ref 37. 

Many of these measurements involve perception by the highway user as a very 

important factor and thus roughness measurements have generally excluded 

surface texture and microtexture of surface aggregates since these are not 

perceived by the user to affect riding comfort. 

Road Profile 

Many authors, such as Darlington (Ref 6) and Carey (Ref 3), feel that 

pavement profile does the best job of characterizing roughness. In terms of 

pavement profile, roughness can be defined as "the summation of variations in 

the surface profile of the pavements". Profiles in this sense do not include 

the overall geometry in the road but are limited to wavelengths in the 

surface of the pavement between approximately 0.031 meters (O.l feet) and 

152.4 meters (500 feet) in length. In Darlington's terms, roughness is "the 

analysis of the pavement profile or of the random signal known as profile". 

Carey (Ref 3) points out four fundamental uses of pavement surface 

profiles or roughness measurements: 

(1) to maintain construction quality control, 

(2) to locate abnormal changes in the highway, such as drainage or 
subsurface problems, extreme construction deficiencies, etc., 
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(3) to establish a system wide basis for allocation or road maintenanc~ 
resources, and 

(4) to identify road serviceability-performance life histories for 
evaluation of alternative designs. 

In summary, then, a road profile is a detailed recording of surface 

characteristics, and roughness or smoothness is a statistic which summarizes 

these characteristics and provides a measure of riding quality of a road. 

Once the surface characteristics of a road are summarized, it is 

essential to establish a scale for this statistic or summary value. This can 

be done in may ways, as pointed out by Darlington (Ref 6). 

there are two basic ways of determining this statistic: 

(1) mechanical integration and 

(2) mathematical integration or analysis. 

Traditionally 

The first of these methods is the most common, that is, the use of some 

mechanical instrument or device such as the BPR Roughometer or TRRL Bump 

Integrator (Fig 6) to mechanically filter and summarize the data in a 

specified way. The second method involves recording the profile as 

faithfully as possible and then analyzing and/or integrating this profile 

mathematically with some standard mathematical procedure such as that 

outlined by Walker and Hudson (Refs 25 and 26), Roberts and Hudson (Refs 20 

and 21), Quinn (Ref 19), and Darlington (Ref 6). The most common methods in 

current use for mechanical measurement and summary include the BPR 

Roughometer (Refs 11 and 12), the very similar TRRL Bump Integrator (Ref 33), 

the PCA Roadmeter (Refs 1 and 2), the Mays Meter (Fig 8) (Refs 26 and 27), 

the CHLOE Profilometer (Ref 4), and the land plane, profilograph or rolling 

straight edge (Fig 7) (Ref 24). 
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A number of studies have been made to compare these instruments as 

outlined in attached references (Refs 6 and 12). 

A word of elaboration is needed on the term "mechanically filtered," 

mentioned above for the BPR Roughometer. Instruments such as the BRP 

Roughometer, the PCA Road Meter, and the Mays Meter use the vehicle itself as 

a mechanical filter for processing the profile and summarizing in effect the 

response of a particular vehicle (in its specific condition) to the road 

profile. 

If the mechanical characteristics of the measuring vehicle could be 

previously set and maintained at a desired preselected level, then the 

resulting summary statistics could be directly related to the economics 

and/or safety of a specific vehicle class. Unfortunately, due to the many 

parameters and the great variability involved, the use of the Bump Integrator 

or BPR Roughometer concept rather than the profile itself introduces great 

measurement and analytical complications. 

Since so much has been written about the various instruments available 

we will not attempt in this short paper to review all these measurement 

methods in detail. 

Comparison of Measurement and Summary Techniques 

Regardless of the measurement and type of summary technique used, it is 

essential that a good reference be established and maintained. It is equally 

important that accuracy in summatlon be maintained. Every different 

instrument has a different readout scale and even seemingly identical 

instruments must be calibrated so that the observed readout is meaningful, 

This readout scaling and consistency are central to this paper. 

Darlington (Ref 6) points out that three basic reference methods have 

been used historically: 
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(1) a so-called rolling straight ed 1~e or land plane, as illustrated in 
Fig 7, 

(2) an inertial mass as used in the BPR Roughometer (Fig 6), the Mays 
Meter, and the PCA Road Meter (in the latLer two cases, the 
automobile forms the inertial mass), and 

(3) an inertiaJ. reference profilometer such as the Surface Dynamics or 
General Motors Profilometer, where an external reference is 
provided. 

Figure 9 illustrates by means of a Bode plot the transfer function or 

response of several types of profilers to the input of road roughness. The 

so-called "rolling straight ~dge'' or land plane device is so erratic in its 

response as to be relatively useless, as shown in Fig 9, since roughness 

wavelengths which are any fraction of tht!! length of the straight edge result 

in zero output from the device. 

Darlington simulated the response of the BPR Roughometer, or seismic 

reference device, on an analog computer using measured physical 

characteristics of the instrument. His analysis shows that the roughometer 

type device yields reasonable results for wavelengths in the range of 1.22 to 

4.26 meters (4 to 14 feet). Wavelengths in the range of 4,26 to 5.48 meters 

(14 to 18 feet) are badly distorted, and wavelengths beyond 6.70 meters (22 

feet) rapidly attenuate to zero response, 

ROUGHNESS CALIBRATION AND CORRELATION 

The earliest roughness measurements were reported by Hogentogler, as far 

back as 1923 (Ref 37). Early development of the Roughometer was reported by 

Public Roads in 1926 (Ref 16). Even in these early developments the need for 

calibration was readily recognized. From 1941, when the BPR Roughometer 

became "standardized," the Bureau of Public Roads (now the Federal Highway 

Administration) maintained a "standard calibration section" for testing any 

new or modified BPR Roughometer. It was observed from the beginning that 

27-25 



SD Profilometer or GM 2.00J 

1.00 - -----------------------------------1 
0.00 .,__ _____________ , 

2.00E 

1 
CHLOE, Slope Variance 

1.00 ... _ _. ...... ___ ,..........___. ... 

0.00..,__ _________________________________ __ 

200i 
1.00 

0.00 
l[l ___ ~------===:2:0:-:F:o:ot=S=tr=a=ig=ht::e::dg=e=======j 

30-Foot Straightedge ~::i ffl/\.2: 
0.00-....... .._....___...as; ____________________________ _ 

8.00-r--------~--·----------------------------. 
6.00 

4.00 

2.00 

1.00 

0.75 

0.50 

0.25 

• BPR Roughometer 

0.00 +-----,-----,-------.----.-----.----...------.----,-----,-----1 
0 10 20 30 40 50 60 70 80 90 

Wavelength of Pavement (feet) 

,',N()te the trays l·k·ter and PCA meters have a response very similar to the 
BPH Roughometer. 

Fig 9. Theoretical differences between SD profilometer, Chloe, rolling 
straight-edges and seismic roughometers. 

27-26 

100 



23 

instrwnents manufactured as nearly alike a,, possibJ r did n~ t recod the same 

roughness value for the same pavement. 

The fallacy of this calibration section is discussed by Hudson and Hain 

(Ref 11), It is not possible to calibrate a dynamic instrument at a single 

point over its range and expect the calibration to be satisfactory for use of 

the instrument over a full range of roughness. This is i1 lustrated in 

Fig 10, where a standard roughness section with a value of 10 has been set 

up. We might assume that any other instrument which reads 10 would be 

calibrated to the standard value. In fact, this assumption is depicted by 

the solid "line of equality," No. l in the figure. This line assumes that if 

an instrument reads 10, it is "calibrated" and thus will read 20 when the 

standard instrument reads 20, 30 when the st.rndard instrument reads 30, etc. 

Alternatively, line No. 2 illustrates a plausible case of a linear 

relationship, where instrument No. 2 is calibrated to the standard instrument 

on the section with value 10. Without additional test points we would not 

realize that the slope of the calibration line is really different from the 

assumed line of equality. Dotted line No. 3 illustrates a more complex case 

of nonlinear relationship which would, of course, also be missed with the 

single point calibration. 

Roughometer Calibration Course - AASHO Road Test 

As reported by Hudson and Hain (Ref 11) there was a nied to use the 

Roughometer in the AASHO Road Test but ft became obvious very early, with the 

AASHO Profilometer to compare to, that the BPR Roughometer was a variable 

instrument difficult to keep in calibration. In work at the AASHO Road Test 

we were not only involved in measuring the roughness of all pavements with 

AASHO Profilometer and in developing and operating the BPR Roughometer, we 

also checked and calibrated at least s:Lx additional roughometers from states 
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such as Michigan, North Dakota, Minnesota, and Wisconsin which brought their 

instruments to the Road Test for calibration against the AASHO Profilometer 

for determining serviceability. 

Basically, the method involved the installation of aluminum bars on the 

surface of a smooth rigid pavement to establish four separate test sections 

of different but known roughness. The roughometer could then be checked 

against the standard sections at any required time. 

Use of a "Standard" Device for Calibration 

Probably the most widely used method of calibration and correlation has 

involved some type of so-called "standard device." Really, this approach 

should be divided into two parts. The first involves the selection of one 

replicate from a group of similar devices being used and using this copy of 

the device for calibration purposes, so that it presumably does not "wear 

out." I liken this approach to gold plating a crowbar. If you have two 

dozen crowbars and select the one that appears to be more perfect in shape 

and weight than the others and plate it with gold as a reference, what do you 

have? Still a crowbar, albeit a shiney and expensive one. 

The only validity of this approach is lack of wear of the "standard" in 

routine use. However, many of the errors we must deal with do not result 

from wear alone. There is little evidence that this type of "standard 

device" has been successful in use for calibration and correlation. 

The second part involves the use of a master device which is itself 

calibratible or which has a standard of accuracy which is perhaps a magnitude 

greater than the other devices for which it is to be the master control. The 

AASHO Road Test Profilometer was such a device; it became a standard against 

which dozens of CHLOE Profi.lometers and BPR Roughometers were calibrated 
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This approach is discussed below 

Texas Calibration Course Using Surface Dynamics Profilometer 

The Center for Highway Research and the Texas Department of Highway and 

Public Transportation use the Surface Dynamics Profilometer (SDP) or General 

Motors Profilometer as a master calibration device for a series of Mays 

Meters which are used routinely throughout the state. This approach is 

reported by Walker, Hudson, and Williamson (Refs 26, 27, and 28). To some 

degree, a similar approach has been taken by the Michigan Highway Department, 

as reported by Holbrook and Darlington (Refs 9 and 10). A similar approach 

is also being taken at the present time in the UNDP Brazil Study (Ref 15), A 

Surface Dynamics Profilometer was purchased and is used for measuring a set 

of calibration sections. These sections are run regularly by several Mays 

Meters to insure that their calibrations remain stable. A control chart 

procedure and regular check procedure similar to that outlined by Williamson 

are followed. 

Basically, 

together exhibit 

Texas maintains a group of 25 pavement sections which 

a range of roughness. Every three months the profile of 

each of these sections is measured and analyzed with the SDP Profilometer. 

In this way a set of pavements with known roughness is always available for 

use in checking and calibrating any other roughness instrument, Any 

instrument which appears to be giving erroneous readings is regularly run on 

several check sections and the values are plotted on a typical control chart. 

If a device is "out-o(-control" on three or four sections it is thoroughly 

checked mechanically and recalibrated. 
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Rod an~: Level Surveys 

Many people feel that it is possible to establish vehicle roughness 

calibration& over standard pavement sections by running control rod and level 

surveys of the calibration sections to see if and how their profiles are 

changing. There are two basic problems associated wHh this methodology. 

First, the response of the vehicle and most roughness measuring instruments 

to a profile is an integration of everything the measuring instrument sees on 

the road surface. This is a continuous process and not one involving 

discrete points such as are used in a rod and level survey. This problem is 

magnified by the fact that even the best manual leveling technlques make it 

expensive to make measurements of test sections 300 meters (985 feet) long at 

spacings closer than about one-half meter (1.6 feet). Even in this case a 

total of 600 measuring points is required each time a calibration section is 

checked. 

Certainly these discrete rod and level surveys have some practical 

advantages, particularly in developing countries where labor-intensive 

methods are economical. It might be far more practical to obtain detailed, 

discrete profiles with rod and levels of say, 10 or 12 pavement test sections 

on a regular basis than to maintain a high-technology, expensive electronic 

device for continuous profile measurements. Such a method is be practical 

with data analysis techniques developed and automated for eaay use by Hudson 

et al (Ref 38). 

Rating Panel Approach - Canadian Good Roads Association 

Immediately following the AASHO Road Test, the Canadian Good Roads 

Association desired to put the findings of the AASHO Road Test into practice. 

In order to summarize the Mays Meter and rod and level correlation study we 

developed a profile statistic based on Root Mean Square Vertical Acceleration 
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(RMSVA) at base lengths 4 ft and 16 ft. It was successful in explaining 

approximately 97 percent of the response variation between 5 trailer-mounted 

Mays Meters on 29 pavement test sections. This corresponds to a prediction 

standard error of about 10 percent of the Mays Meter reading (inches/mile), 

which compares favorably to what would be achieved if an actual Mays Meter 

has been singled out as the reference device. 

The Mays Meter simulation has proved to be an effective standard (Ref 

39) for Mays Meter calibration; however, the individual RMSVA indices (base 

lengths 1, 2, 4, 8, 16, 32, 65, and 130 feet) are genuine roughness traits 

which are useful for defining problems in simple measurements. Therefore, to 

make such comparisons easier, rescaled versions of these indices are usually 

provided which resemble a sequence of serviceability or "S\ values" in the 

range Oto 5. This is accomplished simply by replacing term MO (the standard 

Mays Meter value) with a least-squares fitting of vertical acceleration 

against SI or serviceability index (SIV). 

The main advantage of such scalings is that their means, as determined 

on 31 test sections near Austin, are approximately the same, making it easier 

to judge their significance on other pavements. The test sections encompass 

a variety of roughness conditions, exhibiting a SIV range of .63 to 4.83, 

with mean 3.12 and standard deviation of 1.23. 

The RMSVA (vertical acceleration) summary data can be use.d for comparing 

pavements and for detecting changes in different components of roughness. 

To illustrate RMSVA data for two sections known to be subject to 

deterioration from expansive clays are shown in Fig 11 (Sib versus 

baselength), along with the corresponding values obtained periodically during 

the previous 1-1/2 years (dashed lines). Notice that the spectra of S\ 

values are distinctive traits which, in this case, changed very little during 
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the observed 4-month time period. The test section shows the effect of 

treatment by a fabric moisture seal sometime prior to the first profilometer 

run in June 1979. The differences, however, are confined to the .u.mger RMSVA 

baselengths and were not noticed in readings from a Mays Meter. 

A more typical situation is that of Austin test section No. 23, where 

RMSVA "signatures" taken one year apart (Fig 12) show the effect on short 

wavelength roughness of an intervening overlay. In this case, Mays Meters 

did detect a distinct increase in serviceability (SIV), from 2.6 to 4.0. 

These data illustrate why "simple" devices like PCA meters and Mays 

Meters do not always give results which agree with the engineers judgement. 

They are not capable of summarizing a full spectrum of information. 

It is important not to confuse the problem of calibrating a group of 

instruments with the problem of interpreting their measurements. When the 

Texas Mays Meter calibration method was first devised, the Serviceability 

Index (SI) was the best available estimate of Present Serviceability Rating 

(PSR), a measure of roughness which is meaningful. Since serviceability 

estimates were from the Mays Meters, SI was chosen as the standard against 

which different units were to be calibrated. This was a good approach, 

however, only if Mays Meters were capable of measuring SI with as much 

accuracy as their evident precision would indicate. Unfortunately, this is 

not true. At best, Mays Meters can be assigned scalings so that different 

units give comparable "Mays Meter roughness" ratings. How the ratings should 

be used to predict other things, such as ride quality, is a problem to be 

considered apart from the calibration process itself. 

To help clarify this point with an analogy, suppose that the readings of 

several homemade thermometers, when inserted in lakes of a given 

correlated fairly well with the number of fish caught during that 
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would be desirable to know that one lake is a better fishing pro:.:pec-t then 

another, even though they were measured wit.h dHreren:; U,.::.:·momete-r::,. 

Obviously, the best approach to "calibration" is net to compare performances 

on representative lakes, but to use a "standard" thermometer to correlate 

each homemade device with temperature, i.e., with something it is capable of 

measuring precisely. 

calibrated instruments, 

Then, with the benefit of results from all of the 

one could seek a useful relationship between 

temperature and number of fish caught, 

The analogy between Mays Meters and thermometers is not perfect, for it 

is not obvious what the equivalent of temperature, in pavements, should be. 

Our study of the Texas Mays Meters, suggests, however, that a simple profile 

statistic based on RMSVA can serve effectively as a calibration standard. 

When the statistic is rescaled by regression techniques to approximate a 

serviceability rating, we find that different Mays Meters that are calibrated 

against it can measure roads and agree to within one or two tenths of a 

serviceability unit. This precision, of course, says nothing about the 

accuracy of such measurements as predictors of subjective serviceability 

ratings as the Mays Meter is necessarily limited in its response, like the 

thermometer in the above analogy. However, quite apart from providing 

imperfect estimates of serviceability, it is evident that the Mays Meter is 

capable of measuring a certain kind of roughness with good precision. The 

obvious benefit of this is in making comparisons -- for example, revealing 

differences in separate pavements and showing trends in deterioration or the 

effects of rehabilitation on roughness. It is for this purpose, ~specially, 

that a good calibration method based on a stable and valid reierence is 

necessary. 
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SUMMARY 

In sumr:ary roughness is one of the three important ways of evaluating 

.::,avements. Tt is not intended to replace condition surveys or deflection 

-::'.,ting, whi.ch are also very important in evaluating other aspects c.~ 

pavements such as behavior and distress. Roughness is used to evaluate 

serviceability and when accumulated over time performance. 

To be most useful roughness measurements must be stable over time, 

calibrated to some type of standard measuring scale and also correlated to a 

scale which can be used directly or related with measurements taken by other 

agencies. 

measurements. 

This paper has outlined the general aspects of roughness 

The references cited covered much more detail for those 

interested in applying the results. 
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LESSON OUTLINE 

CONDITION SURVEY METHODS AND USE 

Instructional Objective~ 

1. To demonstrate varying pavement condition survey methods and their basic 
purposes. 

2. To present the principal components of condition surveys for flexible and 
rigid pavements. 

3. To illustrate typical forms used in condition survey and give guidance for 
field survey procedures. 

Performance Objectives 

1. The student should be able to explain the basic purposes of pavement 
condition surveys. 

2. The student should be able to describe general condition survey components 
and the principal types of pavement distresses for flexible and rigid 
pavements. 

3. The student should be able to develop a typical condition survey form 
and explain the different field procedures used. 

Abbreviated Summary 

1. Condition Survey Introduction 

2. Principal Components of Condition Surveys 

3. Forms and Field Procedure 

4. Relating Distress and Performance 

Reading Assignment 

1. Haas & Hudson - Chapter 9, pages 97-106 

2. Instructional Text A 

3. Instructional Text B 
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Time Allocations, min. 

5 

20 

15 

10 

50 minutes 



Additional Reading 

Revised DS/lg 1/6/84 
Lesson 28 

1. *Ontario. Ministry of Transportation and Communications, "Manual for 
Condition Rating of Flexible Pavements." 

2. *Ontario. Ministry of Transportation and Communications," Manual for 
Condition Rating of Rigid Pavements." 

3. *Highway Research Board, Special Report 30, "Pavement Condition Surveys." 
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LESSON OUTUNE 
CONDITION SURVEY METHODS AND USE 

1.0 CONDITION SURVEY INTRODUCTION 

1.1 Definition 

Condition surveys are mechanistic measurements of distress for the 
use of the manager of the pavement to assess the maintenance measures 
needed to prevent accelerated, future distress, or the rehabilitation 
measures needed to improve the pavement. 

1. 2 Purpose_~ of Pavement Condition Survey 

Condition surveys are related to the user insofar as distress is the 
cause of both present and future loss of serviceability. However, 
distress measurements should not be taken to represent user response. 
The uses of user responses of condition surveys are: 

(a) correlation with serviceability index, 
(b) establishing structural capacity, and 
(c) assessing maintenance and rehabilitation needs. 

2.0 PRINCIPAL COMPONENTS OF CONDITION SURVEYS 

Condition surveys measure various types and degrees or severity of 
distress. There is some degree of commonality between the different 
methods with respect to the components of factors that are usually 

measured. 

2.1 General Classification of Factors 

Condition surveys may include the following general classes of 
factors: 

(a) surface defects, 
(b) permanent deformation or distortion, 
(c) cracking, and 
(d) patching. 

2.2 Description of Pavement Distress Hanifestation 

2.2.1 Flexible Pavements. 

(a) Surface Defects 

1. coarse aggregate loss, 
2. ravelling, and 
3. flushing. 

28-3 



(b) Surface Deformation 

1. rippling, 
2. shoving, 
3. wheel track rutting, and 
4. distortion. 

(c) Cracking 

1. longitudinal, 
2. meandering, 
3. transverse, 
4. alligator, and 
5. random. 

(d) Maintenance Patching 

1. spray, 
2. skin, and 
3. hot-mix. 

2.2 Rigid Pavements 

(a) Surface Defects 

1. polishing, 
2. loss of coarse aggregate, 
3. pot holes, 
4. scaling, and 
5. ravelling. 

(b) Surface Deformation 

1. faulting, and 
2. settlement. 

(c) Joint Deficiencies 

1. joint creeping, 
2. joint sealant loss, 
3. joint spalling, and 
4. joint failures. 

(d) Cracking 

1. longitudinal, 
2. meandering, 
3. corner, 
4. D, 
5. transverse, 
6. diagonal, and 
7. edge crescent. 
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(e) Maintenance 

1. full width joint repair, 

Revised DS/lg 6/9/84 
Lesson 28 

2. full depth pressure relief joint, 
3. precast slab, 
4. cold mix patching, and 
5. hot mix patching. 

(f) Miscellaneous Distresses 

1. lane separation, 
2. slab varping, and 
3. wheel track wear. 

3.0 FORMS AND FIELD PROCEDURE 

3.1 Forms (Visual Aid 28.1) 

The format of the necessary reporting forms for actually conducting 
condition surveys and processing the data varies from agency to 
agency. The flexible pavement evaluation form as used by the 
Ontario Ministry of Transportation and Communications is shown in 
Visual Aid 28.1. 

3.2 Field Procedure (Slides 28.1 - 28.3) 

(a) reconnaissance surveys, 
(b) statistical surveys, 
(c) semi-detailed surveys, 
(d) detailed strip map surveys, and 
(e) photographic surveys (Visual Aid 28.2), 

4.0 RELATING DISTRESS TO PERFORMANCE 

One of the important reasons for evaluating pavement distress with 
condition surveys involves the problem of relating distress to perform­
ance. (Visual Aid 28.3). 

In 1970 the HRB Workshop on Pavement Systems concluded that the 
first research priority in pavements was to develop better rela­
tionships betwe.en pavement distress and pavement performance. 

4.2 Basic Considerations 

(a) prediction of type and degree of distress, 
(b) prediction of component effect of a form of distress, and 
(c) prediction of effect of maintenance strategies. 

28-5 



Revised DS/lg 1/6/84 
Lesson 28 
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CONDITION SURVEY METHODS AND USE 

VISUAL AID TITLE 

Visual Aid 28.1. Flexible pavement condition evaluation form. 

Visual Aid 28.2. GERPHO. 

Visual Aid 28.3. Effects of periodic major maintenance on performance curve. 
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Yisµq.l Aid 28 . 1. Flexible pavement condition evaluation rorm . 

FLEXIBLE PA VEMENT CONDIT IUN E\'L\ l UAll O~J r ORM 
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Visual Aid 28.2. GERPHO. 
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Visual Aid 28.3. Effects of periodic major maintenance of performance curve. 
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By 
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INTRODUCTION 

The developmen L of data bases is vital to the effi_cient implementation 
of a pavement management syst<:'m. These data bases need to be updated on a 
regular basis to enable intelligent and reasonable decision-making on pave­
ment management strategies. Typically, ground crews perform condition sur­
veys at speeds ranging from one to ten miles per hour. This method has se­
rious Jcawbacks in that 

(a) It is labor intensive anJ therefore costly; 

(b) It is time consuming; 

(c) It exposes personnel to traffic hazards; and 

(d) If the road network to be maintained is large, the method is ur1-

economical. 

Therefore, the need exists for alternate (and more advanced) methods to 
be explored. Aerial photography, the Microlog Photologging System and the 
Gerpho continuous strip method offer potential alternatives. 

Aerial photography has been applied to condition surveys in only a few 
states, although it is extensively used by highway departments in various 
other aspects of highway engineering. 

The Microlog Photologging System has found diverse applications in 
transportation engineering, such as -equiprnen t inventory, sign visibility, 
traffic control, project design and planning. By obtaining a series or 
photographs of the pavement, the system provides a potential method of con­
ducting condition surveys. 

The Gerpho, developed and used in France, evaluates the surface condi­
tion of the pavement by using continuous strip photographs of pavement sec­
tions. This method has been used effectively and may offer a better alter­
native to manual condition surveys than aerial photography. 

These methods are described in the folll)wing sections. 
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According to Rib (Ref. 1), only 15 oqyrnizatLons u:-:,,d air photo in.t,::r­
pretation for road condition and inventory and damage surveys to varying ex­
tent. Of these, just two used this method extensively. This informnti,m 

was taken from the results of a que:;ti,Jnnaire rel'ort,·d in 1962.. Th,)11gh th(' 
questionnaire results are outdated, indications are that air photo interpre­
tation is not extensively used by many state highway organiza' ion,; for condi­
condi tion surveys :-it the present time. 

Studies of the uses of aerial photography in condition survev,; of high­
ways have been made by the State Highway Commissions of Nai1te and Kans.1s. 
Airfield runway pavement surveys using aerial photography have veen don~ in 
Greenland for the U. S. Air Force. 

The purpose of Stoeckeler' s study (Ref. 2) was to determine th(· optimum 
film type and scale combination from which adequate information for f1c,xih1e 
pavement evaluations can be obtained. He concluded that tlte t.ypc of film 
which gives the most information on flexible pavement distress fc·at:ures is an 
infrared color transparency with a photoscale of l in. equals 210 ft. or l3r­
ger. 

Two pieces of literature were found pertaining to aerial photography 
work done in Kansas. Stallard and Biege (Ref. 3) were Lnteresterl in compc1r­
ing the usefulness of color film as opposed to black and white. ~1eyer;-; and 
Stallard (Ref.4) reported on using aerial photography to detect staining in 
portland cement concrete pavements associated with "D-cracking." St.i1. ard 
and Biege concluded that Agfacolor Negative film was superior to others for 
the purposes of road condition surveys. Meyers and Stallard dL'tcrmirn.:d that 
low level aerial photographs can be successfully used as a11 indicator of D,tve­
rnen t :3ections which require maintenance resulting from D-cracking in rigid 
pavements. They recognized a correlation between D-cracking and stainiug of 
the pavement which was discernable from the photographs. The various types 
of film which were used were all deemed satisfactory for the purposes of their 
research. 

The technique developed by the Rome Air Development Center and thP Cals­
pan Corporation under the Special Color Analysis Techniques Program for run­
ways (Ref. 5) appears to be promising. They were able to find regions of 
cracking, depressions, and high surface roughness by using ;i photointerpreta­
tion console which allows subtle differences in spectral bands of co101_- fi1m 
to be enhanced. This device also contains interpretation keys that relate 
the spectral differences to properties desired such as material type and sllr­
face deterioration. The research performed at Thule Air Force Base in Green­
land showed that the results obtained from this technique agree very wc,11 
with surface measurements made at the site. Since this method apparently per­
forms successfully for runway pavements, it may be possible to :=idapt it for 
use with highway pavements. 
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The groundwork fllr the application of computer enhancem,,nt techniques to 
the analysis of aeri.al photographs is avail:ible (Ref.6). If the photograph 
is taken immediately after a shower, water marks associated with t cracks 
become visible as the pavement dries. Thus the cracks are easily identified 
by those water marks, which are used f,Jr estimating the locations and spacings 
of cracks quite accurately. 

The approach consists of locating the water marks by detecting the 
boundaries of the water marks. The edges corresponding to region boundaries 
are detected by using an edge operator (the Kirsch operator has been util­
ized). In order to reduce noise the edge operator is coupled with a nun-

maxima suppression technique. The Hough transform is applied to the binary 
edge picture so obtained to find the direction of the road and road sections. 
Next, algorithms are developed to detect water marks and estimate crack spa­
cings. The procedure, then, entails the following four steps: 

(1). Picture digitization 

(2). Edge detection 

(3). Road detection 

(4). Labelling of potential edge lines and potential boundaries. 

A flow chart of the procedure & detect cracks is shown in Fig. 1. 

Best results are obtained with a helicopter at low levels (50 to 100 
feet) immediately after a rain. 

THE MICROLOG PHOTOLOGGING SYSTEM 

The Microlog Photologging System provides a color photographic record 
of the "driver's eye view" of highways as a function of distance traveled. 
Because of the particular disposition of its components tlillt are arranged to 
provide the driver's eye view of the road, the Photologging System allows 
pictures of the pavement to be taken at different angles of incidence, from 
0° to +15°, 

The basic system consists of a specially designed 35 mm Automax cine/ 
pulse camera with suitable lens, camera mount, control unit, camera actuation 
device and a power converter, all mounted inside a van. 

The Automax camera, originally designed for flight test aircraft, has 
been appropriately modified for photolog applications. The camera uses Auto­
Nikkor lenses that cam be interchanged and offers an exposure range from 1/64 
to 1/1000 second. A 400-foot film roll provides about 6800 frames. 

The camera mount is two-axis adjustable with a release for removal of 
the caniera. It allows adjustment in elevation from +15° to -15° and in 
azimuth from +30° to -30°. 
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The control unit mounted at driver's reach, contains the main power con­
trol, camera functions control and display that allows the operator to ve:rify 
mileage count while driving. 

The camera actuation device is mounted to the odometer shaft. It can be 
regulated to give a pulse every 6 iven distance between a wide range (1 to 
10,000 feet). The frequency of the pulse is only a function of the distance 
traveled, being independent of the speed of the vehicle, which can vary while 
traveling and can be as high as 60 mph. 

A study was conducted tu evaluate the possibility of using the Microlog 
Sybtem to perform pavement condition surveys. Two sections in Austin, Texas 
were selected: a jointed portland cement concrete pavement and an asphalt 
concrete pavement, each about 300 ft. long. 

Two sets of pictures were taken. The first set was intended to deter­
mine the maximum vertical angle of the lens axis, suitable to obtain pictures 
without interference of the front of the van. Angles from 6° to a maximum 
of 15° were tried in increments of 3°. The front of the van ,lid not inter­
fere at anv of these angles, therefore a 15° angle was selected to obtain a 
second set of pictures. 

In both cases, the sunlight was illuminating the pavement laterally, and 
the pavement was completely dry. 

To evaluate the resolution of the cracks of the pavement in the pictures, 
a section of the road with many cracks of different widths was selected. Pic­
tures were taken 

(1) with the van stationary, 

(2) with all cracks upto 30 ft. from the camera mapped with white 
chalk, and 

(3) with the van ~oving at approximately 30 mph (continuous set uf pic­
tures every 25 ft.). 

RESULTS 

Observations with the }!PS showed that less than 20 percent of the cracks 
are clearly seen in the case of concrete pavements and less than 30 percent in 
the case of asphalt pavements. It was also observed that longitudinal cracks 
appeared more clearly (on both pavPments) than transverse cracks, due to the 
direction of ~;unlight. llowever, longitudinal cracks of small width did not 
appear in the picture, even those close to the camera. 

The Jifference ln scale between portions of the picture at different dis­
tances of the camera does not allow a relative comparison of the crack 1"idths, 
sincv siu1ilar cracks appear wider when closer to the camera. 
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Fig 2 . Came r a mounted outside van (District 10 Study). 
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Patches, p,)t:holes and such pavement distresses are displayed more promi­
nently than c1-acks but due to the scale prohleP1, quanlitative evaltwr ',,n of 
their sizes is ruled out. 

A difference in the quality of the photographs taken while the van was 
stationary and while moving was also observed. 

An important consideration in the analysis of photographs is the continuity 
of pictures so that there are no gaps between frames. To obtain a conti­
nuous picture of the pavement a fix reference on or near the pavement should 
be selected. However, if the pavement does not show distresses it is diffi­
cult to select a reference. 

Work done by District 10 with the camera mounted outside at a 90° angle 
of incidence (Fig. 2) has shown the best results yet. 

CONTINUOUS STRIP METHODS ---------------

In 1960, the New York State Department of Public Works (Ref. 7) deve­
loped a technique wherein continuous photographs of the pavement surface were 
obtained. They determined that the degree of resolution of the photographs 
was adequate for class 4 surveys in which the features are sketched to scale 
in detail on a strip map. 

THE GERPHO 

TI1e Groupe Examen Routier Photographic (GERPHO) system (Ref. 8) was de­
veloped by the Frencl1 Ministere de C'Equipment (Laboratoire Central Des Pouts 
et Chaussees et Lahoratoire Regional de Nancy) to accomplish the same purpose. 
It has been used in France primarily for the evaluation of urban freeways. 

The C:ERJ'HO system basically is comprised of a 35 mm. continuously running 
(strip film) camera, mounted on a van - originally on a Peugeot J-7 vehicle -
which has a mounted light source that illuminates the pavement (Fig. 3). 

The camera is mounted on the van by means of a support that is attached 
at the roof. The boom mount allows the height of the camera to be varied 
with respect to the pavement (Fig. 4). The camera is fitted with 14.5 mm. 
lens, with an aperture of F-3.5. Automatic cartridges hold 120 meters (394 
ft.) of 35 nun. film and can photograph 24 km. (15 miles) of pavement contin­
uously. The scale chosen was 1/200 (film useful width divided width of film­
ed pavement) which means that the camera lens shoud be placed at 2.90 m. 
(9.5 ft.) above the pavement (focal lenith/heigth = 1/200) (Fig. 5) and be­
cause the effe.ctive width of the film is 23 mm., with 1/200 scale, the width 
of the pavement filmed is 23 mm. x 200 = 4.6 m. (15 ft). So the picture co­
vers the entire traffic lane along which the van moves, together with part of 
the adjacent lane and/or part of the shoulder. 
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Tf the, v,•n: ;c· ,,[,e,d is 60 kmh (37.5 mph), [c,r ,,xample, the L.~m must 
run at 60/200 ~ :.:i.3 kmi1 (0.27 ft/sec). A m,)tor i.r,1puid1:c'S the film ,J a spe-
cial system ic; w;e,l tL) i.nc;urc' sv,ichroniz.Jtion bctwv., n the ac·v,:.i.nce th,, fil111 

and the movement ot the vchLcle, such that therC' ,;i.; __ J not be anv overlap or 
gap between exposures. 

The lipht s0urce for illuminati.on of the pavement is comprised of five 
1,000 Watt iodinv projectors that: illUP1Lnate at ..111 angle of 30°. The i.nten­
sity of the lig11t :~ource is adjusted by means o[ a special system that a::;­
sures an t1niEorm exposure of the film even if the speed of the vehicle is 
not precisely con:c; t:ant. 

The photographic survey with the GrRPi!O devic,..: is performed at nigL1t, at 
a speed up to 60 kmh (37.5 mph.). If tl1e pavement is in good condition, it 
is possible to fil~t IUO to 200 km (62 to 125 miles) of pavement per ni2ht. 

The crew is u,mpoc:;ec of two operators that are responsible for the com­
plete work. A control panel installed inside the vehicle helps to contin­
uously check the camera, urojectors, vehicle lights and other parts of the 
system. A record c;hccL that indicates specia1 features ls coP1pletccl by one 
of the opcr:-itors ;lluni·, \,il:h the photograpl,ic :,;urvcv ::ucl-1 thE,t the film can 
be identified properly at any point by mea11s o[ a special device in the con­
trol pane 1.. 

The recurdi.11,:.', and prucessi.ng procl'.s:,;f.cs are indicated schematically in 
Fig. 6. 

The analysis of the pavement surface i.s made with the use of a special 
viewer that allows the operator to identify different types of distresses 
according to a standard classification and record them in a suitable form. 
The data is sr:ored in computer f L1es and the computer is capable of tracing 
this data automatically in another form. 

The pro_j t'c tor can show two sets of films at the same time, so the re-­
cords at different times of the same section of pavement can be carefully 
analyzed. Figures ), 8 and 9 are representative o[ the quality pictures 
obtained. 

The total cost of the device and the vehicle would be $250,000 to 
$300,000. There is a possibility of mounting the GERPHO device in an Ameri­
can vehicle; however this will require a study of the vehicle and significant 
advantages are not apparent at the present time. 

The projector which shows two films simultaneously is very important for 
the evaluation of the data and it will be vital for the whole process. The 
cost of this device is about $50,000 to $75,000. So the minimum initial in­
vestment will Ge about $300,000 to 375,000. 
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COUCLUSIONS 

'~'=rial Photogra~ 

This is a method that could be implemented for use in Texas for condi­
tion surveys because of the availability of the equipment and previous ex­
perience with aerial photography in other areas of highway engineering.This 
makes aerial photography an attractive alternative to using manual condition 
surveys. This method has several disadvantages, however, including the need 
for good weather and limitations on how much information can be gathered by 
visual inspection of the photographs alone. 

In the water marks approach it is difficult to recognize each individual 
watermark because of the undistinguishable nature of closely spaced cracks, 
a well-defined boundary (for water marks) and the presence of road film 
stripes in the center of lanes. Moreever, cracks will be visible only after 
the pavement is wetted; i.e. the success of the method hinges on the occurr­
ence of a shower. 

There are also problems with shadows and the inability to photograph the 
entire pavement from above due to vehicles on the road. The drone of a hel­
icopter 100 feet above can prove to be an annoying experience to highway 
users; there is also a potential hazard to the driver; and the operating and 
processing costs are high. 

The Microlog Photologging System 

Because of all the problems outlined previously, the Microlog Photo­

logging System under its original configuration is not suitable for mapping 
crack patterns in either concrete or asphalt pavements and produce data for 
a meaningful evaluation of pavement distresses. Howe,:er, if the equipment 
can be readapted to obtain pictures at a 90 ° angle of incidence (as studied 
by Districts 10 and 11) the pictures may be more useworthy. Even though a 
90° angle is better than other angles of incidence because it eliminates 
distortion, the overlap and location problems remain. This makes it a time­
consuming, labor intensive and expensive method. 

GERPHO 

Although the initial cost of purchasing or manufacturing a system such 
as GERPHO would be high, it appears to be the best alternative due to its 
distinct advantages: 

(1). Greater capacity, 100 to 200 km. (63 to 125 miles) per working 
night. 

(2). Only two operators are required and they do not have to be highly 
skilled. 
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(3). Interpretation errors are avoided. 

(4). Operated at night using an onboard lisht source, hence avoids 
shade problems. 

(5). System can be moved rapidly and safely. 

(6). Presence of other vehicles on the roadway is not a problem. 

(7). Low operating costs. 

(8). Continuous strip, no overlap problems. 
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THE ROLE OF VISUAL CONDITION SURVEYS IN A PAVEMENT MANAGEMENT SYSTEM (PMS) 

By 

Frank Carmichael 

Tech Memo RI-1 

Visual condition surveys are the oldest and probably the most widely 

used form of pavement evaluation. To keep these activities useful and 

meaningful in a pavement management activity, it is necessary to t:ry and 

reduce their subjective nature as much as possible. This memorandum 

reviews the state-of-the-art for visual condition surveys data collection 

issues, data use in pavement management systems, current RIDOT 

capabilities. and possible alternatives. 

A recent ARE Inc study (Ref 1) for the FHWA cited some of the more 

common problems associated with accurate collection and use of condition 

survey data in a PMS. First of all, there are problems with collecting 

the data and collecting it accurately. Some of these problems include: 

1. The danger associated with having field crews survey heavily 

trafficked roads. 

2. The overall cost of conducting field surveys and reducing the 

data. 

3. What data to collect; Lytton et. al. (Ref. 2) present some 

possible pavement distresses in Table 1. 

4. How much and how often (every mile, every year, or 100 ft/mile 

every other year). 

5. What data can be collected subjectively (and to what extent) and 

what data requires objective measurements. 

6. How to train crews to obtain consistent data (i.e., how to get 

good repeatability). 
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Table 1. Pavement Dist~ess Indicators 

(after Reference ~) 

Flexible Pavement 

Transverse cracking 

Longitudinal cracking 

Multiple Cracking (beginning of 

alligator cracking) 

Alligator Cracking 

Rutting 

Raveling 

Patching 

Flushing (or bleeding) 

Corrugations 

Rigid J:lavements 

All rigid pavements 

Surface deterioration 

- raveling 

- scaling 

Spal ling 

Longitudinal cracking 

Patching 

Faulting 

Pumping 

Failures per mile 

Blowups 

Continuously reinforced concrete 

Crack spacing 

Percent intersecting cracks 

Jo_inted concrete 

Spalled joints 

Faulted joints 

Cracked panels 

Broken panels 

Transverse cracking 
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Secondly, there is a class of problems dealing with evaluating the 

field data and then relating it to some overall measure ,f pavement 

condition that can be used as part of a priority ranking ,ystem for 

!Jla.intenance and/or rehabilitation. Some of these problems inc,_,de: 

1. How to handle error or v.sr::.ati:>n H1 L,e data. 

2. What interactions between distress parameters to consider. 

3. What weighting factors to assign to the different distress 

parameters. 

4. How to interpret differences between overall ratings in terms of 

priority. 

Although it will be impossible to solve all these problems in the 

development of a highway condition rating function, they should be kept in 

mind in order to minimize their effects. For example, by requiring that 

only certain significant distress parameters be collected. the volume of 

condition survey data can be minimized. thereby reducing the effects of 

several problems. These questions are considered in the formulation of 

the summarized approach for Rhode Island Department of Transportation. 

SUMMARY 

Our review of the literature concerning the evaluation of pavement 

surface condition and its quantification into a measure of overall 

distress turned up several similar models. One developed by Shahin and 

Kohn (Refs. 6 and 7.), which uses the "summation of deducts" approach, 

contained most of the better features used by individual states. This 

approach can be used to develop a combined condition rating score; 

however, it is suggested that pavement distresses be ide~tified and 

recorded individually for other uses. 

Since it is considered desirable to have a model which has some 

practical meaning in terms of the amount of damage sustained by a 

particular pavement. work can be initiated on the development of 

relationships between fatigue damage and measurable pavement distress. It 

is the belief of the authors that the use of such a procedure will also 
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help in the determination of weighting coefficients for the surface 

condition term of the highway condition r~ting function. 

BACKGROUND 

There are four major categories of pavement surface distress which 

are usually recognized by the various State methods employed: 

1. Cracking (alligator, longitudinal, transverse, map. reflection) 

2. Disintegration (raveling, stripping, spalling, scaling) 

3. Permanent Deformation (rutting. faulting etc.), and 

4. Distortion (settlement, heave, etc.). 

Different distress indicators are evaluated as a function of pavement type 

as indicated by Lytton- et. al. (see Table 1). A review of the data 

collection forms published by the various states indicates that there are 

two primary components which define the individual distresses. 

1. Density - How much of the distress exists? 

2. Severity - How bad is the distress? 

To what condition has it progressed? 

As the compendium of example data collection forms in Appendix A shows, 

there are many number of ways to define these parameters. 
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Density 

Density or extent can be rated subjectively, or each dist: ~.ss can be 

measured. There are cost and data quality tradeoffs between these two 

different approaches. The most common approach is a subject:. est imat 2 

rather than a physical measurement. However, some distresses like rut 

depth are commonly measured with simple instruments like the one shown in 

Figure 1. 

The data collection forms for flexible pavement of the States of 

Washington, Texas and Ohio are summarized in Table 2. As Table 2 shows. 

there are different approaches used to define the density of a given 

distress type. 

Severity 

The degree of damage or point to which each particular distress has 

deteriorated must also be expressed in the condition survey procedure. 

There are many approaches and definitions used. Table 3 shows a sample of 

three state systems. The best approach seems to be a simple estimate 

rather than actual measurement due to the costs involved. 

State Experience 

There is considerable disparity in the level of evolution of surface 

condition evaluation procedures in the different states. Review of the 

Pavement Management Workshop (Ref. 3) held in Tumwater, Washington. in 

1977 showed that Arizona, Florida Utah, and Washington have the most 

advanced methods for conducting condition surveys and evaluating pavement 

distress (Table 4). Although all states are capable of conducting 

condition surveys many (such as Kentucky, New York and Pennsylvania) do 

not conduct them on a routine basis as part of an overall pavement 

management system. 
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Table 2. Density Rating Definitions and Levels in from 

Three Condition Survey Procedures 

Distress 

Alligator Cracking 

Rutting 

Transverse Cracking 

Longitudinal Cracking 

-Density Definition 

Texas 

% of Area 

1-5% 

6-25% 

+25% 

% of Area 

1-15% 

16-30% 

+30% 

Number per 

Station 

1-4 

5-9 

10+ 

Linear Feet 

per Station 

10-99 

100-199 

+200 

Washington 

% of Wheel Track 

Area/Station 

1-24% 

25-49% 

7 5-100% 

Measured 

average depth 

Number per 

Station 

1-4 

5-9 

10+ 

Lineal Feet 

per Station 

1-99 

100-199 

+200 
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Verbal 

occasional 

frequent 

extensive 

Verbal 

occasional 

frequent 

extensive 

Verbal 

occasional 

frequent 

extensive 

Verbal 

occasional 

frequent 

extensive 



Table 3. Severity Rating Definitions in Thr.ee Condition Survey Proced,;res 

Distress 

Alligator Cracking 

Rutting 

Transverse Cracking 

Longitudinal Cracking 

Severity Definition 

Texas 

Verbal 

slight 

moderate 

severe 

Verbal 

slight 

moderate 

severe 

Verbal 

slight 

moderate 

severe 

Verbal 

slight 

moderate 

severe 

Washington 

Verbal 

hairline 

spal ling 

spalling 

Average Width, in. 

1/4 - 1/2 in. 

1/2 - 3/4 in. 

over 3/ 4 in. 

Average Width, in. 

1/8 - 1/4 in. 

+ 1 / 4 in. 

spalled 

Average Width, in. 

1/8 - 1/4 in. 

1/4 in. 

spalled 
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Verbal 

low 

medium 

high 

Verbal 

low 

medium 

high 

Verbal 

low 

medium 

high 

Verbal 

low 

medium 

high 



Table 4. Comparison of Surface Condition Evaluation 
(after Ref. 3). 

State Comments 

Crack survey is primary evaluation. Compared to stan-

Arizona 
dard photos. Other distress parameters determined to 
be too time consuming 1000 sq. ft. of each 1/3 mile 
evaluated annually. 

Structural defects such as cracking, rutting, etc. 

California 
rated for extent and severity similar to Washington. 
Annually for interstate, 3-4 years min. of others. 
Different type rating for flexible and rigid pavements. 

Structural defects including rutting, cracking and 

Florida 
patching are rated for 100 ft. as representative of 
1 mi. sect ions. Determine defect rating (DR) as part 
of overall. 

Kentucky 
Use surface condition rating as feedback for design 
deficiencies rather than routine monitoring. 

New York None made routinely. 

Pavement Condit ion Rating, PCR determined by rater as 
Ontario set forth in manuals. One to two year frequency. Ride 

and distress combined to determine Distress Index, DI. 

Pennsylvania Not made at present. 

Saskatche .. an 
Annual surface condition rating on selected projects 
only. 

Structural defects measured objectively based on visual 
Texas rating. Vehicle mounted camera provides basis for dis-

tress rating on candidate project only. 

Detailed evaluation of cracking, rutting, patching, wear, 

Utah 
weathering, etc. on 500 ft. of 1 mi. sections made from 
photologging. Both subjective and objective analysis. 
Eleven parameters included. 

Structural defects such as cracking and rutting measured 
Washington every other year on a subjective basis. 200 ft. section 

within each 1 mi. sect ion. 
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Pavement surface condition surveys are sometimes confused with 

structural capacity evaluations. For i,'stance. tL:: t(2:·u:s structural 

condition and structural capacity are used interchangeably and in other 

cases deflection is u&ed ab llieasure of surrace c0il~~~~~-· 

probable reasons for this problem with confounding; one is that structural 

condition and capacity are not adequately defined. Another is that the 

two are often combined when there is little available data. For the 

purposes of this report, however, surface condition will relate only to 

measurable or otherwise observable distress in the pavement surface layer. 

Structural capacity, on the other hand. will relate to the pavement's 

load-carrying capacity, and will be covered in another technical 

memorandum. Although the two can be considered as separate pavement 

fitness measures. they do interact with each other and this interaction 

should be considered. 

Lytton, et. al., (Ref 2) summarized the maximum percent that visual 

condition survey distress factors effected the overall pavement 

performance rating for various agencies. As Table 5 shows the states are 

probably grouped into the following broad categories: 

% Effect 

70-100% 

40-69% 

1-39% 

Comment 

States using only visual condition surveys at 

this time for PMS (example, Maine) 

States using visual condition surveys in 

combination with roughness measurements for PMS 

(example, Washington) 

States using measurements in all four primary 

a r ea s u ch a s def l e ct i o n, co nd it ion survey, 

roughness, and skid resistance measurements 

(example, Arizona) 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

ls. 

16. 

l 7. 

Table 5. Maximum Percent Distress Factors 
* Influence Overall Rating by Agency (after Ref 2). 

Flexible Pavements Rig~ .. Paveirents 

Arizona 17 .0 17 .0 

Ca 1 i forni a 78.3 

Florida 50.0 

Georgi a 37.5 

Indiana 22.0 22.0 

Kansas 44.0 50.0 

Louisiana 30.0 30.0 

Maine 100.0 

Maryl and 40.0 40.0 

Minnesota 50.0 50.0 

Nebraska 40.0 

New Mexico 40.0 40.0 

Nor th Oak o ta 75.5 

Tennessee 50.0 50.0 

Texas 80.4 85.7 

Virginia 48.0 42.0 

Washington 50.0 50.0 

*In general, the table does not utilize distress Jreasured by ride ~eters in 

th~ computation of percentages. 

Indicates one of two items: The agency does not use a rating system for 

rigid paverrents or distress factors are not nurrerically weighted. 
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Table 6 lists the distresses which various states rated at the time of 

Lytton's study. Figures 2 and 3 (Refs 4 and 5) contain a comprehensive 

list of all the distress manifestations c0mmonly rated for flexible and 

rigid pavement respectively. 

U.S. Army Corps of Engineers Condition Rating Procedure 

Shahin and Kohn of U.S. Army Corps of Engineers' Construction 

Engineering Research Laboratory (CERL) have developed a procedure (Ref. 6) 

which represents the present state-of-the-art in rating pavement surface 

condition. It has many of the attributes of the more advanced procedures 

used by the progressive states pointed out earlier. 

The CERL procedure is similar to the procedures used by Florida and 

Washington (and probably other states) in that deduct values are assigned 

to certain observed distress types, according to their extent and 

severity. and then subtracted from a perfect score to give PCI (Pavement 

Condition Index) and the pavement rating. The procedure basically 

consists of six steps which are reproduced below (for an individual sample 

unit) and illustrated in Figure 4. 

Step 1 - Each sample unit (of pavement) is inspected and distress 

data recorded. (Distress data includes observed distress 

types and their severity and density). 

Step 2 - Determine deduct values using deduct curves for each 

distress type and severity. (Longitudinal and transverse 

cracking, a, and alligator cracking are illustrated in 

Figure 4). 

Step 3 - Compute total deduct value, TDV, by sumroing all individual 

deduct values. 

Step 4 - Determine corrected deduct value, CDV, for multiple distress 

combinations. 
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Table 6. Maximum Percent Individual Distress Fae tors Influence Pavement Ra ting for Each Agency 
(after Ref. 2). 

Arizona 

Cal lforn la 

Flor Ida 

Georg la 

Indiana 

Knneoe 

Lou ls tana 

Mn lne 

tlaryl,;nd 

H lnnesota 

Nehraska 

New HexJco 

North Dakota 

TennesHee 

Tex.as 

Virginia 

Wash lngton, 
King County, 
\.lashirigton 

/lvg, /lmong /\gene les 
!laing the fl!Rlress 

factor 

Avg. Among Agcnc lt•s 
URlng Flexfble (18) 
or Rlr,lll (12) R.1Llng 

Systems 

Flexlble.ravem~nts 
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····-·-·-·------------------.--------------, 

PAVEMENT D!STRESS MANIFESTATION 

SURFACE DEFECTS 

e COARSE AGGREGATE LOSS 
• RAVELLING 
e FLUSHING 

SURFACE DEFORMATION 

• RIPPLING 
• SHOVING 
• WHEEL TRACK RUTIING 
e DISiDRTION 

CRACKING 

• LONGITUDINAL 

• • • 
• MEANDERING 
• TRANSVERSE 
• ALLIGATOR 
• RANDOM 
• SLIPPAGE 
• OTHER 

WHEEL TRACK 
MIDLANE 
CENTER LINE 
PAVEMENT EDGE 

MAINTENANCE PATCHING 

• SPRAY 
• SKIN 
e HOT-MIX 

EVALUATION 

OTHER 
SEVERITY DENSITY CHARACTERISTIC 

Figure 2. List of Flexible Pavement Distress Manifestations 
(After Ref. 4). 
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r 
I 

I f=,,::.,, VE1,1ENT DISTRESS MANIFESTATION 

I 
! r-· 
I SURF D..C::E DEFECTS 

I 
• Polis!ling 

• Loss of Coarse Aggregates 

I • Pot Holes 

I • Scaling 

L • Ravelling 

I ~URF . .'.\CE DEFORMD.. TION 

I 
I 

• Faulting (Stepping) 

• Settlement (Sagging) 

.. YJJNT DEFICIENCIES 

• Joint Creeping 

• Jo;nt Sealant Loss 

• Joint Spalling 

• Joint Failures 

C R.P..CKJr'\JG -----
• Longitudinal 

• Meandering 

• Corner 

• D 

• Transverse 

• Diai;onal 

• Edge Crescent 

• Miscellaneous 

MISCELLANEOUS DISTRESSES 

• Lane Separation 

• Slab Warping 

• Wheel Track Wear 

MAINTENANCE 

• Full Width Joint Repair 
(With Concrete or Asphalt) 

• Full Depth Pressure Relief Joint 

• Precast Slab 

• Coldmix Patching 

• Hot tv\ix Patching 

EVALUATION 

SEVERITY DENSITY 
OTHER 

CHARACTERISTIC 

figure 3. List of Rigid Pavement Distress Manifestations (After Ref. 5). 
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Step I. Inspect Pavement• 
Determine Distress Types ond Severity 
Levels and Measure Density 

,,._ ____ .....,. .... Light La T Crocking 

"<'.S">(:>-,,-~~- Mtd i11m Alli got or 

Step 2. Determine Deduct Values 

-u 
~ a_ 
c:, 

0 o..._ ___ __. ___ _, 
0.1 100 

Density Percent 
(Log Scole) 

-g b 
,::, 
OJ 

0 

0---------...J 0.1 100 

Density Percent 
(LoQ Scole) 

Step 3. Compute Total Deduct Value 
(TDV)=o+b 

Step 4. Adjust Total Deduct Valve 

Step 5. Compute Pavement Condition 
Index (PCI) • 100-CDV 

Step 6. Determine Pavement 
Condition Roting 

Excel lent 

Very Gi>od 

Figure 4. Steps for calculating CERL pavement condition index, PCI 
( a ft er Re f. 7 ) . 
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Step 5 - Compute PCl • 100-CDV. 

Step 6 - Determine pavement condition rating according to level of 

PCI. 

In order to reduce the inherent variation in the subjective data 

obtained Shahin and Kohn also provide a supplementary report (Ref. 7) 

which helps in the identification and classification of pertinent distress 

information. The report contains many photographs which illustrate the 

severities of the different distresses. Other states. such as Washington 

and Florida, use a similar technique as an aid in training field crews in 

the collection of distress data. 

DATA COLLECTION ISSUES 

There are several issues in the determination of the best approach and 

procedures to implement, including the following topics: 1) which distresses 

to select for evaluation, 2) automated versus non-automated data collection, 

3) total network versus sampling measurements, and 4) decentralized versus 

centralized condition survey crews. These are the same issues which face 

every agency and, therefore some experience exists in each of these area. 

Selection of Which Distresses to Evaluate 

As previously pointed out, there have been many attempts to organize 

distress terminology and descriptions; however, local conditions affected 

by provincial terminology. material types• design character is tics, 

construction procedures and the effects of climate contribute to make a 

common understanding or "universal system" most difficult. If time and 

money are spent to physically measure pavement distress, many states use 

the AASHO Road Test definitions, so that the information can be used in 

Present Serviceability Index (PSI) calculations as follows: 

Rut depth, inches 

Cracking and Patching, SF/1000SF 

These distresses are also the most widely evaluated even when 

physical measurements are not made; however, as indicated by Tables 2 and 

3, the severity and density specifications vary widely. Arizona, for 

example, initially measured the percent area of pavement cracked in 100 SF 
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per mile post (Ref 8), but upon finding this process too laborious, 

switched to their current crack rating guide. This process simply 

requires the rater to compare the pavement with a series of photos to 

determine the percent cracking. The rater interpolates between the photos 

to an accur~·y of the nearest whole percent if cracking is less than ~e~ 

percent and t0 the nearest five percent if. ::.racking ii; gr1::at.::r than ten 

percent. Photos are given for 2 5, 7.4. 11. 35. and 64 percents of 

cracking. 

A recent report from Alaska indicates some of the justifications for 

limiting the number of distresses rated (Ref 9); 

1. Some distresses are hard to quantify. 

(Example, raveling, plucking, longitudinal cracks. thermal 

cracking. shoving. bleeding- etc.). 

2. Some distresses were rare in Alaska. 

(Example, bleeding and shoving). 

3. Some distresses were easy to quantify, but time consuming. 

(Example, counting potholes). 

The recent selection of variables in the pavement evaluation system 

(PES) of Texas (Ref 10,) as shown below, is also limited when compared 

with Figures 2 and 3; 

1. For flexible pavements: longitudinal and transverse cracking. 

alligator cracking, rutting, raveling, patches, and flushing; and 

2. For rigid pavements: puncbouts patches. minor and severe 

spalling, minor and severe pumping. 

Automated versus Nonautomated Data Collection 

Automated methods have been developed for the collection of surface 

condition information. 

Photologging. The most commonly used equipment 1s photologging 

equipment made by Tech-West in British Columbia. This device produces a 

photographic record of the existing condition of the road. It also 

measures other features such as cross slope. Several agencies have 
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implemented these devices and reported the following problems; 

1. Undesirable subjectivity in surveys due to present techniques 

and/ or human factors, i.e., photos must be interpreted to produce 

a rating for the pavement section. In addition, the angle of the 

sun (i.e., time of day), season, temperature, and presence of 

water all influence the ability of the camera. 

2. Expense of equipment purchase and maintenance. 

3. Feelings that the engineer must "walk the road" to get an 

accurate evaluation for the distress present. 

4. Expense of view equipment. 

In spite of these prob 1 em s , th is equipment has the f o 11 owing 

advantages; 

1. Can operate in traffic stream without blocking or stopping flow 

as is the case with physical measurements. 

2. Can adequately record photos and information in correlation with 

distance measurement instrument thereby insuring correct location 

orientation. 

3. Can reduce field labor costs in the long run. 

4. Can probably provide adequate detail for a first evaluation at 

the network level. (For example, Arizona simply uses a 

percentage estimate of the area cracked). 

5. Provides a permanent record. which is more explicit than just 

numbers on a data form. 

Microprocessing. The only automated device for collecting visual 

distress estimations, cross slope, horizontal curvature, vertical 

curvature, etc., is the ARAN, Automated Road Analyzer, made by the same 

company who manufacturers the Dynaflect. This device has a microprocessor 

on board into which the operator can key in varying types of distress to 

be stored. This device has not been purchased by a state agency, although 

Nevada currently has one on order. 

Non-Automated Procedures. Non-automated data collection procedures 

vary from windshield surveys where the driver and rater or raters do.not 

stop, to set procedures where sample segments of the road are walked on 
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foot while a form is filled out. Windshield surveys are very gross at 

best because of the inability to estimate properly all the items in one 

pass, and factors such as .f.atigu2, sun anglt:, etc. Jai".._ug bU .. vt:.)"• on 

t h e o th e r h and , a r e t i m e co n s u m i n g and c o s t 1 y . 41 t h 0,, ("? b t h "' ,, r, .,. 0 v i d "' ;, 

higher quality of data. Certain problems have been noted based on the 

experience various agencies have had with their visual condition surveys 

(Ref 2); 

1. Undesirable subjectivity in surveys due to present techniques 

and/or human factors, 

2. Absence of valid, workable statistical sampling procedures for 

highway surveys, 

3. Inadequate delineation of established survey areas for repetitive 

survey purposes, 

4. Lack of uniformity in severity weighting techniques for distress 

types, 

5. Inability with current data storage and retrieval methods to 

achieve a valid and workable inventory of pavement condition. and 

6. Hazardous and disruptive nature of condition surveys, as 

currently conducted. 

In spite of the above mentioned problems with condition surveys, due 

to the cost of photologging or more sophisticated equipment such as the 

ARAN, most highway agencies have adopted visual condition survey 

procedures. 

Total Network Monitoring versus Sampling 

There are advantages to be gained by the highway agency if the 

question of sampling can be addressed and used. It is, however, usually 

necessary to make a complete network survey in the beginning to establish 

the base line condition of the network. 

There are ways to reduce the impact of preparing this initial data 

base. For example, a windshield survey or general classification scheme 

28-47 



using Photolntger data may b~ used to select only a percentage of the 

network for tr,or>: u._lailed data collection. 

The fol.lowing i.deas were presented by CALTRANS (Ref 11) wj th respect 

to the the sampling versus non-sampling question: 

'~his PMS is oriented toward decision making at both the program and 
the project level. In order to address project level decisions and 
make comparative judgements between specific projects total system 
survey coverage is required. Consequent.ly, statistical sampling of 
the survey was dismissed. 

CALTRANS conducts a pavement condition survey each two years. Every 
lane of every mile (47,000 miles) of the entire state highway system 
is surveyed. 

The 1975-76 pavement condition survey data collection and machine 
processing cost approximately $362,000. Consideration was given to 
the possibility of reducing the cost by eliminating certain select 
portions of the State Highway System from alternate surveys, in 
effect, surveying portions of the system on a four year frequency 
instead of the present biennial basis. 

Candidates considered for less frequent surveys were: 

1. Sections with very minor problems in the last survey. Results of 
the four biennial pavement condition surveys made since 1969 have 
been reviewed. Many sections of pavement with minor problems 
deteriorated within a two year period to a condition which could 
trigger remedial maintenance or rehabilitation. 

If these sections with good ratings were evaluated on a four year 
cycle, it is probable that many would deteriorate before detection. 
Identification of progressive pavement deterioration at an early 
point in time can allow remedial maintenance to extend the life of 
pavement serviceability resulting in a more cost effective approach. 

2. Sections that have been resurfaced or rehabilitated subsequent to 
the last pavement condition survey. 

The monitoring and evaluation of recently completed projects is 
important in determining the progressive deterioration rate of 
pavement and the development of performance information. 

3. Sections which are in geographic or environmental areas where 
pavement deterioration is very gradual. 

Investigations to date have not established a correlation between 
pavement deterioration rates and environmental conditions. Until 
such a correlation is established, there is no basis on which to 
reduce survey frequency. 

4. Sections which experience low traffic volumes, 
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Investigations to data have not established a direct correlation or 
trend r e l at i ng ADT and pave ment det erioration rate. This applies to 
both str uctural condition and ride quality ratings. 

5. Sections which are not of statewide significance. 

Routes of statewide significance include I nterstate, Rural Princ ipal 
Arterials, and Urb an Connecting Lines. Many high volume urban 
freeways are not included in the above category and need to be 
evaluated concurrently with the rest of the State Highway System. 
There are several thousand miles of non-statewide significant routes 
in which it is essential to protect the existing investment and 
insure the application of cost effective repair strategies in order 
to maximize pavement serviceability. 

6. Conclusions 

Considering the cost and time required to collect and process survey 
data for California's State Highway System, it is deemed infeasible 
to survey annually. It is also generally inappropriate to survey at 
three or four year intervals considering the deterioration rates of 
some.pavement types as discussed in Section IV of this report. A two 
year frequency seems most appropriate for uniform data collect ion, 
supplemented by other surveys for special studies or unique problems. 

Following -full implementation of a PMS in California and the 
development of an adequate historical data base for performance and 
trend analyses, consideration will be given to the adviseability of 
reducing the extent and frequency of condition surveys. There is 
currently insufficient historical information to take the risk." 

To overcome some of the problems expressed by California, an approach 

being considered in Texas is stratified sampling (Ref 10). For stratified 

sampling, the parent population of roads is divided into mutually 

exclusive and exhaustive subsets based on important characteristic 

differences such as classification, environmental zone, traffic level, 

age, etc. A random sample of elements is chosen independently from each 

subset for monitoring. 

The subsets into which the population of the highway secti ons are 

divided are called strata or subpopulations. To be mutually exclusive and 

exhaustive, every population element must be assigned to one and only one 

·s trata and no population elements are omitted in the assignment procedure. 

For example, suppose that the parent population is composed of the total 

number of pavement segments within a district. For stratified sampling, 

these highway sections are divided into various strata on the basis of 
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functional class, from which random samples may be drawn independently. A 

detailed st.ratification of the highway sections may be advantageous for 

investigating the cbaracateristics of particular strata. The division of 

sections should be selected in such a ;;nay that the variability within each 

strata is minimized in order to obtain acceptable results. This may 

involve consideratio11 of ,rnch 

type, and functional class. 

f ac tcr ~,: as t-:: af f ic, enviromment, pavemen;: 

In addition, a decision may have to be made 

on whether to make a proportionate or a disproportionate stratification. 

In a proportionate stratified sample, the number of observations in 

the total sample is allocated among the strata in proportion to the 

relative number of elements (or in this case mileage) in each strata in 

the population. For example, a strata containing one-tenth of all the 

population elements would account for one-tenth of the total sample 

observations. 

Disproportionate stratified sampling requires that the variances of 

the individual strata be taken into account when allocating the sample 

observations among strata" With a fixed sample size, strata exhibiting 

more variability are sampled more, and conversely those strata that are 

very homogeneous are sampled less than proportionately. This scheme will 

produce more efficient estimates, but it requires information on strata 

variances which may or may not be available. For condition survey use, 

therefore, the use of disproportionate stratified sampling would perhaps 

require that variauces of pavement condition scores for each of the 

functional classes be known. It is possible in such cases for estimates 

to be made from past records, and the experience and judgment of the 

RIDOT engineers would certainly be useful. 

Decentralized versus Pentralized Pavement Condition Surveys 

Centralized pavement condition survey teams are used by some highway 

_agencies to insure consistency of the raters in evaluating and estimating 

distress. The number of raters is minimized in this way as well as some 

of the rating variations. Offsetting problems are the cost of 
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mobilization and subsistence in a large state as well as the time required 

for a centralized crew to collect the data. 

Decentralized crews are often more familiar with the lo~a, area and 

the relative condition of pavements in their network. This may allow for 

a better rating if steps are followed to insure that decentralized crews 

have all been trained. In addition, decentralized crews allow for the 

collection of networkwide information quicker due to their ability to work 

simultaneously. 

CALTRANS reported the following experience on costs and features of 

each approach (Ref 11): 

"l. Dec en tr alized Survey - Current Practice 

The pavement condition survey is conducted every two years using 
Transportation District personnel, trained in headquarters, who 
survey all lane miles of flexible and rigid pavements. The survey is 
completed in all districts within a six months time frame. Recent 
statewide pavement condition survey costs are estimated at: 
75-76 18 man years; $362,000 (including EDP costs) 
77-78 12 man years; $335,000 (including EDP costs) 
Survey operations have been in a state of refinement as the PMS 
program developed. Future surveys will be more routine in nature. 
For example, the major task of bridge and roadway section 
identification has been accomplished, and need not be repeated. 
Routine operation should reduce 1979-80 survey costs by an estimated 
20% from the 1977-78 survey costs. 

2. Centralized Survey 

Consideration bas been given to revising the manner in which the 
present pavement condition surveys are conducted. A continuous 
survey conducted over a two year period with a limited staff of 
pavement raters from headquarters bas some attractive features. 

The limited staff would require much less training effort and more 
consistent survey results could be expected. The continuous survey 
approach would partially eliminate some dist~ict manpower and 
bugeting difficulties, particularly where district priorities 
interfere with assigning experienced raters to the periodic surveys. 
Surveillance frequency could be more easily adjusted for specific 
segments of highway, resulting in more efficient use of raters. On 
the other band, it may prove difficult to retain a headquaters rating 
staff who would be amenable to travel throughout the state on a 
continuous basis. 

It is estimated that a 1979-80 centralized survey approach would 
require about nine man years and cost on the order of $315,000, 
including EDP costs. 
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The present decentralized pavement condition survey presents a 
complete picture of the state of deterioration of highways based on 
information gathered within a six month time span. A centralized 
survey could be conducted on~ continuous basis to provide new 
information on a two year frequency. Various areas of the state 
would be examined at substantially different times. There may be no 
valid comparison between a December 1978 pavement in Los Angeles and 
an April 1980 pavement in Eureka, yet both pavements may be in 
competition for the same funding for rehabilitation. 

Pavement condition surveys should be conducted following the most 
da~aging season of the year, before problems are hidden by 
maintenance operations. In California, this would be in late Spring. 
The centralized survey would preclude this since it would have to be 
conducted on a year around basis due to the limited staffing 
approach. 

Work load reductions due to reduced length of xoadway being sampled. 
improved measuring equipment, and standardization of data collection 
operations will result in lower costs for either type survey. These 
factors, therefore, should not be determinants on the issue of a 
centialized or decentralized survey. 

The primary purpose of PMS is to improve the decision making process 
as it relates to the establishment of pavement repair program levels, 
project priorities and cost effective repair measures. Although the 
total cost of the biennial pavement condition surveys are 
appreciable, it must be considered in light of the current annual 
funding level of over $90 million for California's pavement 
reconstruction, resurfacing and maintenance programs. 

The decision to centralize or decentralize pavement condition surveys 
should not be made solely on an economic basis. The cost 
differential is not as significant as some of the other factors 
discussed above. Following the full implementation of PMS in 
California and the develoment of a strong data base consideration 
will again be given to the best course of action to follow in future 
surveys." 
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USE OF CONDITION SURVEY DATA IN A PMS 

One of the problems with relating observed distress to condition 

ratings is the selection of approximating weighting factors for the 

different types of distress and their severity and extent. Obviously, 

some types of distress are more critical than others in their influence on 

all the different pavemer;.t fitness measures, including surface condition. 

The problem is to determine how much more critical. In the more advanced 

procedures, the weighting values were estimated using regression analysis 

and trial and error. Unfortunately, many seasonal and regional factors 

come into play such that these weighting values are not the same from one 

state to the next. This was illustrated in Table 6, prepared by Lytton 

(Ref 2) in a study of pavement evaluation and evaluation of equipment. As 

can be seen, the states are not consistent on what they consider to be the 

mos-t influential distress factors on pavement rating. Apparently, these 

environmental and/or regional factors can have a positive or negative 

influence on the development of certain types of distress so that 

frequency of distress occurrence is as important (in determining weighting 

values) as severity and extent. In other words, the states tend to give 

more weight to the types of distress that their maintenance crews 

encounter the most. 

Most states use a single numeric score such as that presented in 

Figure 1 to express the pavement condition. In general, this value is 

expressed on a scale of 0-100, with zero being the worst pavement and 100 

being a pavement with no visible distress. Table 7 shows the deduct 

values used in Texas for the different distress types observed in flexible 

pavements. These values apply to a 0-100 scale, and as can be seen, they 

are dependent on both the density and servity of distress. 

Not all states base their ratings on a 0-100 scale, nor do they all 

use deduct values to arrive at a condition rating. Illinois, for example, 

_uses a simple zero to nine scale where the programmatic definitions for 

different rangs of the scale are as follows: 
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Table 7. Deduct values for flexible pavement (After Ref. 25). 

Tyre of lli ::;tress Degrees of Distress Extent or Amount of Distress 
(1) (2) P1 

Ruttinu Slight 0 2 5 
Moderate 5 7 10 
Severe 10 12 15 

Ravclina $1 i gh t 5 8 10 
Moderate 10 12 15 
Severe 15 18 20 

Flushing Slight 5 8 10 
Moderate 10 12 15 
Severe 15 18 20 

Corrugo. ti ons Slight 5 8 10 
Moderate 10 12 15 
Severe 15 18 20 

Alligator Cracking Slight 5 10 15 
Moderate 10 15 20 
Severe 15 20 25 

Patching Good 0 2 5 
Fair 5 7 10 
Poor 7 15 20 

Dr~l,!ct Points for Cracking 

10110..itv<iin.ul C.r.Qc.king 
Sealed Partially Sealed Not Sealed 

( 1 ) (2) (3) ( 1) (2) ( 3) ( l ) (2) (3) 

Sl i ':Jht 2 5 8 3 7 12 5 10 15 
Moderute 5 8 10 7 12 1 5 10 15 20 
Severe 8 10 15 12 15 20 15 20 25 

Transve:rse Crackin_g 
Slight 2 5 8 3 7 10 3 7 12 
Moderate 5 8 10 7 10 15 7 12 15 
Severe 8 10 15 10 15 20 12 15 20 

Failures 20 30 40 

Mays Heter 50 40 30 20 10 5 0 
Deduct Points I I I I I I I 
SI 2.4 2.7 2.9 3,1 3.3 3.5 4.7 
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less than 4.5 = critically deficient--pavement in need of immediate 

improvement 

4.6 - 6 .o = approaching a condition that will likely 

improvement over the short term 

6 .1 7. 5 = acceptable condition (low end) to good 

(high enc)-not in need of improvement 

7.6 - 9.0 = high quality condition 

necessitate 

co nd it i c; r4 

Table 8 presents the descriptions of the pavement surface corresponding 

to the different rating levels for bituminous overlays on both the non­

Interstate and Interstate/Freeway system in Illinois. 

An example of a more detailed pavement condition rating procedure is 

that used by Ohio, where multiplicative weighting factors for severity and 

den.sity are applied to a weighted distress measure to arrive at deduct 

values (or points) to subtract from a maximum score of 100. The procedure 

used by Ohio is illustrated in Figure 5. 

In contrast to these somewhat similar rating procedures is the method 

adopted by California. They found that using the actual values for ride 

and extent and severity of pavement distress bas simplified their approach 

in determining required rehabilitation. Furthermore, they believe that 

prior ratings systems which determine single numeric values for pavement 

condition do not provide unique condition information, nor do they permit 

interpretation of the observed pavement distress, or meaningful assessment 

of the pavement performance. 

The conceptual pavement condition evaluation procedure used by 

California for flexible pavements is presented in Figure 6. Decision 

trees such as that shown in Figure 7 are used to evaluate pavement 

condition and identify problems and appropriate rehabilitation strategies. 

In this figure, the limiting values (or trigger values) directing the 

_decision path are adjustable, thus providing flexibility for adjusting the 

levels of service. 
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Table 8. Illinois Pavement Condition Rating Score (After Ref. 12). 

Ratina Descriotion 

9.0 Hairline cracks only and very few of these. Newly resurfaced 
pavement. 

8.0 Beginning of reflecting widening crack near pavement 
edae--only narrow crack, however. Very slight reflection of 
transverse cracks, no more than 15-25 feet of reflective 
transverse cracking per 1000 square feet of pavement. 
(Frequency of initial reflective cracking is dependent upon 
distance between expansion joints of underlying pavement.) No 
indication that any serious problems from the underlying PCC 
have begun to surface. 

7.0 The widening crack, if any, is definitely observable. 
Reflective cracks are more corrrnon, still narrow, with perhaps 
50 lineal feet of cracking per 1000 square feet of pavement. 
Some minor rutting may be noticeable. 

6.0 Reflective cracks are wider and there is some block cracking 
now observed. Minor patching is also possible; old blowups 
are probably showing up infrequently. 

5.0 Many ref1ective cracks now show through. Block cracking is 
corrrnon and weathering is noticeable with some deteriorating 
effects to pavement. Around 100 lineal feet of cracking per 
1000 square feet of pavement--actual amount of lineal cracking 
is possibly difficult to determine because of commonness of 
block cracking and lineal cracking. Reflective cracks may be 
slightly upheaved. There is some rutting over 0.5 inch deep. 
Alligator cracking is not uncommon. 

4.0 Alligator cracking is more corrrnon as is the amount of 
patching. Rutting is noticeable but it may not be the sole 
factor responsible for this rating. Rutting may not be 
present and this rating would still apply. Cracks are wider 
and the degree of cracking in the wheelpath is probably 
extensive. 

3.0 The majority of cracks are wide; severe disintegration is 
found at the pavement edge and over 200 or more lineal feet of 
cracking_ or a surface exhibiting block-alligator cracking is 
observed. The pavement is undoubtedly rough riding. Rutting 
should be corrrnon. 

2.0 Pieces of surface have fallen out in many areas. The entire 
surface exhibits alligator cracking. The ride is very rough. 

1.0 The entire surface is cracked and disintegrated. Traffic 
operation is severely affected. This condition will probably 
not occur on the marked State system. 
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FLEXIBLE 
PAVEMENT CONDITION RATING FORM 

DISTRESS SEVERITY EXTENT 
DISTRESS WEIGHT WEIGHT l WEIGHT** 

L M H 0 F E 
RAVELING 10 . 6 1.0 .5 1.0 

-
BLEEDING 5 .8 1.0 .6 .9 1.0 
·-

PATCHING 5 1.0 © .8 1.0 
POTHOLES 10 7 1.0 .5 .8 1.0 ../ -
CRACK SEALING DEFICIENCY 5 1.0 1.0 
RUTTING 10 .7 1.0 

~ SETTLEMENT 10 .7 1.0 
~ CORRUGATIONS 5 .8 1.0 

----
WHEEL TRACK CRACKING 15 .7 1.0 
BLOCK S TRANSVERSE CRACKING 10 .7 1.0 
LONGITUDINAL JOINT CRACKING 5 
EDGE CRACKING 5 .5 .7 1.0 
RANDOM CRACKING 5 .5 .7 1.0/ --, 

l L= LOW J); O= OCCASIONAL TOTAL DEDUCT= 
M= MEDIUM F= FREQUENT SUM OF STRUCTURAL DEDUCT (v) = 
H= HIGH E = EXTENSIVE 

100-TOTAL DEDUCT= PCR= 
l l * Deduct pts.= Distress Wt. X Severity Wt. X Extent Wt. 

Remarks= 
Figure S. Ohio flexible pavement condition rating form (After Ref. 13). 
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Figure 6. California flexible pavement condition evaluation procedure (After Ref. 11). 
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The amount of variability 1.0 subjective ratings has been reviewed by 

a number of agencies. Figure 8 sh0ws the variation between a stu'ent and 

instructor £or a second rating of some sections. The first rating 

produced even more variation. Although these types of variation"' can be 

expected, there is some evidence that the ratings are an , ~equate 

representation of the subjective feelings of field engineers. Figure 9 

shows the results of Ohio ratings which were assigned and calculated. 

Net~ork Evaluation Models. 

Some work has been accomplished at the network level in relating 

pavement condition rating scores to maintenance costs, current network 

rehabilitation needs, and predicting future needs. Current network needs 

and estimated costs can be calculated based on the first survey. Because 

the- data base will contain pavements in all conditions from best to worst, 

preliminary models can be made to estimate future deterioration and, 

consequently, rehabilitation needs. 

Current State-of-the-Art. Figure 10 shows some results from PMS work 

in Arizona, one of the states with a long time data base. Figure 10 

indicates that the standard error in the estimated percent cracking 

increases over time; thus, greater error occurs with attempts to predict 

future cracking. However, even considering these problems, it was 

concluded in a recent Arizona report (Ref 26), "the cracking model in its 

present form represents a valuable tool to predicting cracking for 

individual miles of highway up to 20 years." Figure 11 shows the model 

used by Arizona for predicting the time to first cracking. Arizona has 

also been able to develop models to predict the change in the amount of 

cracking as a function of previous cracking and routine maintenance for 

newly constructed roads (Ref 16). 

cN = o.198 + o.s6cp + o.oscp2 + o.009Rc2 
2 + o.04RcCo - o.oo3sc0 

in which: 

Co= percent cracking in previous year 

CN = change in percent cracking in next year 
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Figure 10. Standard error in th~ estimate of percent cracking as a function 
of time (After Ref. 26). 

30 N = 28 
R2 = .7211 

Y = -6.6 + .87 (x) 0 

YEARS 
20 

TO FIRST 
CRACK 0 

10 
0 

00 

0 -+-------.----~-----, 

·O 10 

Figure 11. Time to First Cracks (After Ref. 26). 
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Cp = change in percent cracking in previous year 

Re= regional factor 

Other states have developed similar models as shown by the Kentucky model 

given in Figure 12. These are examples of how pavement condition rating 

scores have been used separately in developing decision criteria. 

Other states combine the condition survey rating scores with 

roughness, structural, and/or safety measurements to make "combined" 

scores. Washington combines its condition rating scores with roughness 

measurements to provide an overall pavement rating score as follows (Ref 

3); 

0 = D (1 - R/10)•5 

where 

0 = over al 1 final pavement rating 

R = pavement ride score from roughness measurements 

D = distress rating 

= 100 - summation (defect deduction values) 

As cited earlier, California simply uses the field data to directly 

estimate needs based on the particular distresses present, not a combined 

score. As can be seen, there are many approaches and uses for the network 

level condition rating information. 

Some recent research by ARE, Inc (1) developed another approach which 

we believe makes the data useful at the netowrk level and the project 

level. The following concepts are taken from this work. 

Use for Condition Data 1.n PMS. Our initial meetings on the 

development of performance models to be used as pavement fitness measures, 

indicated that our emphasis should be placed on models which provided some 

physical or practical meaning to pavement evaluation. It was thought that 

such an approach would help in the process of determining weighting values 

for both the individual distress parameters and the fitness measure that 

would be used in the future RIDOT highway condition rating function. 
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From our experience in developing pavement overlay design . rocedures 

for the FHWA (Refs 18, 19, and 20) and applying the modified f ocedures 

developed by the Texas SDHPT (Refs 21 and 22), we recognized~ need to 

relate pavement fatigue damage to pavement condition and distre& so as to 

minimize (or substitute) the need for accurate past traffic in.rormation. 

We have developed a model for rigid pavements based on regression analyses 

of AASHO Road Test (Ref 23) data and have also established some tentative 

criteria for use in a model for flexible pavements. Of course, accurate 

traffic records make the process even more accurate and reduce the need 

for deflection measurements. 

Before moving on to discuss the actual damage-distress models, it is 

useful to first discuss the meaning of fatigue damage and its usefulness 

in _pavement evaluation. The term fatigue, as it relates to pavements, 

refers to the deterioration of the surface layer that results from cyclic 

loading. Fatigue damage, D, then, is a number which quantifies the amount 

of fatigue that bas occurred and is expressed mathematically as: 

where: 

Nf = number of allowable cyclic load stresses before the 

pavement reaches some failure criteria 

n = number of actual cyclic load stresses applied to date 

Figure 13 represents a plot of damage versus the number of stress 

cycles. The assumption inherent in the linear relationship, known as 

Miner's linear damage hypothesis, is that the damage due to a single load 

stress application is the same, regardless of when it is applied. (Note 

that load stress and not just load is used here, since the eifect of a 

fixed load can vary with changes in the environment). 

With the aid of a relationship between damage and distress, then, it 

should be apparent from Figure 13 that the damage could be used to preQict 

past traffic and more importantly, future allowable traffic (i.e., 
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applications showing the Damage versus stress 
application relationship (After Ref. 12, 
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rernaiuiu6 11 . .:.,.,.. L·· ;; .• :::xarni;le, _1. clie fatigue damage was determined .!Q be 

0.7 from field c:t>Sc~vation, then •.;,e remaining number of appli,ations the 

structure ,:;ar .>irry ,iefore it r;:acbe,; its faih,r-e criteria wou 1 · b,~· 

r--N.:- (C·N~) 

In the approach we are developing, Nf represents the full structural 

capacity of tlie existing pavement and is dete1mined using known structural 

parameters and measured surfacp deflection (see Technical Memo Rll-06). 

Because deflection measurements are only expected to be a secondary 

or tertiery development at this time in the RIDOT PMS, they cannot be 

initially used. Therefore, the approach would be to use the initial 

design tr a ff :i c v a 1 u e for N f. Thi s , of co u r s e , 1. s crude ; how ever , it 

allows the field condition survey information to be related to remaining 

life in terms of traffic. 

In order to develop a relationship between fatigue damage and 

pavement distress, it is obviously necessary to use data which consists of 

a comprehensive histo~y of distress and traffic. Only the AASHO Road Test 

data provided the ~equired parameters in the volume necessary to develop a 

damage to distress relationship in the ARE Inc study (Ref 1). 

Consequently, this data was used to develop the PCC pavement fatigue 

damage model. 

Figure 14 provides an exam;)le of a rigid pavement performance record 

from the AASHO Road Test (Ref 23). As can be seen, traffic was recorded 

in the form of 18-kip equivalent single axle loads (ESAL) while the basic 

distress data recorded was cracking, where both extent and sevf'rity (i.e., 

class l and 2, class 3 & 4 and asphalt patched) were measured. Figure 15 

(Ref 23) illustrates different levels of the extent of cracking in terms 

of a cracking index which is the sum of the extents of all cracking and 

_patching. 

A review of several plots similar to the one presented iD Figure }6 

for the data presented in Figure 14 indicated a definite relationship 
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CAACKING INO(X.. ee F'"T P(F;; 1000 SOUAR( FEET 

S[RVl([ABIL.IT'f IND£). 4./ 

JULY I~, t9~t;l 

CR,.CKING tNDD, 152 r l PER 1000 S0U"RE FEET 

S(RV1((A.B1L1TY IND(,. 3.4 

SEO TE MB ER 9, 1959 

S(RYIC( ABILITY INO(J. L! 

SEPTEMBER 2E. 195, 

DIRECTION CF TRAVr1c 

Id 

IJ=ka 
Progression of cracking in a 3.5-in. nonreinforced section 
with paved shoulders on 6.0 in. of subbase, 24-kip tandem 

axle load (after Ref. 1). 
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0.5 

• 
• 

• 
• 

• 

AASIIO 
Sect. 214 

• 

failure 
criteria 

• 
• 

• 
• 

• 

"-------------+-------------+-------------+---~"· 
50 100 

Cracking Ind ex, CI 

Figure 16 . Plot of Fatigue Di1mage versus Cracking Index for 
AASllO Rigid Section 2lt. (After Ref. 1). 
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between fatigue damage and cracking for any given PCC section. The 

failure criteria used was a cracking index of 50 ft/ft2, since it was 

apparent in many sections that the rate of cracking increased dramatically 

beyond this point. The plots also showed that pumping (or pumpir,g score) 

was also a significant factor affecting damage and cracking. Therefore., 

its affect was also considered in the analysis. Failure crite~-ia w1l l r.:,· 0·d 

to be established by RIDOT engineers and the records of condition survey 

correlated with traffic data in the PMS data base. 

A computer program, STEPOl (Ref 24), for stepwise linear regression 

was used to develop the equation which relates fatigue damage to cracking 

index and pumping score. This equation is presented in Figure 17. 

Although it seems to have a good correlation (R2 = 0.65), inspection of 

the residual plot for the dependent variable, fatigue damage, indicates 

that there is a tendency for the equation to overpredict damage when it is 

in fact low and underpredict damage when it is high. This suggests that 

there is some factor or affect not considered in the equation, perhaps a 

nonlinear interaction between the independent variables or a nonlinear 

transformation of the dependent variable. In either case, further 

development should be performed. A similar approach can be used to 

correlate RIDOT condition survey data to traffic for different types of 

pavements. This approach will give a meaning to th econditino survey data 

with respect to the pavement's performance. It can be accomplished with 

the available data, and even if rough will be useful in making network 

level estimates for the legislature. 
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Rigid Pavement Fatigue Damage Relationship 

D = -0. 6221 0.01888 X Tl 

+ 0.000007190 X PS 

+ 0.3872 X ln(CI + 1) 

+ 0.1343 X ln(PS + 1) 

0.3147 X ln(CI + 1) 

Coefficient of Determination, R2 = 0.65 

Eouation Parameters: 

D = rigid pavement fatigue damage 

T1 = slab thickness, inches 

x ln(PS + 1) 

PS= pumping score [100 x (volume/unit length) in in3/in] 

CI= cracking index, linear feet/feet 2 

Figure 17 . Regression model for the predict ion of rigid pavement fatigue 
damage as a function of slab thickness, cracking and pumping. 
(Ref. 1). 
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Appendix A. 

ILLUSTRATIVE PAVEMENT CONDITION RATING 

FORMS FROM VARIOUS SELECTED STATES 
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0 Pesurfacing Project 

RATER 

0 Seal Project 

GEORGIA 
PAVEMENT CONDITION 

Tl TL E· [)ATE ---------------- -----------
DISTRICT NUMBER STATE ROUTE NUMBER ------------ -------------

COUNTY SURFACE TYPE ----------------
LOCATION 

LUJGTH PAVEMENT \./!CTH SHOULDER WJDTH ___ _ 

BRIDGE \.JI 0TH A.t,DT --------------- ----------------

RATJNG SCt,LE RELATIVE INFLUENCE ON RATING 

10 

I 9 Very Poor -I 
8 I 

J Poor_ 7 
_, 

I 6 I 

5 + r air 

4 

---,-
I 
i 
I 

TYPE OF DISTRESS I 
I ...., 
I 

CJ fl C: 
0 
z Vl --

! 

I 
I 
I 

STR\.:CTURPL: i i 
I 

Transverse Crackin~ i i 
r-

~-
Lonai tud i na 1 Crack i no i I I 

A.1liqtor Crack i no I : 

--,----, 

i : 

--,-------
i 

3 Good 
I 

2 I 

I 'lery Good -+-
I. 

! 

Pa tchi nc I 
.----, 

~---~--~ 
Quttinc : _____ ) 
l Edge R-~--t-t_i_n_1----~-+----

Ri de P.ou nness --------, 
f----~-~--~---r--+------,----~---~4 

I I j : : I 
SU><:FACE: __ j__~_I _. I ___ : 
Oxidation I , , _: _____ : 

0 w·ea r 1' : I 

f--1 'B"""'-~, e-e-dC"Ci_n_g--------+--1 --,--i --7---~ 
~d,--,R~.e~s-i-s .,...t a_n_c_e_ ----,,---1 ~-: _____ : 

Q1J:Is i nq Stor,e , , ' 

COMMENTS & RECOMMENDATIONS 
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ST:\ TE HICHWAY CO\L\1ISSIO:\' OF KA:\'SAS 
:'-iAL\"fE:\A:\'CE DEPART:'-lli:\T 

BITUiI'.\OCS Sl:Rf"ACE \1AL\'TL\·A~CE RECORD 

T~ r ... : vf R~·!,urfac.:ing 

Ma::-hi.ne St.o..l 

S]urry Seal 

_, Convtr.tiun.J Seal 

Proj. :So. 

From 

To 

Division 

D1~tnct 

Ruute 

Count)' 

PROJECT LE\"GTH 

KANSAS 

Miles 

ORIGl\"AL 
RO.~DWAY DESIG\" STRUCTURAL ADEQUACY 

Tr'l'E YEAR AADT Score 

A --------- A ---- -----
F --------- B ----____ _ 
C ---- ------- C. ------ -----
D ---- ----- D 
L - -------- E 
..: = :\.';.h . .::.]tic c,.m.:-:ete 
'"1 :..-:: ~~:,.-_;:i:ie Sea' 

:.'; == Sh:rry Scc..l 
1 = Conventional 

__ ---··- s~n: == T·. /."":"'-S1:.rf2.ce .\ge 

TRA:>:S\TRSE 
CR>,CX TYPE 

I Asphalt Concrete= 5 
: P. C. Concrete = 4 
I Base Tx = 3 
: Base Tx-S = Z 
I J\;o Des1&r, Base = } 

LO\'CITL'Dl\"AL 
CP.ACK!\"G 

A. 

Score 

I Adeq•,ate 
i Some Distress 
· ~:a;:, Cracking 

lnadequate 

CRACK POUR!l\G 

=4 
=3 
=Z 
=1 

Score 

A-----
B 
C. 
D. ___ _ 
£ ___ _ 

TEMPO!v,RY 
SJG~ll\G 

PASS-DO NOT ·----------------------- --------- -----------

;(.~ (J 

s = l 

~ = -
t'= 
- - 6 

A. 
!J. 
C. 
D 
E 

! 
I 

Level =3 A. 
Sag =~ E. 
Hump= l C. 

D. 
E. 

Score i 
I l\one =5 
I ,. 

=4 
I h =3 i 
I t =2 

-- I Over ~ = l 

4 = 8 
S = 10 
'.' ,..~ 1: 
} ~-= J\:t':'° )lj I 

SuRF.~CE REPAlR 
CO\IPLETED --------- ---i 

\\'HE:EL RUTS · ! ~one = € ---------1 ~ =-= 5 
Sc:ore > == 4 

._,.·. = 12 A. -----1' ~ = 3 
:;".J.:'" S E. _ "' =;~ 

', · • = 6 C. ----- ·1 over t = l 
ove: 1" :::::: 5 D. • ]\'ot L'sed 
________ '€· {c,i Rating 

1; ;.::FOJ'.~l!TY OF SURFACE \ 
TEXTLhl:: /, COLOR ; 

---------------Sco;;-1--
Lxcc li"?:1~ == 10 

G,oi 8 
f ;,:; 6 

f.,or 4 

i E),.cdient 
I 

B : C:,od 

C. l Fair 

D. ---- I Poor 

Sroce 
A.( ___ )• 
B ; ___ )' 
C. ( ___ )' 
D. ( ___ )' 
E.( __ )' 

SKID RESISTA!YCE 

E. ----- I lnader,uate 
_1~.l:_d~~~n.5. ('IC. ----

~:,.~ -t:1...:.f:)r;n dJf' 2 

= 10 
6 
6 

4 

z 

]AT£ : R.HED BY I 

Sccre 

A. Full = 15 
E. ~ = 12 
C. : h 9 
D. 6 
E. -- J\:one 3 

SURFACE REPAIR 
F.EQCIRED 

A. 
B 
C. 
D 
E 

5.:.-ore 

I 
Yes or /-.o 

I 
A --------
B ----
C. ----

I D ----
E , ___ 

DILUTE SEAL 

Score 

=18 A.----
= JS B 
=12 C. ----

I \'ot ;\eeded = 4 

I ;\eeded = 0 
A 
B. 
C. 
D. 
E 

Sr-ore 

A. 

B 

C 

D. 

E 

9 D. ----

I 
6 E. ----

= 3 

Soor~ 

(A 
B 

C. 

D. 

£. 

CO,l~I E'.\TS 

I 
RATING 

Tot.] of 
Srores 

RATE OF 
A.PPLICA TIO!\ 

Asphalt 

Type 
Asph.Jt 

Ga\./Cu. Yd. 

Ag,;regate 

Cu. Yd.;~(,\e 

Completion Dn.te 

~. ~-=-=\-- 1----·-------------
c. -.----1- . . .-----------------------·----
f =~! I -----~-----
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PROf'OSED FOR_\! TD 71-103 

KE"TlXKY DEPARTME'\T OF TRA:'\SPORT ATION 
Cf~TRAL OFFICE EVALuATION FOR SURFACING OR REPAIR 

t-ame l'im:--::____ I C%nty !Route r-.;umber I Road 

______ L._ _______ _,_ ___________ _..._ -----------

Prr,jecr De,.cription: 
Frere'. 
To· 

! l>idth Sq. Yds. Type Code Project Number Last Trearmer,t 
Dare: 

KENTUCKY 

·------'------"--------''---------'-------'----------
I. SCR\lCE: 

AADT-------------- Posted Speed----------------

--------------------------------------~ 
II. i'A \"E \lE','T CG:'\DITJON: 

DENS1TY SEVERITY 

Nil Few 

Cr:.ckinf 0 
n...,-.: Failu,e.1 0 
Rave:ing (Sy,lf,ng) 0 
Edge ~~iiures 0 
()~r of 5,,:r:tion 0 
h:chin~ 0 
Appt:ar2nce Covel 0 

III. ~-A.FETY: 

lns,:,e~tec By: 

IV. NOTES: 

0 PCC O Bit. C PCC With 
D Curb &. Cutler Bit. Overlay 
0 Man Holes 
D Sho•,lders Hi~h Low 

2 
I 

.7 
.6 

1.3 

u,rer- Exten- Mode-
medi2te ~ive Slight r.le Se,ere Points 

4 6 2 3 
2 3 2 3 
2 3 2 3 
1.4 2.1 .6 1.2 J.9 
1.3 2 .3 .6 l 
2.6 4 

Fair Poor 2 Very Poor 3 

Subtotal 
A>erage Rutting Depth -----------in. 

Roughness Index -------------

Sk~ Numb~-------------

Date: 

Recommended Treatment 
D Resurface 
D Parchint 

Tons per mi.----
0 Grinding 

Total Points 

Recommended Type 
D Bit Cone. 
D Open Graded 
0 Sand Asphalt 
D Slurry Seal 

Points 

Width --------­
Type-------- Depth ---------

0 Maintenance 
D Other ---------

0 Industrial Ha'-11 

Type --------- D Other ----------

V. COST: 

Remar!..s: 

Estimated Cost --------------------------------
Recommended Treatment (District) ---------------------------------­
District Priority Rank -------------------------
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I. SFR\lCE: 
--rr .. 

Traffic \'c,iume ,nJ h,:,·d S?«d I i·., Ill S\FET) · 

Points at Posted Sr,,ed 
uss than 5 5 mph 55 mph 

500 or ks.s C 5 40 or higher 

501· 1,500 : 7 J7.39 
1,501- 3,500 4 9 35-36 
3,501- 6,500 6 11 3J.34 
6,501, 10,500 8 13 31·32 

I 0.50 I or higher JO 15 :9-30 
23• or less 

0 

: 
5 
6 

11 
14 

114 

*Ca.statrophic Failure - ri:quire~ r!!med:a! 
.jcrion. 

IL PA VEMEKT Cot>;DITIO,'i: Roughness 

Roughness Index 

PCC or PCC with 
Bit. Pavements Bit. Overlay Points 

400 or less 425 or Jess 0 
~01· 450 426-150 2 
45 l, 500 451-475 4 

501· 550 476-500 6.5 
5 5 ,. 600 501,525 8.5 
601- 650 526-550 11 
65 I· iOO 55 J-5i5 13 
701- 750 576-600 I 5 
7 51- SO,} 601,625 Ji .5 

801 850 626-650 20 
85 J. 900 651-6i5 2:2 
901 or hi~her 6 76 or higher 24 

;\OTE: .:.dd 100 poinb when Roughness Index 
of rutting for a gi 1,;en volume oi tr3ffic 
e\ce-rds the cited values. 

Roughness Index 

PCC or PCC 
~ith Bit. 

AADT Bituminous Owrlay 

100 or Jess 
101 200 1.030 i40 
201 500 1,000 72.5 
501 1,000 990 715 

1,001 2,000 960 705 

2.001 3,000 930 690 
3,C'O! 4,000 900 67 5 
4,00J 5,000 870 660 
5,001 6,000 845 645 
6,001 7.000 815 630 
7,001 8,000 i90 615 
S.001 9,000 i60 600 
9,QOJ 10.000 730 585 

JO.DOI 1:.000 700 SiO 
12,001 14.000 6.l5 5..J5 
14;00! 16,:)()() 590 515 
16.001 or higher 555 500 

or 

Ride Quality 

As.\.l!ssment 

Smooth 
\ledium Rough 

\le<lium Rough to Rough 

Rough 
Severely Rough 

NOTE: For roads -...ith traflia 
speeds below 50 rr?h, assess 
ride quality bv drivin~ the 
section Jf pn~\'ailin~ traffic 
speed and raie the pavemo:nt 
1S b~ing Smooch to Sevi:-rely 
Rough 10 to 22 points) 

depth 

Ru Hing 

(inches) 

5/8 
1/2 
3/8 
1/4 

1 l/8 
I 

i/8 
7/8 
i/S 
i /3 
3/4 
3/4 
314 

3/4 

Rutting 

(inches) 

1 /4 or less 
3/8 
112 
5/8 
3/4 
7/8 
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NORTH CAROLL"IA 
FLEXJ BLE PA VOIE:-. 'T 

SURF ACE CO>s;LJillON RA TL'-iG SHEET 

NORTH CAROLINA 

Date: ----------- County: ------------------ Route:--------------- From: -----------------------· 

To: ---------------- Mileage: ------------- Type Surface -------------------------------------

Date of Placement: -------------------- Additional inforr.iation r<,(arding pavement surface: ----------------

3 

4. 

5 

Gen. Str. 
Condition 

Good 

Long. 

Crk. 

Map 

Crk. 

A.Jlig.-­
Crk. 

Eros. 

Surface 
Wear 

None 

Slight 

\fo<leratc 

Severe 

Abra;ion 

Uniformity Rutting 

Good --- O" 

Strkd. --- 1/8" 

Cr. fill. --- 1/4'' 

Blotchy -- --- 1/2" 

Non. Unif. > I /2" 

Total Points 
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Typical 
Section 

--- Excellent 

--- Good 

--- fair 

--- Poor 

--- Very Poor 

--- Excell,:nt 

--- Good 

- -- Po0r 

--- \' er; Poor 



;~ c.. ! t' 

I T~:. ~.S\'F.:?.2~ C !IA CKTNG 
/ lLf~P :,ec>lea s~r_,·...::.je:- to sOOulCer) 

I 
1 ?.; ·:iG1'.!: CR/·.CKJ~JG 
I •i.',a: f:Cgt' 6. ?'l~inor tr•:1sverse) 
i . 

( R.'ICI: 5p:, LLISC 

i i0 '..t.,P CF.~CKC.lG 

' i,,;:-T!}.:G 
Z l(c,;;tinuous cepre.:osion of whee.J pi.ths) 

£ .... 
'.;; 
~ SH0\1~G i3 (',1:.:ishDoc.rC) 

.... 
~:?)THOLES 
~ ) (Pove:nen! breilks·ro1.;gh sp,:,ts) 
~ 

"' l 
I:;.~ v::LLJ~G 
~:slodgir.g of ~urface layers) 

w .-~._I SCOTCH P.A TC HING 
:Oc:: -o 
t::~1 
~"'l'!,IX PATCHING 
~ -

v,r-
7_1 SEAL CONDlTlON 

52 (Re1t-nl1on ':.)f Seli..l agg;-eple) 
I>-. 
.Q O! . 

t,) ':iH0l'LD£R Co~DI7IO~ 
L, ___ _ 

NORTH DAKOTA STATE n'CKV.'AY DErAP.TMt?\'T 
PL, \"£M E~-T co:-;:-:i;r10~· R,A, 7'0G ( PCRl FORM 

( J 906: 

NORTH DAKOTA 

1'hrk Le~t or Right 1f .; ·bne H1ghw~:y 
(Run:1:n( ~outh to nonh anC ~est to east) 

Po:nt Value 

None or Occ~sional (More than 90 f1.. spi.cing) 
M1nor (6C~90 ~t. predorn1na.r.tly) .... , .....••. 
],,~ode rate (J0-60 ft. p:-edorr:rnant}y) ...... . 
Severe (20 ft. spaci~! and !ess) .. , ....... . 

~one .•.................. 
Occ:.s1c,.._1 Grc,ups 
Fr~quent Groups .. 
Cont1nuot.:s Groups 

r-.onexish~E .... , ..... . 
Up to 11c 
About l 1 2' 
:i" or r:,ore 

]'.;one 
Occas1cn.al Spots ............. . 
Fr.-:quen: Spots ................... . 
ExtencieC Len~hs ................. . 

t~one Evident ... , , . , . · 
NouceabJe . , · • · · · · · · · · · · · · • · · 

None ................. , ....... . 
Occasional Spots ............ , . 
£,;tt:1tat"ci L..euftr,::t ... , . , .... , .. , , ....... . 

J,;c,r,e . . . • . . . . . • • • • . • . • • • ...•.....••.•.•. 
Occ.asion.1 Spots .................. . 
Extended Lengths .............. . 

}.Jone .....•................. , ............. . 
Minor(upto l/2"depth) ...... , ............ .. 
Moderate (J/~" to J" depth) ..•..........•.•.•...... 
Severe (more than l" depth) .... , .......•......•..... 

None ....•......•.•..•..... , ............•.......... 
0,-:casion.a.l Spots .......... , , , .. , .................. . 
Ex!ende-C Lengths ............. . 

1'one , ...........•............. , ...... . 
Occasion.al Spots 
Ex~end~d Lengths 

None . . . . . .......•........... 
Occ&s1cna1 ~pots ...................... . 
Extended Lengths 

None ............•...... 
Occ.as1on.r.l Spots .............. . 
ExtendeC Len&ths ...... . 

None ....................••.. , ..... , ...... , . 
Oc~a..sicr..al Spots ............................... , .. . 
Exten-ded Length.s ......................... , •...•... 

Good ..••. , .. , ..•.......••••.•.................•... 
Fair .....•... , . . . . . . . . . . . . . . . . ........... . 
Poor ..•....................... , ................. . 

Good .... . 
Crack~d .... , ..... . 
Bro'Ker,-Up (Crumbling) ... 
Grassed Over or 'S'ontxistmg 
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Ori:U 
.,_, /),Lu;~ 1-'t(~Hl 8!TU\i:t.JOlJS 
SURFACED PAVEMENTS 

Roc,:e 

C,t'I 

Length ______________ mi. Width ______ _ 

l . .. -· - . , . ._._." ___ ,. -~ » ......... _________ _ -·--------i 

~.. ------------- - ------------· -~~ V _E ~''.::~ T R A~-1~'.::_ _______ _ 
1 CRACK.E.D ,nd/or ALLIGATORED 

I 

!_ _____ 1_ _ __:_ __ ~-~---~----~-8 _ _!! -- .:..:~---- --- ·------ --------
X2= 

RAVELING 

2 3 4 5 6 8 9 10 X 2 = i 
-----·----~------------------------·- --------~------------------------- i ____ _ 

PATCHED and/ur CRACK SEALED 

1 2 3 4 5 6 7 8 9 
J 

I 10 
Xl= 

r R0
1
JGH·l~-ESS ---------------------------------------- --

~RUTI ~ D 2 ____ 3 __ 4 __ 5 -~----~ ___ _:1 ___ 1~ ______________________ _ 

L ____ ; 2 3 4 s 6 _7 ___ _B ___ e ___ ,o 
1 2 3 4 5 6 7 

X 4 = 
; 

X 1 = ! 

8 --·--··;·~----c---·--:;:OT Al. 
--------------------~ 

&:,od Verv Good ----------,---------------------·-~-----
FIN Al. EVALUATION 

PAVEMENT RATING 1/rom above) ··=r·--i~~,~~::r:~~~1~:~f ~~~~~~~---- ----_----------------------------------_ -----.- -- -1 
I ::ii ~~,:1~,--;~-c-:~:~:,~~a;----- --- ---- ------- ----------- _____________ .'. _________ . 

[

4. DEFERMENT OF RESURFACING - ---------------- j 

(a) S,t"llefelv 1educe routirie rna,ntenance (yes or no) _____________________ _j__ ______ _ 

(bl t•e,ond cd,:;ahil,t/ to h,rche, rr.a1nta111 I, es or nu) _l_ 
----- -- --- -----·------~-----------------------· --

Fi EM AR KS: ______ ··-·· _______ ---- ____________ -------· ______ ----··-·- -·-------------------

·-----· ·-·--·-- -·-------------·--·---------------------------

... ·- --··-·------ ---·---·--· ------

--- CJATE. 

OHIO 



r, i s-·-F, c- r-, S 
U, I -<L-~ 

f ~~.,. ; :r .... = ~ .'i ""'\, • .~ .. 
i ",, i' - ' • . ..... ~ - ,. , 1. r ~" r 1 i_ -~ ... 

! , ~ r!'\ c 1 yf ~ 
, r.r"'"""l""' i"""-- ,r ,,, ~ tl"·.";'.X'!• '~"'·":r.l" t:~~-. 

P /\ \ . E~ " 11 r- N -v- (' 0 i\ I '" -. -;·- . ,·, ~ ( [) I-'.,- I " l ,..... ,- ·:'! f ") l\ ,'I J1-,,_v .. rv1t:.. · I ,_, 1 dJl 1 !'...d'J 1-\ -·\! 11'1',J r-i__,11-1,11 

DISTf~ESS 
V\/EIGHT 

C' Evr: 1-:) 11- V v _ C. \1 i 

V/EIGHT :K 
L tv1 H 

E X T ,_. -N --.-
- L.' j 

V,/EIGHT :¥ * 
0 F E 

,~ 
L) T 

! r\!Tr"' 'Y: '.'11- ~.IL 
;1~10 )f-,,f\-;K 

1,_,.''ii"L~';.,'!!'"~~..._<r,~~~~J~~~"'°"~~~?"li"'.ll'!"'"'•,,~n-~~~·-•1crt~,,,.::rv~-·,-~.f'l.·~'t'.!',.r.-.y:·,.'!"::-~t--.-..n.'"'f#~-ir-.l~, g:-~~~.Ml,.~.-~,,-~.1'f--:-•_,_•_·~~,.,, . Q) , ., ·, I , • 
~- ~~~~L_1~g~---------------- ___ _ _ ____ 1: _ .3 _ 6 '.·o_ \ ·?.- _(£) !?-- _

1 
___ ·2:_ -J _____ t 

:j t3 L t:. t. D I N G :_; . 0 . G 1. U i h _ 9 l.U I 

\ PATCf;:Ns ~ =- _ ~=~ _ -~~- 5~_ @) eo i ~J i _VU 8 _! ?-4 --~ '1 =: , 
1 POTHOLES 10 .4 ., i.U : .5 .8 !.U /1 --· ; I ------------------ -- ---------------------------- -_---------- ------ -- ---------------- ------ -- -------- ---------- - ----........,.- ------_ --- - _- ------1 - ---- • ....;:----------- --------~- -- ---·-----·----- ---- -- -----; 
1 c R /\c .... " 0 

• A 1 1 ·• 1 (' ~-. r- • 1 ·'"' · E f\J CY 5 r11 o' 1 ,...1 ' ,, ' /"1::; ' s I o 7. r::. , 
L :.:'."' - ~ - ,:) t::_ - L--~~'-J __l)_C..f"_ '::'! __ :..:~------------------'-- -------- ---~---r.<----1~:.' --- I'-~- j__ --"-~" · ____ ill. D _____j - -------- -- ----- ._.:::::;,_ - ---·- ~ 
i '·- - l i ,~ "'-:' '°' -7 I (') i ,.... ' \., - ~ ? 1'.. f< ' RLJ r T,Nu 10 (.6 .I ,\., I .0 .8 j / ::..1 ,V • 

. 1 ~gJJEtti~:-s----······===----------- - 1 ~~ ~£~~~--~~J~~ ·.~ · :~· + --~ --:-'\~~--j 
!; WHEEL ____ TRACK __ CR,~CKI_NG ______ 1_5 ________ .4 ___ ._7__ ___ 1-9 ____ \ ____ (?2_ _ _._! _____ l_.O/t-- ______ - _;:>_._D __ 

~~~~T-ui1N1t{~~~~~f s ~ R~~t~~r~_Q___ L~-~ . ·~ ·- j _-'. 6=f-=~~; :: ~ Li ... :-=~ tg . 
---------------- --------------------------------- ---------- ---- - j - l 
--- --------------------------------------- -------~---------1------- --------------- ---!--------------------------- --·----, 

l-R~~NDOM CRACKING 5 4 7 l.~·1·---------· - I 
,., I I /'"\\A/ '<.'~ r,_ 0.t"r'/\C"'l0.'-li",I 'OTAL DEDUCT= \~ .3 I 

M = MED I UM F = FREQ u ENT SUM OF ST R UCTU RA L DEDUCT ( v) :: .. 8 · 0 i 

H= HIGH E= EXTENSIVE C [ .. ~:::: ~ - 100-TOTALDEDUCT=P R= S\.l 
* :t\ JI: Deduct pts.= Distress Wt. X Severity Wt. X Extent Wt.~.: : 
Remarks= 

,~ 



Maintenance Patching 

\ ,1 &intenance patch'ng should be reported by it s type aoid the d<!nsity of occurrence by checking off the 

appropriate space s ( see F igure A -1;. 

The r.,erforrnance summary based on i~formation gathered in this " Flex ible PavP.ment Cond ition Evalua~ion 

Forin" is used to fo rmulat~ the " Condition Rating" as given in Appendix B. 

M1r.1stryof 

Tra~=so0na11or1 and 
Communic211ons 

FLEXIBLE PAVEMENT COt\'DITION EVALUJ..TION FORM 

C.1SiRIC1 N,;i. ___ HWY No. ___ WP/CONTR ~CT No. --------- WP/CONTRACT LENGTH ______ IMILESJ 

LOCATION _______________________ 0.4TE OF SURVEY ____________ _ 

NUM8E=i OF EVALUATION ~ECTIONS __ EVALU.4.TION SECTION No. ____ LENGTH OF EVALU.e.TION SECTIOt\ ___ IMl~[S) 

LHRS No . - --
16tG1NS; 

,"·,-.,~,~; _______ 0FFS£T MILEAGE OF SECTION---;l!-.l-G-,_-,,- --,:ll.,-~°"os:-,-

PAVE MC~Jl : SUF; fAC£ TYPE ____ wlOil-' __ IFT! SHOUl DE R: SURF .:.c: TYPE---- V,'101H ____ (FT I 

i:..1:rn~G CC.,!:.Foro:-; RAT ING I EXCELLOH GOOC FA:~ i POO~ i VERY POOR 
' "T:>OMPrl ) I i . ---r- . ~ -'-~----i 

.~:~.:~:: .. : .. :.:.:·.-~~.;::-~:· .. ::.: .:-.::; .. :• .-:: ... ;«:'.:.: .. :.::.: •.. ::: ..... :~ .. ; .. :: .. :: .......... :·~.:: .. :.·::;·:~··.··~~·~ .::-·,--· .·:::·:::•:•:::·:::·.::::-:•:;::::·.•:-:-/:•:··:· ,...._ -- - ~- ---·="",====·=:·•·:·•·• ·•· .·:-::-.-:·:·: ·: ·..:·•:::::::~-:-:-:·•·:·:·:··:·:-:-:-:-:•:::.:-••:·.•:-::,-:.:::.:0:J:0«:::••mv:L· 
D!tvSIP" Cf PL V EME...-~ OtSlRESS Ck.t.k.aCHR1STtC$ OFF-/. ~1fMl111T 

~.r.'VEMfNT 
O!ST~lS!". 

.MANlf[SiAilONS 

: c:01.~st. .lo.GGREG.c..TE lOSS 

' r-lU:-.li l J\IG 

~R1,-PpN•~ 

! ~ ... (\\'IN(; 

• W"'i'.fl TR.r.CIC RUTTING 

01STOATIO'-

j 1.0J\IGITU. j 
• 011\Al 

SINGLE 

S£\1[J../TY OF PA\l(Mfflll"'." 01t7R£SS tEXTEtr.i or- OCCUP.[NCEI DISTRESSES 

< lO"i. 

> 

" ~ 
X 

1C: · 1C 20 · SQ bO - II: . IC . 1"( 

,. " ~ ~ 

,t=t::,; / (;(/:( 
l:C::i ,=,:,;,-: 

1 W"°ffl ! TRACK 
!_"~"~''~'~"~'-+---,---,---,----,--t------------t-~w « 
\ .A:..LIG~TO" 

All lGATOIII 
CAACJi;ING 

I SI NGLE ----·----'---+-++. . I ;@ fl ; "•••o••"I ~ .. ~u~,~,~ .. -"--+----~-.....;--,----f-- ;:}ii 

j TJ\J.NS. 
PAI.TIAL 

HALF i VfRSE I 

FULL'---+--------'---~--+------------t 

I 
MUL TIPlf 

I AlLIG.ATOfl 

SLIPPAGE 

MAl f\.'T[NI.NC( 

PL TCHING 

, H')T .MI)( 

Ln:> 1T1C,NAL REMARKS 
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® 
IJ.,~,,.,, • C·' 

RIGID PA.VE;MENT COF\'OITION E.VALU.:.110N FORM C. ,·. -:- ,. ,.. ,-:..1,or-, 
( .~ ,..,: 

l\uMl .i:!l o, EVALuM11C')t\ SlCl•O~•S - EVALUATIONSf:CltON P\. o - -- l[,.G'TM OF EVALUATION ~ECTION --- tMILlS 

---,,,,-n-o-, ,---.,.-- OFF-SH Mllt'-OE OF SE Cl 10"- --,.-,-,,-n,-, -
~UP.FACE TVP( ---- w10TH --- IFT I 

rio :"'c:; CC'1MFUP~ i:.,,1.11t,: I t· 1.ct1.1.~NT I Gooo 1
1

F1<.1R 
,.;.i ~(•Y"lol l 

~~;7~;~'.ll~...,.$,;:u-<7~ 

[ Pao.­

I 
I VERV PClOA 

I.: ,., 
Sf V[ R LTV (JF .-"v( 
ML-'\''! QISHHSS 

CEN:.1TV C,F PAVf"'p,.·1 O t~TRE;SS 

i· OF OCCUIHNCE 

CHARACTERISTIC!- OF 

P-"VEMEl\'l CrSTP:£5S 

z 1,,,, .... , .. ,. 

1 

.. _ .. , ., ·,c· .. ,"S ~ ' 

: 

::: 

z 

~ 
ii 

> 
~ z 
= 

lso-l'o :so lOO 

L 
~ ~ i HJ j 1~ .. 7C ,]~,50 

--. --------!--'--'~,-"--'-'-~+----,-------;... 

;; 

' r•c1.rS MI NG 
------;--,---,...--,----,1------;--­

L 'J5~ CF CO~Fi:,E 

: -"G(.REG.l:l.'TfS 

! ~,(,°lL IPVG 

-----------+---------+---"----'---'---'----· 
~k VfLLING ------+---,--·------+------'--------

: f.i.. vi.. 1tl\lG 

~£1>Pt~JG_; ____ -'t--'--,---'---,--+---'---,---i---+---
(Sl ";"H EMH,T 

!",.c.c,:,1'\•G 

z [ JO ;~·, (.REtPH,1G----+-~-_,_-----;---;---,------~-­

! JO,l\i SE~ \.. .C.,._ i LOSS 

I 
I i..0NC: •1" L1011\'AL j 
; ME: .:;.t,,;c,:; R 11'1,;G -! --.-

1 ~RN;;~------f '-~-+- +-- +---+---;---+---~--+--

i ;_o ----,----+__J--+I__J_+---+---+-----''----4---+---+--+----"· 

I 
C i iSll,C,C[ I-; I TR.:.N~VE~S~I . 

~ ! L~l!.._l11PLE ! 
! E j Flo•_•l Tn ... G 
I 

i 
! 

~or~A_L-----+---+--~-·~-,--;---+---~-----'--
l £:>Gt: CREH.: E•'<I T 

I M1$CE LLA 
; !\"i;OUS 

; CR.ii.CK~ 

~ . e ILAf\;f !.EP~K4l'0"' 
2 V. r­

j_ __ ~i---+--

~ 7: 1s:..:.s W .C,M l' IN~ I E ~ ~e~;;:-c-;-.,-,-.-.---t---c,· --;1--+---,-+--;--+--,---+---E. 

I ~ ~ ~(,~ ME-q~-- - ; l I 
b,~~-:,r.,~~~~ ... ~ 
' !fLILL ,,,01" ,0"" a,r.,o~.,;~ '~'.;~;.:; •' 
i fFULL DCP~~L7EF ,10 ,1\T 1:1~·11 

. ... N 
< f- fii, ! 1P-':ECA!;T SL.lo.8 ·t':°~ 
~ ~---------- . 

iCOLD "Vi l): P;.T C '"11NG 

~LLWl011o(HLPA.1CH 
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I 2. )- a: I Floled !'!y •• ·-·-········C~• ........ . >- 0 l°w -w ROUTE ~~ "'0 zO u <~ 3~ N:J~9E:R "' ::, 0 
u::, 0-" 

Tn~NESSEE 
SURFACE COI'WlTION RECC:1D 

I 

z uz U VI 

~1!>16. 7 IS 9 ,c, ,:,2 

.. .., "' ! :! '£ :: CROSS 22 0 :I z SECTION ~g z"' ... 0 ~.., .., 

I 
I I 

I 
I 
I 

I i I 

I I 
I I I ! 

I I I 

I I 

' I 
i I 

CROSS SECTICN 

Uniform11y of ;:.rcwn 

Super,1, ... ot1on. ot C\Jnes 

Rovel,nQ ond /or spr,1 linQ of 

povem~~ t0<;'~:5 

RuttinQ in .. ~eel paths 

COORDINF.TC:0 DATA FILE SYSTEM 

., ... 
0 "' PROFILE .. 0 ,. .. .. 

PROFlLE 

Corruqct1on1 
Hump, 

Dips 

RidinQ quality 

.., ... ',! 

" z ' < 
5 < .; .. c:: 

r----
I 

SURFACE I . ., " .JI-~ - z 
Cr!ARAC--< I~ z - o(;:: 

o; co; 
T~P.ISTICS .; .. ::: ....... 

I 

~ I I I 
ri-T ti-, 
H--1....:..... 

I L 
I I 

I 

SURF..-'.C;:: 
CHARACTE:~!3TICS 

Ft>t holo 
Sur1oee ravelinQ o:,d dlsir,:e­
·orction 

Biov·ups 

·Pumping 

81eedin9 

l'ctchinQ 
Crocf:in;i 

G"':X:Se ~
11

ion -Y. Meefinq •t. Mec!?r,o J Bum pt •;ft µeerinq 
__ ---Accepl_ ~ P1 R~:-,q ~ Condition Ac.:!';>t Co~ P1 . .Rofo-.q- 1~ Cor,d1~:on ~;~d. ?r5:--inq 

A E:,ctl le,i1 95-100 25 A E.ittllent 95-100 25 A E:c:e llent 95-100 ~o 
B V,.-,,Good 85- 95 20 B Vtry Good 85-95 20 8 Very Good B5-9:S 40 
C :;vvd 7!,- 85 15 C Good n.- 85 15 C G<xd ~-~~ :,,::, 

0 Foir 65- 75 10 0 Foir 65-75 10 0 Foir 65-7!1 20 

E Poor ~0- 6~ 5 E Poor 50-65 5 E F'-...:,- 50- 65 iO 

F Very Poor le-:-> lhcn 50 0 F Very Poor less then 50 0 F Very Poor 1..,.. then 50 0 

REMARKS: 
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Instructional O~ec~ives 

LESSON OUTLINE 
FRICTION MEASUREMENT METHODS 

Revised DS/lg 6/9/84 
Lesson 29 

1. To provide the student with a knowledge of the basic concepts of friction 
resistance phenomenon. 

2. To present the methods of friction resistance measurement most conunonly 
used, its advantages and disadvantages. 

3. To present the parameters that influence the friction resistance of a 
pavement and how they vary under different conditions. 

Performance Objectives 

1. The student should be able to explain the basic concepts of the friction 
resistance phenomenon, 

2. The student should be able to describe the most conunonly used methods of 
friction resistance measurement. 

3. The student should be able to explain how friction resistance changes and 
what are the parameters that affect it most. 

Abbreviated Summary 

1. Basic Friction Resistance Concepts 

2. Friction Resistance Measurement 

3. Deterioration of Friction Resistance 

1. Haas & Hudson - Chapter 10, pages 107-115 

Time Allocation, min. 

10 

25 

15 

50 minutes 

2. RTAC-Canadian Guide - Section 4.4, pages 4,22-4.29 

3. Instructional Text 
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LESSON OUTLINE 
FRICTION MEASUREMENT METHODS 

LO BASIC CONCEPTS OF FRICTION IN HIGHWAY PAVEMENTS 

1.1 Nature of Friction 

Revised DS/lg 1/6/84 
Lesson 29 

The phenomenon of skidding involves a very complex interrelationship 
among pavement factors, vehicle factors (mainly tires), and driving factors. 

(a) When friction is developed 
(b) Adhesion and deformation forces 
(c) Coefficient of friction 

1.2 Dry versus Wet Pavements 

Skidding accidents occur not only by direct forward sliding, but 
also by jackknifing and by breaking away or sliding off curves. Thus, 
friction-resistance measurements are taken under wet pavement conditions. 

2.0 FRICTION MEASUREMENT METHODS 

2.1 Introduction 

Most of the past research has been directed at identifying frictional 
needs of the vehicle under various conditions or various devices to 
resistance. 

2.2 Methods of Measurement 

ASTM Committee El7 on Skid Resistance deals with the development of 
standard methods of measuring available friction. These methods should 
be used, unless there is valid reason for using others. All are detailed 
in the ASTM manuals. 

2.2.1 Locked-wheel Trailer Methods ASTi'1 E 274. 

(a) Standard Tire - ASTM E 2q9, 

(b) Application of water to the pavement, and 

(c) Source of error in the measurements. 
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Lesson 29 

2.2.2 Automobile Methods ASTM E 442_. 

( a) Standard Tire - ASTM E 2119' 

( b) Diagonal wheel lock, 

( c) No standard vehicle, and 

( d) Environment, 

2.2.3 Portable Field Testers. These generally involve dropping a 
spring-loaded rubber shoe attached to a pendulum. 

(a) The California skid tester, 
(b) The Drag tester (Keystone tester), and 
(c) British Pendulum Device. 

2.2.4 Slip Mode Methods. This refers to the phenomenon that occurs 
when a wheel is gradually braked, with increasing friction factor, 
to the point of "critical slip" beyond which the wheel locks and 
the friction factor drops. 

(a) "Critical Slip" concept and maximum friction factor 
(Visual Aid 29.1), and 

(b) Critical slip variability (Visual Aid 29.2). 

2.2.5 Yaw Mode Methods. The wheels are turned at some angle to 
the direction of motion and the slide or cornering force is measured 
and it peaks at some critical yaw angle. 

(a) Basis of the method, and 
(b) Critical yaw angle (Visual Aid 29.3). 

2.3 Correlation Between Testers 

Each type of tester measures a different Rspect of the friction 
developed on a pavement surface. Therefore, it should not be 
expected that there will be a 1:1 correlation between the results 
obtained with different types of testers. (Visual Aid 29.4). 

(a) Shows the correlation for ASTM Method E274 vs. Automobile Methods 
(Visual Aid 29.4 and 29.5), and 

(b) Shows the correlation for ASTM Method L274 vs. Mu-Meter. (Visual 
Aid 29.5). 

3.0 DETERIORATION OF SKID RESISTANCE 

The skid resistance offered by a pavement surface to a vehicle tire is 
determined by three groups of parameters: those associated with the pave­
ment surface, those associated with the vehicle and those associated with 
operating conditions. 
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3.1 Surface Texture 

Revised DS/lg 1/6/84 
Lesson 29 

3.1.1 Macrotexture. 
surface as a whole, 
aggregate in asphalt 
crete pavements. 

Refers to the roughness of the pavement 
It is generally influenced by the coarse 
pavements and the texture finish of con-

3.1.2 Microtexture. Refers to the fine-scale roughness contri­
buted to by the asperities of aggregate particles on the pavement 
surface. 

3.1.3 Texture Measurements. Several methods are currently in use 
to determine the surface texture characteristics. Most of these 
generally involve using a known quantity of material and filling 
the grooves or holes in the surface. 

(a) outflow meter 
(b) sand patch, 
(c) putty impression, and 
(d) others. 

3.2 Skid Resistance Parameters 

3.2.1 Associated with Pavement Surface. Considerations of time/ 
traffic/climate-based changes in friction resistance require 
periodic measurements. Various changes in the nature of the 
pavement surface should be recognized as possible contributing 
factors to such friction resistance changes. 

(a) wear (Visual Aid 29.6), 
(b) polishing, 
(c) texture depth, 
(d) water depth, 
(e) pavement cross-slope, 
(f) bleeding of asphaltic pavement, 
(g) compaction, rutting, particle loss, 
(h) contamination (Visual Aid 29.7), and 
(i) roughness. 

3.2.2 Associated with the Vehicle. Obviously there are certain 
factors pertaining to the maintenance and operation of all vehicles 
which contribute to the degree of friction resistance available to 
the vehicle. 

(a) rubber properties, 
(b) tread pattern, 
(c) tire pressure, and 
(d) temperature. 
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LESSON OUTLINE 
SKID MEASUREMENT METHODS 

VISUAL AID TITLE 

Visual Aid 29.1. Friction factor as a function of slip. 

Visual Aid 29.2. Change of critical slip with texture. 

Visual Aid 29.3. Sideways friction factor versus yaw angle. 

Visual Aid 29.4. Skid number versus stopping distance friction 
correlation. 

Visual Aid 29.5. Two-wheel trailer versus Mu Meter correlation. 

Visual Aid 29.6. Deterioration of skid resistance with exposure 

Visual Aid 29.7. Change of skid resistance during shower. 
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The purpose of skid resistance measurements is to evaluate the safety of 

the pavements being measured. These measurements are, however, also important 

components in overall systematic pavement management and pavement performance 

predictions. 

BACKGROUND 

Skid resistance measurements have been in use many years by highway 

agencies. NCHRP Report 37 (Ref 1) published in 1966 referenced 58 reports 

dating from 1943 concerning the measurement and use of skid resistance 

measurements, though most of the references were from the early 60s. Over 

the past 20 years many reports of research activities dealing with skid 

resistance have been published. Many of these references are summarized 

in NCHRP Synthesis Report 14 (Ref 2). 

Most of the research has been directed at identifying frictional 

needs of the vehicles under various conditions or various devices to 

measure "skid resistance" either directly (locked wheel trailers, stopping 

distances, etc.) or indirectly (British Portable Tester, texture depth, 

etc.). Balmer (Ref 3) summarized the influence of pavement textures on 

several of the performance aspects of pavements, such as speed gradients, 

hydroplaning, skid numbers, accident rates, noise, and wear. 

Researchers generally agree that a safety evaluation of pavement 

requires sooe form of skid measurement and some measure of texture depth. 

Skid resistance is defined as the force that develops when a tire that is 

prevented from rotating slides along the pavement surface (Ref 4). 

Obviously, one would expect that the "rougher" the pavement surface is, 

the greater the resistance to skidding will be. However, as will be 

discussed later, there are several parameters that can influence the skid 

characteristics of a pavement surface and lead to deterioration of skid 

resistance. 
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The skid resistance quality of a pavement surface can be 

characterized by its surface texture. Pavements with a smooth surface 

texture generally can be expected to have louer values of skid resistance 

than those with a rougher texture. Two terms are used to discuss surface 

texture; macrotexture and microtexture. Macrotexture refers to the 

roughness of the pavement surface as a whole, It is generally influenced 

by the coarse aggregate in asphalt surfaces and the texture finish in 

concrete pavement. On the other hand, microtexture refers to the fine­

scale roughness contributed by individual small asperities of aggregate 

particles on the pavement surface which may not be discernible to the eye, 

but apparent to the touch (grittiness). A pavement surface may exhibit 

good macrotexture and yet have poor microtexture, or the reverse may be 

true. 

Regardless of pavement type, dry pavements typically exhibit 

satisfactory and similar skid resistance. The main concern for good skid 

resistance occurs when the surface is wet due to hydroplaning problems. 

The term hydroplaning is defined as a loss of tire traction due to the 

presence of water at the tire-pavement interface. 

The formula for the commonly used skid number, SN, is as follows: 

SN= 100 f 

where f = friction factor 

The friction factor, f, 1.s analogous to the coefficient of friction, Mu, 

commonly defined in solid mechanics as follows: 

f = F/L 

where 

F = Frictional resistance to motion 1.n the plane of an interface 
L = Load acting perpendicular to the interface 
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'' 
roiling, slipping, or skidding or the tire, particular1y when water .i:, 

present, A high coefficient of friction is indicative of good sk1a 

resistance. The maximum value of the coefficient of friction is 1.0 

SKID RESISTANCE MEASUREMENT TECHNIQUES 

Skid resistance measurements depend on many pavement surface, tire, 

and environmental characteristics such as existing texture, rut depth, 

dust accumulation, drainage path length, measurement speed, specific 

measurement location, water film thickness, temperature, wind velocity, 

tire wear, tire inflation, etc. There are a number of different 

measurement techniques for measuring skid resistance as follows; 

1. Locked-wheel Methods - ASTM Type Skid Trailers 

2. Yaw Mode Methods - Mumeter Trailers 

3. Portable Field Testers - British Portable Tester 

4. Slip Mode Methods - Swedish Road Research Skidometer 

These equipment are summarized in Table 1 (Ref 5), 

General State Qf the Art 

Each type of skid resistance measurement equipment measures a 

different aspect of the friction developed between the test tires and the 

pavement surface. Therefore, it should not be expected that there will be 

a 1:1 correlation between the results obtained with different types of 

testers. In an attempt to calibrate and correlate friction measurement 

devices, two primary reference surfaces have been constructed at Texas 

Transportation Institute near College Station, Texas, and Ohio State 

University in East Liberty, Ohio. Identical materials and construction 

methods were used at these calibration facilities. 
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Many highway agencies make some form skid m,iasurement, so.ne on a more 

or less periodic basis and others on an as needed basis. Appe-dix A shows 

an excellent summary of the skid resistance mPa~urernent equipment used by 

a majority of the states. 

The most generally accepted method of skid testing is with a locked 

wheel skid trailer. While the trailer is towed at a constant speed, 

either one or both of its wheels are locked, and the force required to 

pull the trailer is recorded. ASTM Test Method E274 covers this type of 

testing. This test yields a skid number (SN) which is the ratio of the 

normal and tangential forces on the test tire multiplied by 100. Because 

skid resistance varies with speed, the skid number is reported along with 

the speed of the test. 

Most agencies use a locked wheel trailer at 40 mph to obtain a skid 

number (SN40) for comparison purposes. SN40 values are relatively easy to 

obtain and do not in most instances required blocking of a traffic lane. 

It is generally agreed that a SN40 value of 40 (Ref 1) is required for 

most vehicle manuevers at highway speeds of 50 to 60 mph. 

Another notable skid measuring device is the Mumeter. This trailer 

mounted device contains two smooth treaded tires angled from the direction 

of travel. The wheels are angled in equal and opposite directions so that 

the trailer will travel in a straight line. This trailer has been 

correlated with other skid measuring devices (Ref 6 and 7) and is also 

recommended by the FAA for use in characterization of runway friction (Ref 

8). Measurements with the Mumeter are said to be made in the yaw-mode due 

to the angle on the measurement tires. 

Another type of skid measurement device widely used in both the 

laboratory and field is the British Portable Tester. This is a pendulum 

device which characterizes the frictional properties of a surface by the 

energy loss developed when a small rubber shoe is slid along the surface. 
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This test method is covered under ASTM E303. Correlations with other skid 

measuring devices is not outstanding. This may be attributed to the 

relatively small sample of surface that the striker contacts, 

A natural method of measuring the skid resistance of a pavement 

surface is to lock a vehicles' wheels and measure the stopping distance. 

This test can be performed with either all four wheels locked or two 

diagonally opposite wheels locked. ASTM test methods E445 and E503 cover 

this testing in the full wheel and diagonal wheel lock modes, 

respectively. Treaded tires meeting standard specification ASTM E501 are 

used for this type of skid testing. This type of testing can, of course, 

be dangerous to the operator and requires complete traffic control. 

USE OF SKID RESISTANCE MEASUREMENTS 

At the 1978 Pavement Management Workshop in Tumwater, Washington (Ref 

11), a majority of the participants strongly agreed that (1) safety 

attributes should be rated and that (2) safety aspects should include 

skid resistance. Of the states represented at the Tumwater Workshop, 

seven states used ASTM skid trailers and two states use MuMeters to 

measure skid resistance, Skid resistance factor was the most common 

factor used to estimate the "safety" of highway pavements. In many 

cases, skid resistance measurements are related to or used in conjunction 

with accident frequency and/or severity. 

There are no rigidly fixed standards for skid resistance of highway 

pavements. This is due to legal implications placed on highway 

authorities by such standards. 
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Lesson 29 

Skid resistance data can be used for tl1e Lvl:_:.; 1ag pavement 

management purposes (Ref 13): 

1. Identifying areas of excessive slipperiness, 

2. Planning maintenance (or future rehabilitation), and 

3. Evaluating various types of materials and new construction 

practices. 

Host pavement management systems choose to treat skid resistance 

separately. This course is reasonable since skid resistance has little or 

no effects on other pavement characteristics with the possible exception 

of wet weather accidents. 

Network Evaluation 

As stated earlier, 1n general highway engineers have used skid 

resistance measurements as a highly related, but separate factor in PMS. 

A representataive example, is the State of Florida. Florida reported at 

the Tumwater PMS Conference (Ref 11), "safety improvments, including skid 

overlay, highway accident location, and roadside obstacle elimination 

programs are considered in a separate procedure." This separate system 

has been developed to identify and investigate Safety Improvemnet 

Projects, including skid, high accident, and roadside obstacle problems. 

The 20 to 30 pavements with the highest Safety Ratio, not otherwise 

scheduled for improvement, within two years are chosen as candidates. All 

sections with Skid Number (SN) less than 36 are chosen as well as those 

with SN less than 41 which have greater than average accident rates. All 

sections with reports of vehicles striking roadside objects are 

investigated for possible improvements. A benefit-cost analysis is done 

to rank alternatives. A recent report on pavement condition measurement 
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needs and methods (Ref 5) showed conceptually how skid measurements might 

be considered in light of structural and roughness evaluationi (see Figure 

2) • 

Performance Predictions 

Skid resistance evaluation, especially for the purpose of assessing 

future rehabilitation needs, should consider changes on a time and/or 

traffic basis; as well as on a climatic effect basis. The latter can 

involve both short and longer periods of time (i.e., rainfall or icing of 

a short duration, versus seasonal changes in climate). 

Consideration of time/traffic/climate based changes in skid 

resistance requires periodic measurements, preferably on a mass inventory 

basis for investment programming purposes. Various changes in the nature 

of the pavemen~ surface should be recognized as possible contributors to 

such skid resistantc changes, and they include the following: 

1. Porosity, 

2. Wear (i.e., due to studded tires), 

3. Polishing of surface aggregate, 

4. Rutting (due to compaction, laterial distortion, or 

studded tire wear), 

5. Bleeding, 

6. Contamination (i.e., rubber, oil, water, etc.) 

The skid resistance provided by a pavement surface is related to its 

texture. The texture contributes to skid resistance by generation of 

friction through adhesion and hysteresis effect of the tire rubber and by 

providing water escape channels. For frictional characterization, surface 

texture is subdivided into two components, the micro-texture and macro­

texture. Micro-texture is a property of the surface of the aggregate and 

is sometimes described as gritty and rounded. The macro-texture is a 

surface mix property and is related to aggregate gradation, shape, and the 

amount of binder present. It is common to speak of macro-texture as being 

coarse or fine. 
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SUB-SYSTEM 1 - Evaluat~on of Friction Resistance 

Review Pavement 
at a later date 

The Fri ctionResistance of 
the Pavement is suspected 

to be Inadequate 

Test Pavement 
for Friction Resistance 

Is Friction Resistance Adequate? 

Riding Quality and/or 
Structural Capacity suspected 

to be lnade uate? 

See SUB-SYSTEM 2 on 
Ridino Quality Evaluation 

and/or SUB-SYSTEM 3 on 
Evaluation of Structural 

Capacity and Distress 

See SUB-SYSTEM 3 
on Structural Capacity 

Evaluation 

Figure 2 Example of Proposed Skid Evaluation Flow in a PMS (after Ref 5) 

29-19 



Figure 3 gives a sch em a tic il lustr at ion of m 1cro and macro-textrue 

and indicates its effect on skid number as a function of speed. Note the 

the gritty micro-texture exhibits high resistance properties at low speeds 

and as the speed increases the effect of the coarse macro-tex~~re becomes 

more dominant. Thus, skid resistant feature o[ the pavement surface are 

highly dependent upon the aggregate characteristics. Pertinent aggregate 

characteristics include wear properties, texture, shape, gradation, and 

blending. 

In addition to friction measurements, surface texture depth 

measurements are commonly conducted to "get a feel" for the skid qualities 

of a pavement surface. Again, there are several ways to measure average 

texture depth (ATD), and there is variation between measurements. Some of 

the methods used to measure texture depth include: 

1. Outflow Meter 

2. Sandpatch Method 

3 . Grease Smear Method 

4. Putty Method 

5. Photo gr ammetr ic Method 

6 • Profilograph 

7. Textur emet er 

One of the problems associated with texture measurements is the 

correlation between texture depth and skid number. Texture depth 

measurements usually represent only a very small sampling of the area over 

which friction measurments are made. Cost for some methods may prohibit 

adequate sampling. Also, difficulty arises in that texture cannot be 

described by a single characteristic (such as depth). It is not only the 

escape of water from the tire contact area (controlled by texture). but 

also the nature of contact between the tire tread and the surface which 

affects the skid number measured. Due to the latter effects, correlation 

between texture measurements and skid measurement are not entirely 

accurate. 
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Figure 3 
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As mentioned previously, there are several parameters which influence 

the skid resistance of pavement surfaces and, con sequent ly, the measured 

value of friction; 

1. surface contamination 

2. pavement deterioration 

3. seasonal variation 

Surface contamaination is any foreign material such as water, snow, 

dirt, dust, oil, rubber, etc. , on a pavement surface which causes a 

reduction in surface friction. The presence of water on a pavement 

surface is probably the most common form of contamination. It 

significantly reduces the skid resistance of nearly every type of 

pavement. 

Pavement deterioration occurs nonstop. Repeated traffic usage 

reduces pavement life by introducing various forms of distress (cracking, 

rutting, bleeding, surface wear, etc.). 

Work by the Arizona Department of Highways indicates that there is 

seasonal variation in friction reading. 

satisfactory friction value at one time 

Pavements that may have a 

of the year could have an 

unsatisfactory value at another time of the year. Arizona found that the 

lowest skid level is reached during the summer months. For this reason, 

they conduct friction inventories during the summer months. 

Though some attempts have been made to develop predictive equations 

for SN an ATD values, most have proved to be too limited to be of general 

value. For asphalt cement concrete (ACC pavements, changes in SN and ATD 

are generally related to the polishing of the coarse aggregate exposed at 

the surface. Various labotatory polishing techniques have been used to 

predict field performance. These measures have generally been found to be 

good indicat.ors of the final or ultimate field polish value, but do not 

provide realiable information about interim performance such as rate of 

wear or polishing. For portland cement concrete (PCC) pavement, the SN 

and ATD values are a function of the texture imparted to the surface 
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during the finishing process. The wear occurs rapidly in early life, but 

tends to reach a plateau that remains for a rather extended period of 

time. 

To develop predictive mathematical models will require historical 

data which will be limited at best. Perhaps developing acceptable levels 

of SN40 and ATD for certain characteristics such as traffic and 

environment would be more appropriate at this point. These would be 

modified as a data base if developed and once a data base is obtained the 

predictive model would be more viable. 
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LESSON OUTLINE 

Revised DS/lg 1/6/84 
Lesson 30 

DEVELOPING A COMBINED INDEX FOR "OVERALL PERFORMANCE" - OBJECTIVE FUNCTION 

Instructional Objectives 

1. To help the student understand the reason for conducting pavement 
evaluation, and to help him realize its importance in the overall 
pavement management process. 

2. To explain to the student the significance of developing a combined 
index. 

3. To review the various approaches to developing a combined index. 

Performance Objectives 

1. The student should be able to understand and explain the various purposes 
of pavement evaluation. 

2. The student should develop an understanding of the various approaches 
for formulating a combined index. 

Abbreviated Smmnary 

1. Pavement Evaluation - An Overview 

2. Developing a Combined Index 

Reading Assignment 

1. Haas & Hudson - Chapter 7 

2. Instructional Text 

30-1 

Time Allocations, min. 

20 

30 

50 minutes 



LESSON OUTLINE 

Revised DS/lg 1/6/84 
Lesson 30 

DEVELOPING A COMBINED INDEX FOR "OVERALL PERFORMANCE" - OBJECTIVE FUNCTION 

1.0 PAVEMENT EVALUATION - AN OVERVIEW 

1.1 Introduction (Slide 30,1) 

Pavement condition and performance has been a major concern in 
pavement management. Pavement condition involves four main com­
ponents such as riding comfort, load-carrying capacity, safety and 
aesthetics. Evaluating of the pavement condition provides inform­
ation for assessing deficiencies of existing sections, and for 
identifying needs at both the network and the project levels of 
pavement management. 

1.2 Purposes of Pavement Evaluation (Slides 30.2 & 30.3) 

A pavement management system consists of the comprehensive set 
of activities that go into the planning, design, construction, 
maintenance, evaluation, and research of pavements. Three purposes 
of the pavement evaluation are: 

(a) Checking whether the intended function and expected performance 
of pavements are being achieved. 

(b) Providing information for planning rehabilitation for existing 
pavements. 

(c) Providing information for improving the technology of design, 
construction, and maintenance. 

1.3 Pavement Evaluation and the Need for a Combined Index 

As indicated previously, one function of pavement evaluation is to 
check on the performance of existing road sections. This could be 
facilitated by developing an index that measures the overall per­
formance or adequacy of a pavement section. 

The development of an index can also facilitate comparisons between 
pavement sections for rehabilitation programming purposes. This 
helps to fulfill the second purpose of pavement evaluation which 
is to provide information for planning rehabilitation activities. 

2.0 DEVELOPING A COMBINED INDEX 

2.1 Components of Overall Performance Index (Slide 30.4) 

A combined index provides an indication of the overall adequacy of 
a pavement section in terms of a combination of selected attributes 
such as riding quality and pavement conditions. 
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The recommended five components of the overall performance index 
are: 

(a) roughness or serviceability index, 

(b) pavement condition or distress index, 

(c) structural index expressed in structural number (SN) or 
remaining life, 

(d) skid number or friction coefficient, and 

(e) maintenance cost index. 

2.2 Alternative Approaches to Formulating a Combined Index 

There is no single overall index because of different decision · 
factors like traffic and different purposes such as maintenance 
program, rehabilitation program and safety program. A single 
number (a combined index) tends to lose the identity of individual 
factor. 

2.2.1 Review of NCHRP Report No. NA - 3/1 - "Simplified Pavement 
Management at the Network Level'.'. In NCHRP Report NA - 3/ 1, 
a methodology for developing an index that can be used for 
establishing rehabilitating priorities at the network level 
PMS is presented. This index, which is called PINDEX in 
the report, was developed using a procedure that involved 
the following steps: 

(a) selection of pavement attributes to include in PINDEX, 

(b) categorization of the selected pavement attributes 
(Visual Aid 30.l), 

(c) establishment of numerical values for each category of 
the pavement attributes, and 

(d) establishment of weighting factors with which to adjust 
calculated values of PINDEX (Visual Aid 30.2). 

2.2.2 Unique Sums Approach. 

(a) An alternative way of combining pavement attributes is 
by the method of unique sums, which has been used in 
Sweden. In this approach, pavement attributes are 
assigned numerical values in such a way that when these 
values are added together, the sum is unique (Visual 
Aids 30.3 and 30.4). 

(b) Advantage - composite rating numbers can be readily 
broken down into the individual components; thus, 
information on the individual pavement attributes can 
be recovered. 
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(c) Disadvantage - numerical values obtained are highly 
non-linear, allowing no meaningful comparisons to be 
made between different degrees of pavement condition. 

2.2.3 Utility Theory. 

(a) Description - Basically, the method involves the assess­
ment of utility functions which express a decision 
maker's preferences over different levels of selected 
attributes. The utility values calculated from the 
utility functions are expressed on a scale from Oto 1. 

(b) Advantages - Any number of pavement attributes may be 
combined using utility theory. The multi-attribute 
utility is expressed on a scale which allows differences 
in utilities to be directly compared from section to 
section. 

(c) Disadvantages - unlike the unique sums approach, the 
individual utility values cannot be identified given 
the final multi-attribute utility value. 

2.2.4 Delphi Technique. 

(a) One other approach to formulating a prioritization 
index is through the Delphi technique. This technique 
has been used previously in the development of a data 
base for Texas, and has been recently applied to develop 
a basis for evaluating highway surface condition in the 
State of Maine. 

(b) In this method, an attempt to achieve a consensus of 
opinions among a group of experts is made through cycles 
of intensive questioning interspersed with controlled 
opinion feedback. The technique was applied by the 
Department of Transportation of the State of Maine in 
an effort to establish weights for various severity 
levels of selected distress categories. 

2.2.5 Rational Factorial Rating Method. (Slide 30.5) 

(a) Description - The rational factorial rating method is 
a factorial based procedure for formulating a prior­
itization index. This method was first applied in a 
research study undertaken by the Center for Transport­
ation of the University of Texas at Austin, for the 
Texas State Department of Highways and Public Trans­
portation. 
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(b) Factorial design - an experimental design that is 
employed when the effects of two or more variables 
are being simultaneously studied; each level of each 
factor is used with each level of each other factor. 
In the study reported in Ref 4, the following variables 
were used (Visual Aid 30.5): (1) degree of distress, 
(2) present serviceability index, (3) traffic level, 
(4) amount of rainfall, and (5) amount of freeze-thaw. 
The effect of pavement type was also studied in another 
factorial design (Visual Aid 30.6). (Slides 30.6 - 30.8) 

(c) In this method, numerous highway engineers are asked 
to provide priority ratings (using a specified scale) 
to selected combinations of the variables included 
in the factorial design. Using the ratings obtained, 
a regression equation can be established that can be 
used to estimate how rehabilitation priorities are set 
by highway engineers. (Slides 30.9 - 30.21) 

(d) Advantages: 

(1) Significant variables can be identified. 

(2) Interaction effects between variables can be 
estimated. 

(3) The method can provide a better insight as to 
how decisions on priorities are made by highway 
engineers. 

(4) The method is a rational way of formulating an 
index for establishing rehabilitation priorities. 

(e) Disadvantage - problem associated with keeping the 
design to a manageable size; requires judicious 
selection of a factorial design that keeps the number 
of variable combinations to a desirable limit, and 
still allows sufficient information to be gained. 
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DEVELOPING A COMBINED INDEX FOR "OVERALL PERFORMANCE" - OBJECTIVE FUNCTION 

VISUAL AID TITLE 

Visual Aid 30.1. Categories of pavement attributes used in formulation 
of PINDEX. 

Visual Aid 30.2. Example prioritization factors based on functional 
classificaiton and average daily traffic. 

Visual Aid 30.3. Established rating numbers for various categories of 
pavement attributes used in the Swedish Road Inventory 
System. 

Visual Aid 30.4. Table of composite pavement ratings. 

Visual Aid 30.5. Initial factorial design. 

Visual Aid 30.6. Second factorial design. 
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A. 

B. 

Visual Aid 30.1. Categories of pavement attributes used 
in formulation of PINDEX. 

Serviceability Category PSI Range Assigned Numerical 

Very Good 3.8 - 5.0 6 

Good 2.8 - 3.7 20 

Fair 2.0 - 2.8 40 

Poor below 2.0 80 

Value 

Fatigue Cracking Severity Extent (%) Assigned Numerical 
Category Value 

Excellent Slight 10 2 

Very Good Slight 10-25 6 

Moderate or 10 
Severe 

Slight 25-49 20 
Good 

Moderate or 10-25 
Severe 

Slight so 
Fair 

Moderate or 25-49 40 
Severe 

Poor Moderate or so 80 
Severe 
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Visual Aid 30.2. Example prioritization factors based on functional 
classification and average daily traffic. 

Functional Classification ADT Factor 

high 1.00 

Interstate medium 0.95 

low 0.88 

high (>15,000) 0.93 

Principal Arterial medium (5,000 - 15,000 0.87 

low (<5,000) 0.80 

high (> 12,000) 0.83 

Minor Arterial medium (4,000 - 12,000) 0.75 

low (<4,000) 0.68 

high (>8,000 o. 73 

Major Collector medium (2,000 - 8,000) 0.65 

low (<2, 000) 0.60 

high (>5,000) 0.60 

Minor Collector medium (1,000 - 5,000) 0.53 

low (<1,000) 0.45 

high (>3,000) 0.55 

Local medium (500 - 3,000) 0.45 

low (<500) 0.35 
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Visual Aid 30.3. Established rating numbers for various categories of pavement 
attributes used in the Swedish road inventory system. 

Variable 

Wear 

Deformation 

Treatment in 
Routine 
Maintenance 

Variable Level 

None or slight 

Obvious 

Considerable 

Serious 

None or slight 

Obvious 

Considerable 

Large 

None 

Isolated patches, 
sealing 

Considerable tear up 

Considerable patching 
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Class 
Number 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

Rating 

12 

18 

48 

80 

17 

24 

55 

93 

1 

5 

5 

20 



Visual Aid 30.4. Table of composite navement ratings. 

Wear 

Treatment in Deformation None or Obvious consi- Serious 
Routine Maintenance Slight (18) derable (80) 

(12)* (48) 

None or 
slight (17) 30 36 66 98 

None (1) Obvious (24) 37 43 73 105 

Considerable (55) 68 74 104 136 

Large (93) 106 112 142 174 

Isolated patches, None or 
sealing Slight (17) 34 40 70 102 

Sealing (5) Obvious 41 47 77 109 

Considerable (55) 72 78 108 140 

Large (93) 110 116 146 178 

None or 
slight (17) 44 50 80 112 

Considerable Obvious (24) 51 57 87 119 
tear up (15) 

Considerable (55) 82 88 118 150 

Large (93) 120 126 156 188 

None or 
slight (17) 49 55 85 117 

Considerable Obvious (24 56 62 92 124 
patching (2) 

Considerable (55) 87 93 123 155 

Large (93) 125 131 161 193 

*Numbers in parenthesis beside variable levels are the assigned rating 
numbers shown in Visual Aid 30 .3. 
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Visual Aid 30.5. Initial factorial design. 
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REVIEW AND EVALUATION OF ALTERNATIVE APPROACHES 
TO FORMULATING A PRIORITIZATION INDEX 

INTRODUCTION 

An important phase of rehabilitation programming is the establ · .· ··n,cnt f 

candidate projects for road repair work. In order to carr) wJ: th. J 

function, numerous highway agencies have developed pavement rating systems to 

quantify the condition of each road segment in the network. In most cases, a 

combined rating or score is used to express the overall condition of the 

pavement in terms of a combination of selected attributes. However, there 

are also rating systerus Nhich utilize only a single attribute to quantify 

pavement condition. As an example, the pavement rating system of New York 

utilizes only pavement serviceability. 

Early efforts at developing pavement rating systems began in 1946 when 

the Highway Research Board established a committee on Pavement Condition 

Surveys in the Department of Design (Ref 1). The work of this committee 

culminated in the publication in 1957 of HRB Special Report 30, "Pavement 

Condition Surveys - Suggested Criteria." This report listed the various types 

of condition surveys and suggested items of information to be recorded for 

both preliminary and final type surveys. In addition, a comprehensive list 

oi definitions of terms pertinent to pavement condition surveys was 

published. Then, in 1960, the staff of the AASHO Road Test developed an 
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altogether new concept which was called the Present Serviceability Index 

(PSI) that is widely used by many highway agencies today (Ref 2). Finally, 

in 1962, the Highway Research Board published a procedure for rating the 

condition of flexible pavements. This procedure assigned m.nnerical deduct 

values for specific distress types depending on their extent and severity, A 

nur;:erical pavement score was computed for a specific road segment by adding 

up the deduct values and subtracting the sum from an assumed perfect score of 

11)0. This procedure has been adopted in several highway agencies throughout 

the country and Referc-,ce 3 documents pavement rating systems where the 

procedure is used. 

Several other approaches have been used to formulate indicP.s or scores 

for quantifying pavement condition, and for establishing candidate projects 

for rehabilitation and maintenance programs, The objective of this chapter 

is to briefly document other studies which were made to formulate a pavement 

index or score for the purposes stated previously, 

REVIEW OF NCHRP RESEARCH REPORT NO, NA - 3 /1 

Introduction 

Research Report No. NA - 3 /1 entitled, "Simplified Pavement Management 

at the Network Level" (Ref 4) presents a simplified pavement management 

system at the network level and provides an example illustrating how the 

framework can be applied to produce a priority ranking on a network basis, 

Emphasis shall be placed herein on describing the procedure used to quantify 
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the adequacy of d pavement section. for establishing 

rehabilitation work. 

priorities 

Methodology for Formulation of Prioritization Index (PINDEX) 

for 

In Research Report NA - 3/1, a methodology for developing an index that 

can be used for establishing rehabilitation priorities at the network level 

PMS was presented. This index, which was called PINDEX in the report, was 

developed using a procedure that involved the following steps: 

(1) selection of pavement attributes to include in PINDEX, 

(2) categorization of the selected pavement attributes, 

(3) establishroent of numerical values for each category of the pavement 
attributes, and 

(4) establishment of weighting factors with which to adjust calculated 
values of PINDEX. 

In order to illustrate the methodology, the example provided in Research 

Report No. NA - 3/1 shall be discussed. 

For simplicity, the set of pavement attributes selected was PSI and 

severity and extent of fatigue cracking. In actual practice, additional 

variables may be incorporated in the formulation of PINDEX depending on 

particular agency circumstances. However, it should also be kept in mind 

that the methodology discussed herein is to be applied for programming 

purposes only and not for any specific rehabilitation design. Consequently, 

the selection of a few essential pavement attributes (such as PSI and 

cracking) can be justified. 

The next step in the procedure is the categorization of the selected 

pavement attributes. In connection with this, the categories used are shown 
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in Table 1. It is emphasized that the categories established ln the table 

are merely illustrative. In actual practice, the categories are decided upon 

by a selected group of experienced highway engineers within a department. 

Following the categorization of the selected pavement attributes, 

numerical values ar~ then assigned to each category. This procedure is very 

similar to using deduct values except that for this case "additive" values 

are employed as shown in Table 1. Again, it is noted that those values are 

assigned on the basis of the subjective judgments of a set of pavement 

engineers. Using the condition survey information for a particular highway 

segment, a PINDEX value is computed by simlllling the pertinent numerical values 

for that particular road segment. For example, if a pavement belongs to the 

"Very Good" category in terms of both serviceability and fatigue cracking, 

the calculated PINDEX value would then be: 6 + 6 = 12. Other possible 

values of PINDEX for the example problem are summarized in Table 2. It 

should hie! noted that the higher the value of PINDEX, the higher the priority 

assigned to a pavement. 

The last step in the procedure involves the establishment of weighting 

factors with which to adjust computed PINDEX values. In the field, 

conditions are not similar for all highway segments so that it would not be 

reasonable to compare pavements only on the basis of PINDEX values calculated 

using the procedure mentioned previously. For example, given two pavements 

with the same PINDEX value but with different traffic levels, it may not be 

logical to as&ign the same priority for both pavements. Instead, the highway 

segment with the higher traffic level should, most likely, be given a higher 

priority than the other one with low traffic. As a consequence, weighting 

factors are established considering variables such as traffic, functional 
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TABLE 1. CATEGORIES OF PAVEMENT ATTRIBUTES USED IN EXAMPLE PROBLEM 
AND CORRESPONDING NUHERICAL VALUES (Ref. 4 ) 

A. Serviceability Category 

Very Good 

PSI Range 

3.8 - 5.0 

2.8 - 3.7 

2.0 - 2.8 

Assigned Numerical Value 

Good 

Fair 

Poor 

B. Fatigue Cracking 
Category 

Excellent 

Very Good 

Good 

Fair 

Poor 

below 2.0 

Severity 

Slight 

Slight 

Moderate or 
Severe 

Slight 

Moderate or 
Severe 

Slight 

Moderate or 
Severe 

Moderate or 
Severe 

Extent 

10 

10 - 25 

10 

25 - 49 

10 - 25 

50 

25 - 49 

50 

(%) 

6 

20 

40 

80 

TABLE 2. POSSIBLE VALUES OF PINDEX FOR SAMPLE PROBLEM 

PSI Category 

Fatigue Cracking Very Good Good Fair 
Category 

Excellent 8 22 42 

Very Good 12 26 46 

Good 26 40 60 

Fair 46 60 80 

Poor 86 100 120* 

* In this example, if PINDEX >100, replace by PINDEX 
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Assigned Numerical 
Value 

2 

6 

20 

40 

80 

(Ref. 4 ) 

Poor 

82 

86 

100 

120* 

160* 

= 100 



classification and amount of rainfall. For the sample problem, 

prioritization factors (Table 3) were established considering functional 

class and Average Daily Traffic (ADT). Again, it should be mentioned that 

these factors are established subjectively. A modified PINDEX is then 

computed by multiplying the PINDEX value by the appropriate weighting factor. 

In addition, priority categories may be established by assigning relative 

priority rankings to specific ranges of the adjusted PINDEX. For the 

example, the following priority categories were used: 

ADJUSTED PINDEX 

~ 60 

> 28 but< 60 

< 28 

PRIORITY CATEGORY 

1 

2 

3 

In summary, a simple framework for establishing priority listings at the 

network level was presented. Because of its simplicity, the methodology may 

be readily implemented within a highway agency. The method is subjective, 

but this may be an advantage in that highway personnel can easily relate with 

it since the numerical values used reflect their own collective judgment. In 

addition, it is a procedure which can be applied in the absence of objective 

data 1Jith wh:Lch to construct an index for establishing priority listings. In 

effect, t:ie frame•.i1ork can be used as a first cut procedure toward 

establishing priority rankings within an initial PMS pending the development 

of more complicated models later on. 
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TABLE 3 · EXA}1PLE PRIORITIZATION FACTORS BASED ON FUNCTIONAL 
CLASSIFICATION AND AVERAGE DAILY TRAFFIC (ADT)* 

Functional Classification ADT F:sctor 

high 1. 00 

Interstate medium 0.95 

low 0.88 

high (>15,000) 0.93 

Principal Arterial medium (5,000 - 15,000) 0.87 

low (<5,000) 0.80 

high (>12,000) 0.83 

Minor Arterial medium (4,000 - 12,000) 0.75 

low (<4,000) 0.68 

high (>8,000) 0.73 

Major Callee tor medium (2,000 - 8,000) 0.65 

low (<2,000) 0.60 

high (>5,000) 0.60 

Minor Collector medium (1,000 - 5,000) 0.53 

low ( <l, 000) 0.45 

high (>3,000) 0.55 

Local medium (500 - 3,000) 0.45 

low (<500) 0.35 

* after Ref. 4 
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UNIQUE SUMS APPROACH 

rhe unique sums approach i.s characteristic of a rat1.ng system used in 

Sweden (Ref 5) where classification of road sections are made with respect to 

the follo,,ing variahles: ( 1) pavement wear; (2) deformation [ roughness and 

cracking]; and (3) amount of treatment in routine maintenance. For each 

variable, four levels were established w11ich are indicative of the extent of 

distress, and for each level, there is assigned a class nlDilber and a rating 

as shown in Table 4. Each road section is therefore characterized by three 

rating numbers, which are added together to give a composite rating. The 

rating numbers were chosen in such a way that the sum of numerical values for 

every combination of variable levels is unique, i.e., each sum is different 

from the other sums. This characteristic differentiates this rating system 

from other procedures that assign numerical values to established categories 

of selected pavement attributes. In order to verify the uniqueness of the 

sums, Table 5 was set up using 

Examination of the sums shows that each 

the rating numbers given in Table 

one is different from the 

4. 

rest. 

Pecause of this characteristic, any composite rating number can be readily 

broken down into its components. For example, given a composite rating of 

JO, one can easily identify the component variable levels as follows (refer 

to Table 5): 
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TABLE. :.. ESTABLISHED RATING N:JMBERS FOR VARIOUS CATEGORIES OF PAV;-':.i.'1E1T 
ATT11BUTES l'SED IN THE SWEDISH ROAD INVENTORY SYSTEM (Ref. 5 ) 

'.'ariable 

Deformation 

Treatment in 
};Ol.:c:ine 
Maintenance 

Variable Leve1 

None or slight 

Obvious 

Considerable 

Serious 

None or slight 

Obvious 

Considerable 

Large 

None 

Isolated patches, 
sealing 

Considerable tear up 

Considerable patching 
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Class Rating 
Number 

1 12 

2 18 

3 48 

4 80 

1 17 

2 24 

3 55 

4 93 

1 1 

2 5 

3 15 

4 20 



L\BLE 5 TABLE OF COMPOSITE PAVEMENT RATINGS 

Wear 

Treatment 111 Deform;1tion None or Obvious Consi- Serious 
Routine Maintenance Slight (18) clcrable (80) 

(12)>'< ( '+8) 

None or 
slight (17) 30 36 66 98 

None (1) Obvious (24) 37 43 73 105 

Considerable (55) 68 74 lOL. 136 

Large (93) 106 112 142 174 

None or 
Isolated patches, slight (17) 34 40 70 102 
sealing (5) 

Obvious (24) 41 47 77 109 

Considerable (55) 72 78 108 140 

Large (93) llO 116 146 178 

None or 
slight (17) 44 so 80 11 ,., ~'-

Considerable Obvious (24) 51 57 87 119 
tear up (15) 

Considerable (55) 82 88 118 150 

Large (93) 120 126 156 188 

None or 
slight (17) 49 55 85 117 

Considerable Obvious (24) 56 62 92 124 
patching (20) 

Considerable (55) 87 93 123 155 

Large (93) 125 131 161 193 

*Numbers in parenthesis beside variable levels are the assigned rating 
numbers shown in Table 4 
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Component Variable 

Wear 

Deformation 

Treatment in routine 

maintenance 

Variable Level 

None or slight 

None or slight 

None 

Rating 

12 

17 

1 

Composite Rating• 30 

In summary then, the unique sums approach is another simple way of 

formulating an index for quantifying pavement condition. The procedure is 

also comparable to other rating systems that assign deduct values to specific 

categories of pavement attributes. However, the selection of numerical 

values is constrained by the requirement that their sums be unique. Because 

of this characteristic, the composite rating numbers can be readily broken 

down into its components, and this is a destrable feature to have in a 

pavement rating system. 

However, unless one has had experience using a rating system based on 

this approach, it may be difficult to identify the components of the 

composite ratings without also looking at some kind of a listing of unique 

sums and the corresponding variable categories for each. In addition, the 

numerical values obtained are highly non-linear, allowing no meaningful 

comparisons to be made between different degrees of pavement condition. 

UTILITY THEORY 

The application of utility theory to develop a measure of overall 

pavement perfonnance has been reported for Arizona and Texas (Refs 6 and 7). 
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Basically, the procedure involves the assessment of utility functions which 

express a decision ma~er's preferences over ~L~~~-~ _ 

attributes. These functions are primarily developed by soliciting expert 

opinion through interviews. An example (involving a utility function for 

money) is discussed herein so as to illustrate a procedure for constructing 

utility functions. However, some terms need to be defined first. The 

def"!.nitii.:ms provided are based on the material reported in Reference 

For the succeeding discussion, any uncertain propos:! tion is described as 

a lottery. for example, a person may be offered a lottery where he receives 

$100 if a head comes out in a toss of a coin, and nothing if a tail comes 

out. This coin tossing lottery is illustrated in Fig 1, Asstuning that the 

coin is fair, his probability of winning $100 is exactly 1/2. The expected 

value of the lottery is computed by multiplying the amount of each prize by 

its probability and summing over all prizes. As such, the expected value of 

the coi· .ossing lottery is: 112 ($100) + 1/2 ($0) • $50. Now suppose that 

another individual offers to buy the lottery frow the person to whom it was 

given to. The minimum price with which that person is willing to part with 

his lottery is defined as the certain equivalent of the lottery. Below this 

minimum selling price, the person would rather play the lottery, and above 

it, he would choose to sell it. Figure 2 illustrates the meaning of 

certain equivalent. The symbol ~ is used to indicate that the person is 

indifferent between playing the lottery or getting an amount of $30 for it, 

Several methods are available for assessing utility functions (Refs 9 

and 10). For the example given here, a method known a'3 the "standard gamble" 

is used. In applying this method, a decision makei is asked to choose 

between: (1) the certainty of receiving a sum of money, or (2) a lottery in 
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$ 100 

$0 

Fig l. A coin tossing lottery. 

$100 
$30 

$0 

Fig 2. Certain equivalent of the coin tossing lottery. 
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which there is a chance of receiving or, in some cases, losing one of two 

sums of i::.oney in which risk is expressed in terms of the probabilities 

associated w,.th '.,inning each amount. If the decision maker expresses a 

preference for one of the alternatives, the probabilities are changed 

successively until the alternatives appear as equally desira)le to the 

decision maker. 

terms of utility. 

of amounts of 

At this point of indifference, the alternatives are equal in 

Since a utility function reflects subjective evaluations 

money in relative terms, the utilities for two of the dollar 

amounts in the initial lottery can be chosen arbitrarily, and the utilities 

of other dollar amounts can be determined in relation to these utility 

values. 

Proceeding with the example then, suppose an individual is asked to 

choose between (1) the certainty of receiving $3000 or (2) a lottery with a 

probabil1ty p ~ 0.15 of receiving $10,000 and a probability (1 - p) • 0.85 of 

getting $1000. It is assumed for this first iteration that the individual 

prefers Alternative 1. This seems reasonable since the value of Alternative 

1 is greater than the expected value of the lottery E(u) = 0.15($10,000) + 

0.85($100))'"' $23'.:,0. For the next iteration, assume that the probabilities 

for winning $10,000 and $1000 are changed to 0.25 and 0.75 respectively, and 

suppose that the individual still prefers Alternative 1. This would indicate 

risk aversion by the individual since the expected value of the lottery 

($3250) with the revi.sed set of probabilities is greater than the value of 

Alternative 1. The procedure is continued, and the probabilities are changed 

top a 0,30 and (1 - p) a 0.70. Given these probabilities, the individual 

might no~ indicate equal preference for or indifference between the 

alternatives. At this point, the individual's utility for $3000 
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Alternative l is equal to the utility for a 0.30 chance of receiving$ ... ·'OO 

and a 0.70 chance of getting $1000. To obtain utility values (in reJative 

terms) for the monetary amounts in the alternatives, a utility ':al..1e of zero 

for $1000 and a utility value of one for $10,000 can be assigned arbitrarily, 

and the utility value for $3000 can be found by solving the equation for the 

equal utility of the two alternatives. Thus: 

U($3000) = 0.3U($10,000) + 0.7U($1000) 

= 0.3(1) + 0. 7(0) 

~ o. 3 

Therefore, with three points known, the individual's utility curve can 

already be constructed as shown in Fig 3. 

The application of utility ther y may 

formulating measures of pavement p~, 

curves for selected pavement attributes. 

extended to the problem of 

dnce by construction of utility 

~omposite measure of pavement 

performance can then be obtained by comt- .. n:,., .:he utility curves in a single 

equation, For example, the following simple model may be used: 

UQ9 
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1.00 

0.80 

~ 0.60 
c:, 
> 

-= 0.40 -::> 

0.20 

0 2.00 4.00 6.00 8.00 10.00 
Monetary Amount, thousands of Dollars 

Fig 3, E~ample utility curve. 
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where 

U(X) • multi-attribute utility function scaled between O and l, 

Ui(X1) ~ individual utility function for the 

from Oto 1, and 

attribute, scaled 

ki • scaling constants with values between O and 1 such that 

ll 

= 1. 

This equation assumes mutual preferential independence between 

attributes. The intuitive meaning of this condition is that there is no 

interaction of preferences between attributes. Priorities can then be 

establisht?d by comparing the relative values obtained from the 

multi-attribute utility function U(!_). 

DELPHI METHOD 

One other approach to formulating a prioritization index is through the 

Delphi technique. This technique has been used previously in the development 

of a data base for Texas (Ref 11 ) , and has recently been applied to develop a 

basis for evaluating highway surface condition in the State of Maine 

(Ref 12). 

In this method, an attempt to achieve a consensus of opinion among a 

group of experts is made through cycles of intensive questioning interspersed 

with controlled opinion feedback. The technique avoids the direct 
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confrontation of experts with one ano.ther which is the traditional method of 

pooling individual opinions. In this way, some of the serious difficulties 

inherent in !ace-to-face interaction are circumvented, such as (Ref 11): 

(1) The spurious influence of a high status individual on the group 
here, the status of an individual, which is often unrelated to his 
expertise on the question at hand, is given undue consideration in 
a face-to-face discussion. 

(2) Ego commitment - after openly committing himself to a particular 
posit i.on, the individual is less likely to respond to facts and 
opinions advanced by other members of a face-to-face discussion 
group. 

(3) Group pressure for conformity - in a face-to-face situation, the 
individual encounters great pressure to jump on the bandwagon and 
join the group, 

The technique was applied by the Department of Transportation of the 

State of Maine in an effort to establish weights for various severity levels 

of selected distress categories. In connection with this, a rating form was 

developed, an example of which is shown in Fi.g 4 Numerous pavement 

experts within the Department were then consulted. Each expert was asked to 

establish the relative importance of selected distress categories for the 

following attributes: (1) overall surface condition, (2) roughness, (3) 

safety, (4) strength, and (5) maintenance need. Scores are assigned using a 

scale from Oto 20 as shown in Fig 4 and functional classification and 

traffic level are also considered when assigning scores. Successive 

iterations 0f the Delphi process are then made. At each iteration, the means 

of the ratings obtained during the previous cycle for each dist1ess category 

are fed back to the participants who are invited to make changes in their 

ratings in the 1 ight of the i.nformat ion presented. The final out,ut of this 

process then is a set of importance ratings reflecting the group consensus 

which may be used for establishing priorities. 
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w 
0 
I 

w 
N 

Attribute ______ _ 

Distress Descriptions 
Cracking 

(I) Transverse -Hairline 
(2) 
(3) 

< 1/411 

>1/4
11 

(4) Longitudinal-Hairline 
(5) <1/4 11 

(6) >l/4 11 

(7)Lood Associated -Initial 
(8) Advanced 
(9) Severe 

(IO) Patching 
(II) 

(12) 

(13) Ruts 
(14) 

(15) Crown 
(16) 
(17) 

-Good 
Fair 
Poor 

1/211-1 11 

,> t" 

1
11

- 2
11 

2"- 4• 
>4" 

(18) Shoulder Mar(Jinal 
(19) Deficient 
'20) None 

Rural Urban 

11111 i 11111 

I I 111111111 

11111111111 

f I I I I I I I I I I 
111111111 IJ 
11111111111 

* Indicate with asterisk when you feel that high volume 
roods would warrant a higher rating 

Fig 4. Order of significance rating form (Ref 11). 

Significance 

Scale Guide 

0 

-5 

-10 

-15 

-20 

Unrelated or 
No Significance 

Somewhat 
Significant 

Moderately 
Significant 

Highly 
Significant 

Most 
Significant 

NIA = In your opinion 
it does not apply or 
does not exist 



REFERENCES 

1. "A Method for Rating the Condition of Flexible Pavements," Highway 
Research Board Circular 476, National Academy of Science, Washington, D. C. 
August 1962. 

2. Carey, Jr., W. N. and P. E. Irick, "The Pavement Serviceability - Per­
formance Concept," Highway Research Board Bulletin 250, National Academy 
of Sciences, Washington, D. C., 1960. 

3. Lytton, R. L., T. Scullion, B. D. Garrett, and C. M. Michalak, "Effects 
of Truck Weights on Pavement Deterioration," Final Report 
RF 4087-2, Texas A & M Research Foundation, College Station, Texas, 
September 1981. 

4. Pedigo, R. D., F. 0. Roberts, and W.R. Hudson, "Simplified Pavement 
Management at the Network Level," NCHRP Project 20- 7 (15), Research 
Report No. NA-3/1, Austin Research Engineers, Inc., March 1981. 

5. Anderson, 0., "Features of the Swedish Triennial Road Inventory 
System," Bulletin 1979:10, Department of Highway Engineering, Royal 
Institute of Technology, Stockholm, Sweden, 1979. 

6. Finn, F. N., R. Kulkarni, and J. McMorran, "Development of Framework 
for Pavement Management System for Arizona," Final Report, Woodward­
Clyde Consultants, San Francisco, California, August 1976. 

7. Hudson, W.R., R. D. Pedigo and E. G. Fernando, "Development of An Ini­
tial Pavement Management System for Texas," Research Report 307-1, Center 
for Transportation Research, Bureau of Engineering Research, The Univer­
sity of Texas at Austin, May 1982. 

8. Howard, R. A., "Risk Preference," Readings in Decision Analysis, Stan­
ford Research Institute, Menlo Park, California, 1977. 

9. Clark, C. T. and L. L. Schkade, "Statistical Analysis for Administrative 
Decisions," 3rd Edition, Southwestern Publishing Company, Cincinnati, 
Ohio, 1979. 

10. Keeney, R. L. and H. Raiffe, "Decisions with Multiple Objectives: Pre­
ferences and Value Tradeoffs," John Wiley and Sons, Inc., New York, 
1976. 

11. Bush, R. A., "Influence of Cognitive Style in a Methodology for Data 
Base Design," Research Report 123-27, Center for Highway Research, The 
University of Texas at Austin, February 1975. 

12. Verrill, W. J. and P. E. Theberge, "Pavement Surface Condition Rating," 
Inter-Departmental Memorandum, State of Maine, September 1981. 

30-33 



Slide 30.1. Title Slide -
Features of an Implemented 
Pavement Management System 

Slide 30.2. Levels and elements of 
a Pavement Management 
System. 

Slide 30.3, Typical network example. 



Slide 30.4. Elements of network. 

Slide 30.5. Candidate sections 
within a network. 

Slide 30.6. Major components of 
pavement design. 



A, PAVEMENT DISTRESS EVALUATION 

1, MINIMAL DISTRESS 
2, MODERATE DISTRESS 
3, SIGNIFICAlff DISTRESS 

B, PRESENT SERVICEABILITY INDEX (PSI) 

1. PSI = 3.5 
2, PSI • 2.4 

Slide 30.7, Types of periodic 
evaluation measurements. 

Slide 30.8, Factors and levels of 
first factorial design. 

Slide 30.9. Factors and levels. 



C, TRAFFIC LEVEL 
1, HIGH TRAFFIC 
2. LOW TRAFFIC 

D, AMOUNT OF FREEZE-THAW 
1. NO FREEZE-THAW 
2. HIGH FREEZE-THAW 

E, AMOUNT Of RAINFALL 
1. DRY 
2, W T 

1o , . It,~·« n.w ...... , ... ,,,,.,_ 
n,,, .. ,·,,.,.,.. ,,._ 

1., 1 , i., f,.,.,~ Th"' 

...... "'' , .. ~,. , ..... 
~.,. Jo, , ,,, .... 11 .... 

., , ,r,,., .... 11 .. , .. 

-""••• ••lol1u \ l .. 

·-"'""'"' c.,...,11 , ---··· _> 

~.-., ...... 
1.ll ___J.•-~-

.. ~:::~ .. ·.·­
~!-

- 1• ,..- .. 1.r .. ,_ .. 
c..., ...... c. ... , .... . . . 
~ ~Jl!lt'-'!"'-- ·· 

,u,_ • ·­
,u,_•_ 
"'~·-·"-·­n.s .. __ ,.,, _ _ 
,u,_io·_ 

tll ·- · · - ­
,u,_ ... _ 
n:,:_.,, __ 
, u ,_w,_ 
1n ·_ • ,.­

· 1u._ ... ,_ ._ 

Slide 30 .10. 

Slide 30.11. 

Slide 30,12, 

Factors and levels. 

Fractional factorial 
from first factorial 
design, 

Evaluation forms for 
individual ratings, 



VARI.ULE 

RAll>tf'ALL 

FREEZE-THAW 
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PSI 
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Bl.~ EFFECT 

COfflFICU'.ffT 

0.460 
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0.601 
0,749 

l.656 

-0.0568 

..0 £l0lf) 

-STATISTIC 
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ll.7S 
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~l.26 

., 
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Instructional Objectives 

LESSON OUTLINE 
PRIORITY PROGRAMMING 

REVISED CS/rh 11/1/84 
Lesson 31 

1. To develop the basis for systematic planning of pavement investments. 

2. To define and explain the factors that should be considered in priority 
programming or program optimization. 

Performance Objectives 

1. The student should be able to recognize the importance of systematic 
planning of pavement investments. 

2. The student should be able to outline the basic steps in the syste­
matic planning process. 

Abbreviated Outline 

1. Information, analysis and decisions 

2. Existing rehabilitation methods 

3. Improving prioritization procedures 

Reading Assignment 

1. Haas and Hudson - Chapter 6 

2. RTAC - Part 2 

3. Instructional Text 
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Time Allocations, min 

15 

20 

SO minutes 



1.0 INTRODUCTION 

LESSON OUTLINE 
PRIORITY PROGRAMMING 

Revised CS/ rh 11 / 1 / 84 
Lesson 31 

When the individual projects have been scheduled, detail structural 
design and detail economic evaluation will determine the best within­
project alternative. However, at network level, the selection of 
individual projects for construction should be made only after con­
sideration is given to all other candidate projects with constraints 
of the limited fund and/or manpower availability. Therefore, some 
projects should be delayed due to these constraints. This situation 
necessitates a priority programming scheme for selection of individual 
projects for each year, over the program period. 

2.0 BASIC CONSIDERATIONS FOR PRIORITY PROGRAMMING 

2.1 Pavement Evaluation Outputs 

The major outputs of a pavement provide a partial indication of 
what the various pavement management activities are to achieve 
as an end result. These outputs are such as structural capacity, 
riding comfort, distress, and safety. 

2.2 Economic Considerations 

A number of economic analysis methods include costs and benefits. 
In the pavement field, however, past practice has been to consider 
only capital and maintenance costs. User costs, for example, can 
vary significantly, and direct reductions can be included in bene­
fits. Benefits are difficult to determine for pavement projects. 
Some can be approximately quantified in monetary terms. While 
direct agency costs, and direct user benefits, are given primary 
attention for priority programming, non-quantifiable factors may 
become important in some situations such as decision-making process. 

2.3 Timing of investment (Visual Aid 31.1) 

The delay of a pavement project changes the present value of 
benefits. The costs are similarly affected by the delay. A delay 
results in a higher extra maintenance cost that keeps the pavement 
at its acceptable level during the period in which the project is 
delayed. 

3.0 Priority Programming Procedure (Visual Aid 31.2) 

a) What basic data is required to make good decisions? 
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Revised CS/rh 11/1/84 
Lesson 31 

b) What are the good criteria to identify current needs and viable 
methods to identify future needs? 

c) All feasible rehabilitation maintenance alternatives are 
considered and evaluated? 

d) How to prioritize? Does priority analysis give reasonable 
answers? 

e) Can we assess future financial implication of budget and 
program approvals today~ 

f) Are they most-cost effective programs? How about tradeoffs 
between maintenance and rehabilitation? 

g) What are the future effects (average serviceability of network, 
amount of deficient mileage) for program and budget approvals? 

h) How to present recommendations? Can implication of budget cuts 
be answered? 

4.0 STATE-OF-THE-ART-PRIORITY PROGRAMMING MODELS 

4 .1 Priori.ty Analysis Methods (Visual Aid 3. 3) 

In preparing priority programs for highway improvements, it should 
be emphasized that the underlying philosophy of most agencies is 
to protect investments. The common methods used by highway depart­
ments to assign priorities to various projects may be classified 
as follows. 

4.1.1 Ranking. One of the most common methods used by highway 
agencies to prepare lists of capital improvement expendi­
tures bases priorities on the following: 
(a) ranking all candidate projects on a subjective basis 

using judgement, or 
(b) ranking all candidate projects using the ratio of 

present worth of benefits to present worth of capital 
costs of the improvement, or 

(c) ranking all candidate projects in descending order of 
the rate-of-return. 

4.1.2 Benefit Maximization Method. The benefit maximization 
method uses two basic steps: first, the optimum timing of 
each project in the program period is calculated to maxi­
mize benefits; second, the associated costs are compared 
with the expected budget for each year. This can be accom­
plished with optimization techniques such as a linear 
programming. 

4.1.3 Cost Minimization Method. This method is similar to the 
benefit maximization method, except that only costs are 
used for optimization. The optimum set of improvements 
by this method results in the least total cost to the agency. 
Again, various optimization techniques can be used. 
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4.2 Priority Programming Models Using Optimization Techniques 

4.2.1 A System for Priority Programming of Investments for Road 
Network Improvements. This system was developed at the 
University of Waterloo in Canada. The research identified 
the essential components of a road management system for 
priority programming of pavement improvements for road 
networks. The report describes the actual development of 
the priority system, including the necessary performance 
prediction models, the determination of action levels and 
years for improvements, the identification of alternative 
improvement strategies, the economic analysis methodology 
and the optimization routine (linear programming) for 
determining priorities. 

4.2.2 Rehabilitation and Maintenance System (RAMS). This system 
was devel-0ped at Texas A & M University. The RAMS is a 
set of seven computer programs that were formulated to 
maximize the total effectiveness of rehabilitation and 
maintenance activities in Texas while remaining within 
established resource constraints. The main purposes of 
these programs are: 
(a) Identifying and scheduling cost effective rehabilita·­

tion and maintenance strategies, 
(b) quantifying benefits of rehabilitation and maintenance 

strategies, 
(c) deriving a rehabilitation and maintenance plan con­

sidering meaningful system constraints, 
(d) determining optimal (maximum effectiveness) rehabili­

tation and maintenance policies. 

4.2.3 Network Optimization System (NOS). The Network Optimization 
System was developed to assist the Arizona Department of 
Transportation to establish statewide pavement rehabilita­
tion policies. Two functions of the NOS are: 
(a) Determination of the rehabilitation policies that 

achieves prescribed performance standards at a mini­
mum cost, 

(b) by iteration, determination of the highest standards 
that can be maintained with a fixed budget. 

The NOS provides a systematic, consistant, and theoretically 
sound method for different roads in the network to achieve 
a desired performance standard. 

A publication by FHWA titled "Pavement Management - Rehabilita­
tion Programming: Eight States' Experiences" includes several models 
which are currently being used by various states to solve their 
rehabilitation programming problems. 
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VISUAL AID 

Revised CS/rh 11/1/84 
Lesson 31 

LESSON OUTLINE 
PRIORITY PROGRAMMING 

TITLE 

Visual Aid 31.1 Programming Period and the Timing of Investment 

Visual Aid 31. 2 Priority Programming Procedure 

Visual Aid 31.3 Priority Analysis Methods 
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Visual Aid 31.1. Programming period and the timing of investment. 

Past Perf. -...... .............. 

PSI Minimum 

Year of 
Construction 

PSI 

Programming Period 
1~ •I 

Predicted 
Future 

Perf. 

Remaining 
Service Life 

Now Year of 
Future Need 

O Possible Action Years 

Desirable Minimum 

Minimum 

Programming Period 

Now 2 4 6 8 10 
Years 
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Visual Aid 31. 2. Priority programming procedure. 

1. What basic data? 

2. Good Criteria? 

Methods? 

3. All alternatives? 

All feasible 
alternatives? 

4. How? 

5. Cost Effective? 

6. Future Effects? 

Information Ex. minimum serviceability, 
(Field data, skid maximum surface distress. 

traffic, cost,etc, II 
~~-~ ~~~~~~~~~Criteria 

Now Needs 

Future Needs 

Maint ~---& Rehab-.-1 

Alternatives 
1 

Analysis & 
Evaluation 

Priority Analysis 

Financial 

Present status of network 

Performance prediction model 

Program Period(s) 

Budget Limit 

Initial 
Priority 
Pro ram 

Analysis -~Variable Budgets 

Final recommended 
program of work 
and budget 

Average serviceability of 
network, amount of deficient 
mileage, etc. 

Rehab ili ta tion 
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Visual Aid 31.3. Priority analysis methods. 

TYPE OF METHOD 

1, SIMPLE SUBJECTIVE RANKING 
OF PROJECTS BASED ON 
JUDGEMENT 

2, SIMPLE RANKING BASED ON 
SERVICE) DEFLECTION) ETC, 

3, NO, 2 ABOVE BUT WEIGHTED 
BY TRAFFIC I 

r 

I 
I 

PRIORITY ANAL, (MODEL) 
FOR YEAR BY YEAR OF 
PROGRAM PERIOD 

I 
I 
I 
I 

COMPREHENSIVE PRIORITY 
ANALYSIS USING MATH 
PROGRAM MODEL; CONSIDERS 
TIMING ALTERN, 
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ADVANTAGES & DISADVANTAGES 

0UICKJ SIMPLE; SUBJECT TO 
BIAS & INCONSISTENCY; MAY BE 
FAR FROM OPTIMAL 

SIMPLE & EASY TO USE; MAY BE 
FAR FROM OPTIMAL 

REASONABLY SIMPLE; SHOULD BE 
CLOSER TO OPTIMAL 

I 
I 
I 
I 

LESS SIMPLE; MAY BE CLOSE 
TO OPTIMAL; EFFECTS OF 
TIMING NOT CONSIDERED 

MOST COMPLEX; CAN GIVE 
OPTIMAL PROGRAM (MAX OF 
BENEFITS) 
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The need for a municipal pavement management system which can 

objectively establish pavement improvement priorities over the network, 

and its role in the overall road management, have been defined in 

Chapter 1. 

In this Chapter the existing methods of programming highway 

improvements are briefly reviewed for their potential applicability to 

the municipal situation. Several examples from the current technology 

are given. Limitations of these methods, their advantages and dis-

advantages are discussed. 

2. 2 EXISTING METHODS OF PRIORITY PROGRAMMING 

In the past, highway improvements were usually planned on the 

basis of current needs and projected future needs. The problem, 

generally, was the selection of the best alternative over a number of 

alternatives which were available for each specific project. In 

practice, selections were made with little regard to cost because it 

was assumed that needed funding would be available at the time of 

construction. 

In recent years, however, highway agencies have been faced 

with very limited funds, which is a result of the cutbacks due to 
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unstable economic conditions and other demands on governmental funds. 

But a large demand for improvements has arisen because of the size of, 

and the load on, the existing highway nt ~works. The result has been a 

growing backlog of projects and a fragmentLd system of improved and 

unimproved highway segments. 

The complexity of the problem and growing public complaints 

have forced engineers and economists to try and develop a systern(s) 

which can provide a systematic solution that satisfies both the public 

and the agency. The result is the concept of priority analysis. 

Priority analysis is a systematic process of deciding 

a) what projects should be built, and b) when they should be built. 

It is based on certain criteria which measure the degree of need, urgency, 

and desirability, and consider the availability of funds. 

Although existing priority analysis methods vary widely in 

detail, they can be divided into two broad groups: 

1. Ranking methods, and 

2. Optimization methods. 

These methods of priority analysis are briefly discussed in the following 

subsections. 

2.2.1 Ranking Method 

The ranking method is the most popular way of establishing 

priorities for highway improvements. It has been used widely by 

several highway departments (11-17) both in Canada and the United States. 
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In this method projects are ranked on the basis of criteria 

which are determined by the agency's policy. These criteria may be 

entirely subjective (i.e., subjective judgement) and/or they may depend 

on the deficiencies (i.e., deficiency ratings) of the system. 

cases ranking can also be done based on economic analysis. 

In some 

TI1e ranking method, therefore, can generally be subdivided into 

two main groups, such as a) sufficiency ratings, and b) ratings based on 

economic analysis. 

methods. 

The following is a brief description of these 

2.2.1.1 Sufficieq£Y__Ratings 

In this method of priority programming the approach depends on 

some form of sufficiency or deficiency ratings and it basically involves 

the following major steps (11): 

needs. 

1. 1be degree of need for an improvement, deficiencies and 

desirability of projects are established through a rating 

scheme, and 

2. Projects are ordered through a ranking scheme, in accordance 

with their ratings and other subjective inputs. 

Sufficiency ratings are the most common methods of establishing 

Although they vary widely in detail, they can be classified in 

two broad groups. In the first group, each factor which affects the 

needs and deficiencies of the facility, is rated separately, but a single 

composite score is then calculated and used for project ranking. The 

approach used by the Arizona Highway Department is a good example of this 

method (12). 
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In the second group, projects arc segregated into priority 

groups based on ratings of individual factors. The Tennessee (13) and 

Washington (14) methods are the two typical-examples for this group. 

The following is a brief summary of Arizona and Tennessee 

methods. The limitations of these methods will be discussed in the 

later sections of this Chapter. 

In the Arizona method a highway sufficiency rating system is 

used to determine the needs of the existing network, and guidelines are 

established to reduce the human error and personal judgement. One hundred 

points, which is the highest possible overall total rating, is first 

broken down into three major components, such as Condition, 35 points; 

Safety, 30 points; and Service, 35 points. These broad categories are 

then subdivided and the following component points are assigned: 

Condition 35 pts. Safety 30 pts_. Service 35 pts. 

Structural adequacy 17 Roadway width 8 Alignment 12 

Remaining Life 13 Surface width 7 Passing Opportunity 8 

Maintenance 5 Sight distance 10 Surface width 5 

Consistency 5 Ride quality 10 

Highway officials inspect the network at regular intervals and 

collect information in terms of the points described above. Each highway 

section is rated separately with this rating system and a total score is 

then calculated to describe the deficiency of the section. A section 
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with 67 total points, for examplet is considered more deficient than a 

section with 75 points. 

Another one hundred points are then used to describe the socio­

economic factors, which are subdivided into three main groups: 

environment, 40 points; economic development, 35 points; and traffic 

safety, 25 points. Each highway section is also rated for factors and 

the ratings are summed and then added to the overall sufficiency rating 

to find one composite score which is used for priority analysis. Projects 

are selecr:ted for implementation, starting from the project with lowest 

composite score until the budget for the year is exhausted. Remaining 

projects are then shelved and go back on the candidate list for the 

following year. 

In the Tennessee method, highway sections are rated from 

structural condition, facility of movement and safety points of view (13). 

The main difference of this method from the Arizona method is the fact that 

each of the three factors rated retains its own identity throughout the 

rating process; each is weighted with the others, but is not lost in a 

single index figure. 

The first factor considered in the analysis is the structural 

condition which includes the condition of subgrade, drainage, base and 

surface. Each of these four sub-factors is rated separately on the basis 

of a previously established rating system. These individual ratings are 

then summed to find one total rating for structural condition. The same 

process is followed on each section and then the totul ratings are arrayed 

in the descending order of their magnitude. They are then divided into 
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ten groups where each group includes secti~ns with similar structural 

condition ratings. Each group is given a numcr-icnl ~,.,,i,-.y o u, 0 (1P-

pending on the first digit of their total ratings (i.e., if the total 

structure condition rating is between 80 to 89, the index is 8). These 

indices of structural condition constitute the first digit in the final 

3-digit priority index. 

Deficiency of movement in hours of low traffic and high 

traffic is obtained by subtracting actual average design speed from 

standard design speed and actual operating speed from standard operating 

speed. The deficiency in facility of movement is then calculated by 

taking the average of the two differences and multiplying it by the 

average daily traffic volume of the section. The ratings are then 

arrayed in the order of their magnitudes and divided into ten groups 

with similar ratings. The section in these groups are then given index 

numbers varying from 9 to 0, to indicate the degree of deficiency. 

These index numbers for facility of movement constitute the second 

digit in the 3-digit overall priority index. 

The Tennessee study measures safety in terms of accident rate 

per mile and uses this rate as the third digit in the section's 3-digit 

priority index figure. 

In the final priority analysis five arrays are made by re-

arranging the sections. The first array which gives the sections of 

highest priority, consists of sections with structural deficiency ratings 

of 9, 8 and 7 arranged in that order. The second array consists of the 

remaining sections with deficiency ratings for facility of movement of 

9, 8 and 7 in that order. These sections have the next highest priority. 
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The third array which gives the sections with the next highest 

prioriry consists of the remaining sections with deficiency ratings for 

safety of 9, 8 and 7 arranged in descending order. The fourth array 

consists of the remaining sections with a structural deficiency rating of 

6 and 5, whereas the fifth array, which gives the sections with lowest 

priority, consists of the remaining sections in order of their rating for 

facility of movement and then arranging them in order of their structural 

condition rating and of their rating for safety. 

The Tennessee study also gives a similar rating procedure for 

urban state highways. Iu urban situations, condition, congestion and 

route characteristics are rated separately and used in a similar approach 

as was briefly summarized in the foregoing paragraphs. 

A different version of a ranking procedure has recently been 

developed by the Georgia Department of Highways (11). The procedure is 

based on a "scoring model approach" which analyzes the projects in terms 

of a number of parameters. In the Georgia method 26 parameters were chosen 

which were divided into eight main groups such as need, deficiency, con­

tinuity, benefit-cost, local opinion, and economic, social and environ-

mental consequences. Each project is evaluated in terms of these 

parameters and a combined score, priority index, is obtained through a 

set of weighting factors. 

priority indices. 

The projects are then ranked based on their 

In a slightly modified version of the Georgia method, two indices, 

priority group index and desirability index, are calculated. Projects 

are ranked first by their priority group indices and then the desirability 

index is used to re-·order the projects. 
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Ifi the Georgia approach, projects are categorized according to 

ten functional classes and nine improvement types. 

ranked within each category. 

The projects are 

The priority index approach has also been used for progrannning 

arterial street improvements in urban areas. Hall and Hixon (15) in 

their studies in San Diego, Phoenixand Nashville have come up with 

different priority formulas. The basis of these formulas are the 

same except that different weighting factors are used to weight the 

parameters involved in the analyses. 

The main difference between Hall and Hixon 1s approach and 

the others is the fact that they include project cost in their 

priority formulas. In other words, the concept of economics is 

considered in the analysis in terms of costs. 

The following section deals with the rating methods that are 

based on both sufficiency ratings and economics (i.e. costs) and gives 

several examples, 

2.2.1.2 Rating Methods Based on Economics 

The priority rating system that has been developed by Thiers 

et al (18) is a good example of this group of rating methods. In 

this method a total of 450 points are divided between the cartway 

(300 points), sidewalk (100 points) and curb (25 points for physical 

condition and 25 for the amount of curb reveal). A ratio of 2:1 is 

used to show the relative importance of cartway as opposed to the sidewalk-

curb system. Six categories of ratings which vary from very poor to 

excellent are also used to reflect the condition of cartway,pavement 

and curbs. Table 2.1 gives the evaluation guidelines used in the study. 

The priority index of a street improvement is then calculated with 

the following fonaula: 31-17 



TABLE 2.1 

REVISED DS:rh 1/13/84 
Lesson 31 

EVALUATION INDEX FOR URBAN STREET FACILITIES 

CONDITION CARTWAY 
CURB SIDEWALK CONDITION REVEAL 

Very poor 0 to 50 0 to 5 0 to 6 0 to 19 

Poor 51 to 100 6 to 10 7 to 12 20 to 39 

Fair 101 to 150 11 to 16 13 to 18 40 to 69 

Good to -- -Fair 151 to 210 

Good 211 to 270 15 to 22 19 to 24 70 to 95 

Excellent 271 to 300 23 to 25 25 96 to 100 

After Reference (18) 
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Numerical rating of the improved condition of the facility, 

Numerical rating of the existing condition of the facility, 

Numerical weighting factor representing the relative 

importance of the facility, 

Incremental cost to effect the proposed improvement, and 

Numerical measure of incremental improvement, Rr - RE, 

Rank ordering the values of the priority index of each project gives a 

priority rating list which can be used for developing a street improvement 

program with budget constraints. 

A similar approach which incorporates the cost of the project 

in priority analysis has been developed by the Ministry of Transportation 

and Communications of Ontario. This method has currently been used for 

rural, semi-urban and urban conditions by several municipalities in 

Ontario (19). The following is a brief description of the method that 

is used for urban street improvements. 

In the Ontario Method a total of 100 points is divided into a 

number of parameters which are assumed to constitute the overall condition 

of the existing facility. These parameters are: level of service, 

20 points; surface width, 25 points; surface condition, 10 points; 

structural adequacy, 20 points; drainage, 15 points; and maintenance 

demand, 10 points. 
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Each of these factors is rated separately on the basis of the 

guidelines given in Reference (19). The sum of these ratings then 

gives the condition rating of the street section. The total c~::;t: of 

performing the work required is calculated by 
11
bench !:lark' cost tables. 

This information is then used in the following formula to find tbe 

priority guide number of each project. 

100 - Condition Rating 
Priority Guide Number = 

Cost per Vehicle Mile (in cents) .. (2.2) 

The project with the largest priority guide number gets the 

highest priority. All the projects are built according to the 

magnitude of their priority guide numbers, until the total cost equals 

the budget available for that year. Figure 2.1 gives an example 

appraisal sheet that is used for urban roads in Ontario. 

In certain priority programming procedures more detailed 

economic analysis, mostly in terms of cost-benefit ratio or rate-of-return, 

is used for project ranking. 

example of this approach (16). 

Gardner and Chiles' method is a prime 

The method is called "congestion approach" and is used in 

Pennsylvania for programming improvement priorities. In this approach 

the year of the structural and functional failure (i.e. demand exceeds 

capacity)is forecasted. It is assumed that when the structural failure 

occurs before the functional failure, then the year of improve~ent is 

the year of structural failure. If, however, functional failure occurs 

before the structural failure, then the road can either be improved by 

sacrificing the remaining structural life, or nothing be done and 
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congestion starts building up, In either case alternatives are 

analysed to determine the best one and the. year in which the 

improvement should be done, In an earlier study (17) Gardner proposes 

a priority number for ranking projects, This priority number is 

calculated for each alterative by dividing the cost incurred due to 

congestion by the cost of performing the proposed improvement. In 

the early stages of testing, however, it was found that selection of 

the alternative with the highest priority number (i.e., highest rate 

of return) often failed to reduce congestion cost to desirable 

levels (16). It is for this reason that approximate rate-of-return 

and incremental rate-of-return methods have subsequently been used 

by Gardner and Chiles for comparing alternatives and ordering of 

investment priorities. 

The modified version of the congestion approach works in seven main 

phases. In the first phase the structural and functional failure dates 

of the road section are calculated by the use of the existing road life 

studies and demand-capacity analysis, respectively. In the second phase 

the outputs of Phase 1 are taken to the field for verification of various 

elements of the output. The third phase analyses a number of alternatives 

that are available for the road section, and selects the best alternative 

on the basis of average and incremental rate-of-returns. The list of 

optimum improvements in sequential sections constitutes the fourth phase. 

In the fifth phase, road sections are combined to form projects, whereas the 

economics (i.e. rate-of-return) of these projects are calculated in Phase 6. 

Phase 7 is the list of projects in the order of their rate-of-

returns. In the final priority list, however, adjustments are made to 
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give high priorities to the projects that fail st=ucturally not 

functionally. Similarly,within the structurally failed roads, the 

ones that require the cheapest alternatives (i.e. null alternative) 

get higher priorities. The rest of the projects are then ordered 

according to their rates-of-return. 

2.2.2 Optimization Methods 

Mathematical optimization techniques have recently been used 

for progranuning investment priorities for highway improvements (20, 21, 

22). The optimization approach is conceptually quite different from 

the other existing methods. It combines the functions of priority 

programming, program formulation and project scheduling into one 

operation which gives the optimum schedule of projects through precise 

analytical techniques such as linear and dynamic mathematical programming 

(11). 

The linear programming approach (20, 21) which can be used to 

either maximize benefits or minimize costs, seems to be the most 

popular approach, but dynamic programming has also been used for 

programming safety improvement investments in Kentucky (22). 

The following is a brief description of these methods. 

2.2.2.1 Benefit Maximization With Linear Programming 

In this method of optimizatio~ which has recently been deve-

loped by the Ontario Ministry of Transportation and Communications 
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for programming highway improvements, maximum benefit (or effectiveness) 

is derived from the expenditure without viola ting the budget constraints. 

The cost of the improvement, benefits accruing from the imp-· ·wement and 

budgets are all considered in the analysis. 

The cost of the improvement varies depending on the year of 

implementation, as shown in Figure 2. 2. Similarly, benefits of the 

improvement also vary by the year of implementation. Figure 2.3 

shows an example benefit stream, and it also shows that maximum benefits 

can be obtained by implementing the improvement in the year 1988. 

Therefore, for this project the optimum timing is 1988. 

The linear_programming method firstly calculates, for each 

improvenent project, the optimum year of implementation and compares 

the total cost of the projects that will be implemented in a particular 

year with the budget available in that year. 

FigGr~ 2.4 schematically shows this concept. 

The upper portion of 

In this diagram 

improvements are placed into their maximum benefit year and it shows 

the total costs for each year. Also shown is the total expected 

budget line. It indicates, for example, that in the year 1980 there 

is not enough budget available to handle all the improvement projects. 

In 1981, however, there are not enough improvements available to exhaust 

the budget. 

The. linear programming method then rearranges the timing of 

the improvements in such a way as to minimize the total benefit loss, 

as shown in the lower portion of Figure 2.4. The result is a priority 

program which does not violate budget constraints and maximizes 

benefits to the community. 
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With some modifications several alternative improvements 

for a single project can also be tested with this method. It is also 

possible to consider stage construction, dependent improvements and 

constraints on funds that are available for a particular region or a 

type of improvement (20). 

A similar. linear programming approach has been employed in 

Texas for a strategic planning of pavement rehabilitation and mainte-

nance (23). The concepts of roadway inventory, condition rating, 

gain of rating, minimum rating requirement, pavement survival rate, 

resource requirement and resource availability are used in the study 

with a zero-one ir, teger linear programming model which maximizes the 

overall effectiveness of all proposed maintenance and rehabilitation 

activities subject to decision, minimum distress and pavement rating 

constraints, as well as available supplies, equipment, manpower and 

overhead constraints. The main difference of Texas' approach from 

the Ontario's method of priority programming is that Texas' method 

studies the priorities of projects in only one year. In other words 

it does not consider a programming period in which projects can be 

shifted in time, instead it works with a one year programming period 

and determines maintenance strategies for only that year. 

2.2.2.2 Cost Minimization With Linear Programming 

This method is similar to the benefit maximization method 

except that only costs are considered in the optimization. All other 

consequences of the improvement such as user and environmental benefits 

are ignored in the analysis. It is for this reason that the method 
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does not necessarily give an optimum solution for the community. 

The cost minimization method, however, can provide a valuable 

tool for the agency to measure the effectiveness of an added cost 

associated with a priority program determined by another method. 

2.2.2.3 pynamic Programming Approach for Priority Programming 

Pigman, et al (22) have recently adopted the principles of 

dynamic progratTu~ing for determining an optimum combination of safety 

improvement projects for a given budget. 

The cost of the improvement in terms of construction or 

installation cost and maintenance costs through the expected life of the 

improvement, is considered in the analysis. Similarly, benefits due to 

the reduction in accidents are taken into account in the study. 

The model can deal with a large number of projects each with 

one or more alternatives, and produce a solution of optimum combination 

of projects and/or alternatives that should be implemented for a given 

budget. 

This model has been employed, in Kentucky, for planning 61 

projects. A multi-stage dynamic programming approach has been used 

and has produced slightly better results than the benefit-cost ratio method. 

2.3 MARGINAL ANALYSIS 

An heuristic approach, based on marginal analysis, has recently 

been developed for the Massachusetts Department of Public Works to handle 
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the problem of programming improvement investments (24). The 

objective is the maximization of net benefits under certain budget 

constraint9. It is argued that this can only be achieved by maximizing 

the return of each successive dollar invested, and this requires the 

consideration of each project's marginal contribution to the overall 

program benefit. 

On the basis of this concept, the iterative process starts 

with selecting the projects with the highest benefit-cost ratios. 

The budget and all other constraints (i.e. geographical constraints) 

are taken into account in this selection. 

When a selection is made in any stage of the process, the 

marginal benefit-cost ratios of its mutually exclusive alternatives 

are calculated. These marginal benefit-cost ratios are then used 

in the next iteration if the budget has not been exceeded with this 

selection. The idea is to find the project that gives the best return 

for the investment. 

This method has been shown to be capable of handling budget 

constraints, regional or area minimums, functional classification 

minimums, scale or sizing of projects (i.e. multiple alternatives or 

sizes) and project benefit interdependencies. 

A Highway Investment Analysis Package, based on marginal 

analysis, has also been developed and used in the Federal Highway 

Administration (25). It is an investment programming model which 

produces multi-period investment programs by selecting the improvements 

that maximize user benefits. 

31-29 



REVISED DS:rh 1/13/84 
Lesson 31 

2.4 LIMITATIONS OF EXISTING METHODS 

The most conunon problem with the rating metliods of priority 

programming is that they depend primarily on subjective judgement and 

opinions. The weighting factors used in these methods are mostly 

based on personal judgements of engineers and may vary from one person 

to another. There is practically no hard evidence available to show 

that these weightings are done in such a way as to reflect public 

opinion. The rating methods also have the deficiency of not including 

detailed economic analysis. More importantly perhaps, they do not 

consider the economic consequences of project timing. A project, for 

example, might be needed in a particular year, but when its priority is 

examined at the network level, it might be more economical to delay the 

project for a year or so. It is therefore very important to take into 

account the trade-offs between costs and benefits in time. 

Consequently, the present ranking methods of priority programming 

need to be improved to include a) more systematic and objective measures 

for needs studies, and b) more economic considerations in project ranking. 

The mathematical optimization method seems to overcome the 

deficiency of not including economic analysis. Some of the existing 

approaches, however, do have some limitations especially in terms of 

not dealing with a progralT'ming period. Texas' linear programming model, 

for example, analyses each project over a ten year analysis period and 

then generates an optimum priority list for the next year. This of 

course may be a serious limitation because of the fact that the trade-offs 
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between costs and benefits in time may have a significant effect on 

the outcome of the process. It is therefore necessary to c)nsidcr 

a progranuning period in order to take into consideration the effects 

of project timing. 

Kentucky's dynamic programming approach has a similar 

limitation. It also deals with just a one-year program and produces 

a priority list for one year. 

A priority program should deal with a pro~ranuning period (i.e., 

5 years, 10 years) and should be able to produce a priority list for each 

year in this period. This does not mean that these lists are final and 

will be implemented without any change. In fact, the program should be 

run each year to update the previous run. 

The idea of having a programming period gives a chance for 

each project to be examined in the process. The effects of the 

project timing are also taken into account when dealing with a period 

rather than just one year. 

One othrr limitation of the mathematical models is that they do 

not generally incorporate subjective values in their structures. They 

.perform detailed economic analysis and the outcome of the process depends 

mainly on the factors that are expressable in monetary terms. In 

priority programming, however, some subjective issues such as public 

demand, politics, etc., play an important role in the decisions. 

It can be argued, however, that the engineering portion of 

the priority progranuning is strictly related to the economics of the 

problem. In other words, engineers and planners provide a tool 

for decision makers to help them in making their decisions. 
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purpose of an engineering-based priority program therefore can be 

defined as providing an economic base for decision makers. C-.nsequen tly, 

the limitation of not incorporating subjective issues can be over-

shadowed by the fact that the priority list, which is developed by any 

one of the existing methods of priority programming, is a tentative 

list which will probably be modified by the decision makers. 

In summary, the existing methods of priority prograrr.ming 

suffer from various limitations. Some of them are too subjective, and 

others are unnecessarily complex with respect to the mathematics 

involved. On the basis of the foregoing argmnents, the linear 

programming approach seems to be more promising (in general terms) 

than the other approaches. 
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7.1 INTRODUCTION 

The economic analyses which provide a base for establishing 

pavement improvement priorities have been described in the previous 

Chapter. 

In this Chapter, a priority programming model is described. 

Its purpose is to establish priorities for urban pavement improvements. 

The problem of priority programming is also discussed briefly 

for one and multi-year programming periods, with or without budget 

constraints. 

Several economical methods of priority progrannning are briefly 

reviewed and a linear programming (LP) approach is recommended for the 

urban situation. TI1e input requirements of the method, typical results 

and a critical review are also included in this Chapter. 

7. 2 PRIORITY PROGRAMMING PROBLEM 

When there is a need for a large number of pavement improvement 

projects and sufficient funds are not available, the agency faces the 

problem of selecting the "best" projects for implementation. The 

criteria for this selection may vary in detail from one agency to another, 

but it can basically be stated as follows: Maximization of road user's 

benefits without exceeding budgetary constraints. 

From the economics point of view, therefore, the problem of 
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priority programming is two-sided. TI1e user or the community in a 

broader sense, constitute the one side of the problem. 

its limited funds are the other side. 

The agency and 

The positive and/or negative impacts of a pavement rehabili-

tation project are consumed mostly by the road user. TI1ere may be some 

external effects which may influence the community. These effects, 

however, are usually quite hard to quantify, and are generally neglected 

in the analysis. But the user, being the person who enjoys or suffers 

the consequences of a pavement project should be taken into account in 

deciding what projects should be built. 

The agency, on the other hand, is mostly concerned with the 

cost portion of tl1e problem. The funds available for pavement improve­

ments cannot be exceeded. It is the agency's responsibility to make 

sure that the budget is not violated in each year. 

The problem, therefore, can be summarized as selecting projects 

in such a W3Y as to maximize the total positive impacts of the projects 

without exceeding budgetary constraints. 

basis. 

Some agencies prefer to deal with this problem on a yearly 

Stated in another way, the agency takes into account all the 

projects that should be built in a particular year and prepares a 

priority progr~m for that year only. The projects that are not included 

in this program are delayed and considered in the analysis next year 

together with the new projects that come into the analysis next year. 

To establish priorities over a programming period, however, is 

more realistic since it allows all the projects to compete with each 

other. The timing of a project, in this method, is determined through 
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a more comprehensive anal~1sis in wrdch all project~, are tal·en into 

account. 

There are several alternative methods that may be used for 

one-year and/ or mul tiple-yr'.,H priority programming. A review of the 

existing methods of priority prograrmning has been given in Chapt(:r 2. 

The following is a brief description of sotnL'. of the economic approaches 

that can be used for priority programming purposes. 1l1e TT1::dn difference 

of these approaches from the methods reviewed in Chapter 2 is that they 

depend on pure economics. Both the user and the agency can directly 

be taken into account in the analysis, as benefits and costs, respec-

tiv~ly. 

7. 2 .1 Priority Prograrnming__!_~~~)ne Year Time Period 

Priority progranuning of mul t lple projects for a one year time 

period can be done by a) calculating a rate-of-return of benefits over 

costs, or b) discounting a stream of costs and benefits to a reference 

year, and comparing them (89). 

The benefit/cost ratio method and first-year rate-of-return 

method are the most common ones in the first group that are widely used 

in practice. In these methods, projects are ranked in decreasing order 

on the basis of their benefit/cost ratios and first-year rate-of-returns, 

respectively. Then, starting from the top, projects are selected until 

the budget for this particular time period is exhausted. 

The internal rate-of-return and net present value methods, which 

are the most common methods in the second group, work almost on the same 

basis as the first group. In these methods, however, a stream of costs 
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and benefits over an extended period of time (i.e., analysis per.iod) are 

considered. Then, in the net present value method, for example, projects 

are ranked in decreasing order of their net present values, and a cut-off 

point is determined on the basis of the budget constraint. 

The rate-of-return and discounting methods can be used for 

multi-year priority programming. The projects that are cut-off in one 

particular year are delayed and considered in the next year. These 

delayed projects compete with the new projects that come jnto the analysis 

in the next year. Th~y may be selected for impl~mcntation or may be 

delayed for another year, depending on their economic implications. 

The main deficiency of using these methods for prog ,·amming over 

a number of years is that they do not consider the trade-offs bet .. een 

benefit losses and project timing. 

7. 2. 2 Priority Programming Over a Programming Period 

When a project needs to be built in a particular year, its 

economic desirability in that year is usually deterlllined by cost-bent!fit 

analysis. Its costs and benefits are calculated with respect to this 

·particular in1pleme11tation year, and a criteria (i.e., benefit/cost ratio, 

net present value, etc.) is used to determine its feasibility. TI-le 

project is then accepted for implementation or rejected on the basis of 

this criteria. 

The costs and benefits of a project, however, may vary depending 

on the year of implementation. The delay of a project can result in 

substantial increases in its benefits with very little changes in the 
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The net present value of the project, therefore, may incre;:ise 

significantly if the project is delayed. Figure 7.1 schematically shows 

how the net present value of a project may vary with the implementation 

year. 

The best time of implementation for a project is the year 

which maximizes the net present value of the project. The diagram in 

Figure 7.1, for example, indicates that the net present value of the 

project reaches its maximum in 1983. 

this particular project should be 1983. 

Thus, the implementation year of 

Under no budgetary constraints, therefore, the priority rule 

is very simple. Every project must be done in the year which would 

result in maximum net present value. Heggie (89), shows that for most 

conditions net present values are maximized when first year rate-of-return 

of the annual benefits relntive to the cost first exceeds the discount 

rate. Therefore, first year rate-of-return criteria could also be used 

for multiple year project progranuning under no budgetary constraints. 

With budget constraints the problem becomes one of minimizing 

the loss in the net present value of all projects due to movements of 

projects from their optimum implementation years. Stated in another way, 

the total net present value has to be maximized without violating the 

budget constraints which are known for all the years in the prograrr.ming 

period. 

This maximization can be achieved in several ways. A heuristic 

approach can be applied in which the projects are first placed in their 

optimum implementation years. Then, they are advanced or postponed on 

the basis of their marginal net benefit-cost ratios until the budget 
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constraints are satisfied. Heggie (89), for example, suggests a 

decision model to do this type of analysis. 

Linear programming can also be used for solving the multi-

year priority programming problem. In fact, it has been shown that 

it provides an efficient, easy to understand and easy to use approach 

for maximizing total net benefits under budget constraints (89, 95, 

%) . 

It is mainly because of its simplicity and efficiency that 

the following linear programming model has been used in this study. 

7 .3 LINEAR PROGRAMMING MODEL FOR PRIORITY PROGRAMMING 

7.3.1 Formulation of the Model 

The fonnulation of a L.P. model for maximizing the total 

present value of m pavement improvement projects, each with k 

within-project alternatives, can be done in the following way, for a 

t years programming period: 

Maximize 

Subject 

m k 
E E 

i=l j=l 

m k t 
E E E 

i=l j=l t=l 

to 
t k 
r: r: xij t 

t=l j=l 

xi. Dij tt' < 
Jt 

X .. t > 0 1J . 

< 

Bt 

31-39 

..........••• (7.1) 

1 for i = 1,2, .. m ..... (7. 2) 

for t = 1,2, ... 10 ..... (7. 3) 

...... (7.4) 



REVISED DS:rh l/1J/b4 
Lesson 31 

where: Xij t the fraction of alternative j of project i 

started in year t, where t is taken from 

1 to 10 years in this study, 

= present value of annual benefits (including 

salvage value) of project i, with alternative j ' 

built in year t, all discounted to base year at a 

discount rate of R, 

Dij tt I = the actual construction and/or maintenance cost of 

project i, with alternative j' built in year t, 

incurred in year t I' 

Bt = budget for year t. 

Equation (7.1) is the maximization of benefits. It should be 

noted that maximization of net benefits (benefits minus costs) is not 

necessary since construction and maintenance costs are specifically dealt 

with in the budget constraints (95). TI1e L.P. model therefbre impli-

citly takes into account the costs in the maximization process. Thus, 

there is no need for discounting costs back to a base year to calculate 

the net present value of the projects. This is one of the main 

advantages of the L.P. approach used in that it eliminates the use of a 

discount rate for costs. In fact, the L.P. model calculates an 

appropriate discount rate for each year in the programming period, 

depending on the magnitude of the budget constraints. 

Equation (7.2) states that a project can be built once or may 

not be built at all. If a project has to be built (i.e., a "committed 
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project") then an equality constrain( has to be used. 

Equation (7.3) states that the budget in any year within the 

programming period cannot be exct~eded. Equation (7.4), which is the 

common constraint of all lj near pro gr a:muing problems, states that it 

is not possible to recapture construction costs by not constructing the 

project. 

Table 7.1 shows an exampl~ L.P. formulation for m pavement 

improvement projects, k within-project alternatives and t years 

progrruruning period. The within-project alternatives are defined as 

various rehabilitation strategies that are available for urban pavements. 

In Chapter 5 these were defined as single and double-lift overlays, re-

construction and re-mix. TI1e value of k, therefore, is equal Lo four 

in this study. 

TI1e selection of an appropriate programming period (t) is 

important for the accuracy of the results. A priority list determined 

for a relatively short programming period (i.e., 5 years) may be unrea-

listic because it do~~ not give a chance to all projects to appear in 

the priority list. Thus, a short progrmnruing period does not allow all 

projects to compete with each other. This may lead to significant 

errors in the priority list. 

In this study, a ten year progranuning period has been used 

with the assumption that most of tl1e pavements in a network require some 

action in ten years. Most of the projects, if not all, should therefore 

appear in the pr~ority list. A subsequent study, which will be discussed 

in Chapter 8, has supported this assumption. 

31-41 



. 

~ e 

1 

2 

3 

f 

m 

REVISED DS:rh 1/13/84 
Lesson 31 

Table 7 .1SAMPLE LINEAR PROGRAMMING FORMULATION 

YEAR 1 I VEAR 2 YEAR t 

1 2 3 ••• k 1 2 3 ••• k I 1 2 3 ••• k 

X111 X121 X131 X1k1 X112 X122 X132 X1k2 X11t X12t X13t X1kt 
... 

X211 X221 Xz31 X2k1 X212 X222 X232 X2k2 I ,ix 21t X221 X23t X2kt 

I 
I 

xm11 xm21 xm31 xmk1 xm12 xm22 xm32 xmk2 )(m1t xm2t xm3t xmlct 
A 

Xmkt = The fraction of alternative k of project m started in year t 
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The L.P. rno<lel described in the prevj0us Sc.r:~inn requires th2t 

the b~nefits and costs of each within-project alternative should be 

calculated separately for each possible implementation year in the 

programming period. 

If, for example, the pavement under consideration is expected 

to reach its terminal serviceability level in the sixth year of a ten 

year programming period, then the benefits and costs of each alternative 

are first calculated for the sixth year, assuming that the project will 

be implemented in this year, Then, the project is delayed to year 

seven, and benefits and costs are recalculated for this new implemen-

ta tion year. 'Tiwse calculations are repeated three more times lfiltil 

the whole programming period is covered. 

This procedure assumes that projects cannot be started until 

they reach their terminal serviceability levels. This can be achieved 

in the L.P. model by assigning high costs (i.e., 999999 dollars) and zero 

benefits to the years in which a project cannot be started. In the fore-

going example, therefore, the benefits and costs should artificially 

be assigned to the first five years of the programming period. 

The delay of a pavement project shifts the benefit stream to 

the right and changes the present value of benefits in the base year, as 

shown in Figure 7.2. The annual unit benefit which occurs in year 6, 

is shifted to year 7 and 8 by one and two year delays, respectively. 

Similarly, the other annual unit benefits are also shifted to the years 

which are determined by the amount of delay. 

The costs are similarly affected by the delay, as shown in 
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FIGURE 7. 2 - THE EFFECT OF PROJECT DELAY ON USER BENEFITS 
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Figure 7.3. The upper portion of Figure 7.3 assumes that the pavement 

is constructed in the sixth year. There is a construction cost in that 

year followed by routine maintenance costs in the following years. A 

one-year delay results in a higher extra maintenJnce cost*in year six. 

This maintenance cost is spent to keep the pavement at its minimum 

acceptable serviceability level during the year in which the project is 

delayed. Then, the same costs (i.e., construction cost, routine 

maintenance cost) occur in the same order starting from the seventh year. 

A two-year delay means additional maintenance costs in the sixth and 

seventh years, followed by the same sequence of costs. 

It should be noted that costs are considered directly in the 

L.P. model up to the end of the progranuning period. After that, costs 

cannot be taken into account because of the absence of budget constraints. 

It is for this reason that costs incurred in each year after the programming 

period are considered in ci1e analysis indirectly by subtracting them from 

the respective annual benefits. 

All the benefits and costs are calculated for each project 

alternative and implementation year combination as shown in Tables 7.2 

and 7.3. This infonu::ition is then used in the L.P. model together with 

the budget constraints. 

Table 7 .4 gives an example for calculating an element (B .. ) 
1] t 

in the benefit matrix of Table 7.2 .. In this example, the project is 

assumed to be built in the fourth year of the programming period. Zero 

benefits and high costs (i.e., 999,999 dollars), therefore, are artificially 

assigned to the first three years in the programming period. 

Annual benefits (B ,) are calculated for each year from 
t 

(*) These higher extra 1~intenance costs are assumed to be constant 
over the years. 31-45 
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YEAR 1 YEAR 2 
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-, 
YEAR 10 

/\lternative 
i 2 3 4 1 2 3 4 1 2 3 4 

Project 

1 

2 

3 

: 

: 
: 
: 
: 
: 
: 
M 

where: 

Blll Bl21 Bl31 Bl41 Bll2 Bl22 Bl32 Bl42 B1110 B1210 B1310 B1410 

B211 B221 B231 B241 B212 :8222 B232 B242 B2110 B2210 B2310 B2410 

B B B B mll m21 rn31 m41 
B B , B B 

rnl2 m22 m32 m42 
B B B B mllO rn210 m310 rn410 

Bijt = Present value of annual benefits of project i, with 
alternative j built in year t, all discounted 
to base year at a discount rate of R. 
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SA~PLE COST MATRIX FOR A PROJECT 

r-1 

N 

C""'I 

--1" 

::: 

= 

= 

JMPLD1ENTATI0N YEAR , 
V 

1 2 3 10 

ccilll R."'1ill2 RMill3 RMilllO 

MCil21 ccn22 RMil23 RMil210 

. 
MCillOl MCill02 MCi1103 cci11010 

cci311 RMi312 RMi313 RMi3llO 

MCi321 cci322 R.~i323 RMi3210 . . 
: 

MCi3101 MCi3102 MCi3103 cci31010 

, 
V 

the actual construction cost of project i, with alternative 
j, built in year t, incurred in year t', 

the actual routine maintenance cost of project i, with 
alternative j, built in year t, incurred in year t', 

the actual maintenance cost of project i, with 
alternative j, built in year t, incurred in year t'. 
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EX.AI1PLE BENEFIT CALCULATION FOR PROJECT (i) ALTERNATIVE (j), Lesson 31 
BUILT IN YEAR 4 

Total Annual Cost ( C , ) 
Discounted Subtotal ' I Year Benefit incurrea 

B ' - C ' Benefit 
( t I) ( B ') in in Year t t t I I 

Year t t 

1 0 ·999999 I - -
2 0 999999 - -
3 0 999999 - -

'"O 
0 

4 120200 72000 - 120200<1 ) 
'ri 
I,.., 

CJ 
5 115120 1600 - 106601 

P-< 

Cf) 
6 10 7 318 1600 - 91972 

•rl 
C/l ~1 ~ 

(I.I 
~ 
•ri 
~ 

7 1015 36 1800 - 80620 

8 90165 2240 - 66271 

9 82108 2240 

I 
- 55916 

10 72218 3200 - 451,9 7 56 7077 (J) 
1------.w 

u 
(!.) 

11 60567 3200 5 736 7 53122(L) 
. ...., 
0 
I,.., 

p.. 

1 
12 I L1749 3 3200 L14293 37959 

13 ! 33464 4320 29144 23140 

14 18967 4320 146-'. 7 10766 

15 4415 4320 95 65 

16 12960 0 12960 8165 13321/4) 

Total Discounted 
651004 ( 3) Benefits 

B. ·4 lJ 
516897 (S) 

Total annual benefits (B 1 ) are discounted to project 
. l · 4 t imp ementat1on year . 

(B 1-C 1) 's are discotmted to year 10. t t 

In 4th year dollars. 

Salvage value at the end of the analysis period (in 10th year dollars) 

In 1st year dollars. 
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Figure 6.2. In year 4, for example, the average unit benefit gained 

from the project is calculated by subtracting the vehicle operating cost 

which corresponds to the serviceability level in that particular year 

(assumed to be 7.6 in the example), from the operating cost that occurs 

at the terminal serviceability level of 4.0. This average benefit per 

vehicle mile can be determined as 0.03 dollars, from Figure 6.2. The 

total benefit for the year is then calculated as 120,200 dollars by 

multiplying the average unit benefit (0.03 dollars) by the average daily 

traffic (i.e., 11448 vehicles), number of days in a year (i.e., 350) and 

the project length (i.e., 1.0 mile). 

The annual benefits that occur in the analysis period (i.e., 

years 4 to 10) are then discounted back (at a rate of 8 percent) to 

project implementation year 4. 

The benefits that occur after the analysis period (i.e., 

between years 11 and 16) are treated separately. Costs (Ct,) are 

deducted from the benefits, starting from year 11. The difference 

(Bt, - Ct,) in each year is then discounted back to the end of the 

analysis period (i.e., year 10), and summed up to calculate the salvage 

value. This salvage value, which is 133,217 dollars in the example, is 

in 10th year dollars and includes both the salvage value of the materials 

at the end of the service life (i.e., 12,960 dollars) and the user 

benefits th.::i t occur after the analysis period. 

This salvage value is then discounted back to the fourth year 

and summed up with the discounted annual benefits that occur in the 

analysis period. This total value ( 651,004 dollars) is the total 
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This total is then discounted back to the beginning of the 

programming period (i.e., year 1) and expressed in first year's dollars. 

Thus, 516,897 dollars, in the example, is the element in the 

overall benefit matrix of Table 7.2. The rest of the benefit elements 

in that matrix are calculated in a similar way as shown in this 

example. 

The other input requirement of the model is the budget for 

each year in the programming period. Thus budget should be only 

that concerned with pavement improvements. The total construction 

or maintenance budgets that are normally available in an urban road 

agency cannot be used in this priority progrannning fonnulati· n. The 

pavement improvement budget should be separated from the others and 

used in the analysis. 

7.3.3 Results of the Model 

The L.P. model establishes priorities for urban pavement 

improvements, over the whole network, on the basis of benefit maxi-

mization and budget constraints. Since a linear programming formulation 

is used, however, the solution includes fractional values (96). In 

other words, some split projects, in terms of time and/or alternative, 

may appear in the priority list. The program may suggest the imple-

mentation of a certain percentage of a project(s) in one year and the 

rest in other years. Or, one alternative may appear to be the best for 

a certain percentage of a project in one year and another alternative in 

other years. 

Weingartner (96) shows that the number of these fractional 
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solutions in an L.P. formulation cannot exceed the number of years in the 

progr3mming ped od. In this study, therefore, a maximum of ten split 

projects may appear in the priority list. In conunon practice these 

split projects could be assigned to the year and alternative with the 

largest fraction. Experience has shown that this does not create any 

difficul t:,r ( 89, 95, 96) • 

In addition to the priority list, the L.P. model gives some 

information about the discount rate for capital costs in each budget year. 

The dual variable of a budget constraint reflects the value of a dollar 

in that particular year relative to the value in other years in the 

programming period (i.e., shadov.' price). By examining these dual 

variables one may decide the level of budget required in a year, relative 

to other years. 

Similarly, the du,1 l variables of each project cons trai.nt 

give the ''shadow price" of each project. In other words, the relative 

importance of a project is given hy the dual variable of that pgrticular 

project's constraint. The higher the value of the dual variable, the 

better the project is in terms of its effect on the benefit maximization. 

The L.P. model also gives the maximum total benefits that will 

be obtained from the implementation of the priority list. The amount of 

budget that is used in each year, and left over, if any, is also given 

in the output. 

The effect on the objective function of delaying a project is 

also given in the L.P. solution. 

A sample application of the model to a simple problem can be 

found in References (97, 98). 
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7. 4 GENERAL DISCUSSION OF THE PRIORITY PROGRAMMING MODEL 

The L.P. approach for multi-year priority programming explicitly 

recognizes the trade-offs between benefit losses and project timing. It 

treats each possible implementation year as an independent alternative 

by delaying the construction of the project over the programming period. 

In addition to this, the within-project alternatives are also considered 

in the analysis. Thus, all possible combinations of project type and 

timing are considered and compared in the linear program, and the best ones 

ace selected for implementation on the basis of their economic consequences. 

Policy variables such as regional development policies, can be 

taken into account in the L.P. model by using special weighting factors. 

Renefits of the projects in a particular area can be weighted differently 

from the benefits of other projects in other areas. Thus, special con-

sideration ~an be given to certain projects in the L.P. method of priority 

programming (95). 

This can be a major advantage in urb;:m areas in which political 

:i~ssues play an extremely important role in determining priorities. The 

weighting system, for example, can be used to spend the urban pavement 

improvement budget as uniformly as possible over the whole city, or to 

ensure that certain wards or areas are given particular consideration. 

Similarly, dependent and sequentiaily dependent projects and 

staging problems can be taken into account in the L.P. model. In addition 

to these advantages the following major types of priorities can be 

considered in the L.P. approach: 

1. Priorities based on identifiable economic benefits, 

2. Priorities "predetermined" or committed on the basis of 

larger, overall improvement projects, 
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J. Priori tics subjectively e.stablished where benefits cannot 

be quantified. 

The pavement portion of a capacity improvement project, for 

example, can be taken into account as a "conuuitted" project in the L.P. 

mc,del. Similarly, a safety improvement or a subjective political or 

engineering decision to carry out an irr.provement (such as a "spot im­

provement") represented by the third type of priority listed, can be 

included in the L.P. priority programming model. 

The L.P. approach used eliminates costs from the objective 

function. This has the advantage that the discount rate selected ls 

used only for discounting benefits over time. Costs are not diRcounted; 

they are used in actual terms in the budget constraints. 

The dual variables of the L.P. model give valuable information 

to the analyst about the relative importance of each project and the 

shadow price of a dollar in each year in the programming period. This 

information can be used for adjusting the priority list to avoid split 

projects. 

A zero-one integer program would avoid the problem of fractional 

or split projects. It is, however, quite difficult to find a computer 

program which can handle large size problems (99). In this study, for 

example, a zero-one integer linear program by Geoffrion and Nelson (100) 

was tried, without success. It was not capable of being used on other 

than very small problems. 

IBM's 111athematical programming package (101, 102) could poten­

tially be quite efficient for this problem. It's cost, however, was far 

in excess of the resources available to the study. Moreover, there is 
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no assurance that it would give any better results, in a practical sense, 

than the L. P. formulation. 

The fractional solution<: of the L.P. model can be interpreted 

in terms of both cost and length of a proj~-t. If, for example, fifty 

percent of a project (i.e., a two-lift resurf;:, i.ng alternative) is re­

commended to be built by the program in a certain yeo.r, either half of 

the project, in terms of length, can be built or a single-Jift can be 

placed over the entire length of the project instead of two-lifts. 

The second interpretation seems to be more logical for the 

urban situation. In the common application of the L.P. model, however, 

these split projects are usually assigned to the year with the highest 

function. This assignment process, which can be done in several ways 

(89). may violate the overall optimality, but in practice the l,ptimums 

cannot always be achieved and/or implemented. 

It should be reallzed that the output of the program is just 

a tentative priority list that is based purely on economic considerations. 

The decision maker may well modify it to take into account those subjective 

factors that cannot formally be considered in an engineering model. An 

economic analysis should only form the basis for decisjon 1,,1king; that 

is, it provides a gui<lc; it does not provide a decision by itself. 

The priority program developed in this study uses the concept 

of terminal serviceability as a screening process. Projects are not 

considered until they reach their minimum acceptable serviceability levels. 

This may be a serious limitation because, under certain circumstances, the 

rehabilitation of a pavement before its terminal serviceability level is 

reached may be more economical. In other words, a variable terminal 

serviceability level may result in a true-optimum, whereas the screening 

process, with a fixed action level, may give a sub-optimum solution. How-
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ever, as ideal as a variable terminal serviceability level may be in a 

tl,eoretical sense, it may also represent an academic refinement incon-

sistent with practical considerations and the gross assumptions or vari-

ations occurring in other inputs and models in the total system. 

It should be noted though that a screening process is always 

needed even with the variable terminal serviceability level criteria. 

It may, therefore, be argued that the true-optimum can be approached but 

never achieved. 

On the other hand, in the urban situation where there is a huge 

demand for pavement improvements with very limited funds, it may be quite 

unacceptable to rehabilitate a relatively good pavement, even though it 

represents an opti.mal solution based on variable terminal serviceability 

criteria, traffic volumes, etc., while other pavements in worse condition 

are not improved. 

It was, therefore, felt that screening with a fixed terminal 

level criteria is more realistic, at least at this time, for the urban 

situation. This fixed level might also be justified from the safety 

point of view. 

The other limitation of the L.P. model is that the result of 

the model depends mainly on its inputs. For this reason, special con­

sideration should be given to defining and calculating the costs and 

benefits of a project. Any error in the input may result in significant 

changes in the output of the model. 

In conclusion, the L.P. model of priority progran~ing developed 

in this study seemc:- to be quite effjcient for programming urban pavement 

improvements. It suffers from certain limitations, but in the current 

state of the technology its advantages overshadow these limitations. 

Previous experience (89, 95) has demonstrated that the method is practjcal 

and useful for the purposes of prio:.-ity programming. 
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ABSTRACT 

An integer programming technique has been used to develop an operating 

computer program (RAMS) which determines optimal maintenance strutegies for 

pavements. This is accomplished by maximizing the overall maintenance 

effectiveness for all highway segments considered. The program can use 

numerous maintenance strategies, resources, and feasibility constraints to 

obtain solutions. An example problem containing actual field data on 

fifteen highway segments located in one highway district in Texas was used 

to demonstrate typical program input and output. This example revealed that 

maintenance strategies selected by the computer program were essentially 

identical to those selected by district TSDHPT personnel for nine of the 

fifteen pavement segments studied. The differences between RAMS and TSDHPT 

selections are examined. 



INTRODUCTION 

OPTlMIZATlON OF PAVEMENT REHABILITATION AND 

MAINTENANCE USING INTEGER PROGRAMMING 

Optimization techniques are being applied to the problem of allocating 

highway rehabilitation and maintenance funds because of their established 

record in industry of saving around 10 to 25 percent of equipment mainte­

nance budgets (1). If this kind of record can even be approached in the 

area of highway maintenance, very significant savings to the nation can 

be realized. 

This paper describes the solution to such a problem by an operating 

computer program called RAMS (!ehabilitation ~nd ~intenance 1trategies). 

The program uses an integer progranuning technique that is based upon a 

mathematical model of the optimization process which was formulated by 

Lu and Lytton (2). The program is part of a methodology presently being 

developed by the Texas Transportation Institute for the Texas State 

Department of Highways and Public Transportation (TSDHPT). 

The approach described here is different from what has been tried 

elsewhere. The University of California at Berkeley has developed an 

optimization computer program called CALMS 1 which uses a Markov process 

for describing the transition from one pavement condition state to another 

(3). Two kinds of pavement condition states are considered, roughness and 

cracking, and these are treated with three major alternative strategies: 

thin, medium, and heavy overlays. In a similar development, the Washing­

ton State Department of Highways has developed an optimization procedure 

for their highway system (4). 

The present method recognizes that a large number of maintenance and 
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rehabilitation strategies are in fact used by all transportation agencies 

ranging from seal coating, through patching and overlaying, to complet~ 

reconstruction of the pavement. The problem described in this paper 

recognized five types of distress and six maintenance and rehabilitation 

strategies. The program is written flexibly so that either more or 

fewer distress types and maintenance strategies may be used. 

The purpose of this paper is to describe how optimal maintenance 

solutions for highway segments are obtained using the RAMS program and 

to show the results of the solution of an actual problem with a group 

of highway segments located in Texas, complete with a general description 

of the required inputs, 

DESCRIPTION OF THE OPTIMIZATION METHODOLOGY 

The mathematical model to maximize the overall effectiveness of 

maintenance activities as applied to highways may be formulated in terms 

of O - 1 integer prograrmning which may be written as follows: 

Maximize 
N 
i:1 

t=l 

subject to the following constraints: 

Decision variable 

NS 
L x < 1 

iJ' j=l 

Available supplies 

2 

(1) 

i = 1, 2, ... , NH (2) 

g=l,2, ... ,NG (3) 



Available equipment 

N,i NS 
~1 

E eijfLliL2ixij < Ef l, 

i=l j=l 
f = 1, 2, ..• , NF 

Available manpower 

NH NS 
hij qLliL2i xij < H E E 

k=l j=l 
q q = 1, 2, .•. , NQ 

Available budget 

NH NS 
Ci.L1 .L2 .x .. E E < C 

i=l j=l J 1 1 1] 

Minimum rating for each distress type 

i = 1, 2, ••• , NH 

k = 1, 2, ••• ,ND 

t = 0, 1, ••• ,NT 

Minimum overall pavement rating score 

i = 1,2, ... ,NH 

where 

NH = number of highway segments in analysis; 

NS = number of maintenance strategies; 

ND = number of distress types; 

NT = number of years in analysis period; 

Lli = pavement length in miles of highway segment i· 
' 

L2i = pavement width in feet of highway segment i· 
' 

dijk = potential gains of pavement rating of highway segment i, 

maintenance strategy j and distress type k; 

3 

(4) 

(5) 

(6) 

(7) 

(8) 



P. 'k = pavement survival probability of highway segment i, maintenance 
l.J t 

strategy j and distress type k, at time t; 

= a decision variable which will be 1 if maintenance strategy 

j is selected for highway segment i, and O otherwise; 

s .. = amount of material (or supply) type g per unit surface area 
l.J g 

(one mile long and one foot wide) required in highway segment 

i, if maintenance strategy j is selected; 

S = total amount of material (or supply) type g available; 
g 

NG= number of different material (or supply) types; 

eijf = amount of equipment type f (in equipment-days per unit one mile 

long and one foot wide surface area) required in highway seg­

ment i, if maintenance strategy j is selected; 

Ef = total amount of equipment type f (in equipment-days) available; 

NF= number of different equipment types; 

h .. = a~ount of manpower type q (in man-days per unit one mile long 
l.J q 

and one foot wide surface area) required in highway segment i, 

if maintenance strategy j is selected; 

= total amount of manpower type q (in man-days) available; 

number of different manpower types; 

C .. = cost in dollars per unit one mile long and one foot wide 
l.J 

surface area required in highway segment i, if maintenance 

strategy j is selected; 

C = total budget available (in dollars); 

rik = current pavement rating of highway segment i and distress 

type k; 

Rikt = minimum required pavement rating of highway segment i and 

distress type k at time t; 
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Wit= minimum required pavement rating of highway segment i of all 

distress types at time t. 

Solution Procedure 

Optimizing the maintenance strategies for a large number of highway 

segments with numerous strategies, resources, and 1 asibility constraints 

exceeds the capacity of current mathematical integer progrannning 

techniques to achieve exact optimal solutions. The problem, formulated by 

use of integer programming, is solved by Senju and Toyoda's (5) "effective 

gradient" method which achieves near optimal solutions. 

Effective Gradient Method 

Consider a simple example by using five highway segments. The data 

for these highway segments comes from a larger, more realistic problem 

which will be discussed later. The goal of this short example is to 

demonstrate by use of the effective gradient method how the five segments 

can be maintained optimally. For simplicity it is assumed that only one 

maintenance strategy and two resources are needed. The maintenance strategy 

chosen is reconstruction and the two resources are the amount of budget 

and materials available to accomplish the work. The RAMS problem presented 

later actually considers six maintenance strategies and the resources of 

materials, equipment, manpower, and budget. 

Table 1 shows a listing of the five segments (designated H1 , H
2

, ... , 

H
5

) and the percentage of the total resources used for each. These seg­

ments correspond to the last five segments shown in Table 4. The mainte­

nance strategy that is considered is reconstruction with a total available 

budget of $300,000. The cost to reconstruct each segment was obtained hy 

multiplying the length and width by the cost per unit area. The percentage 

of materials required by each segment was assumed to approximate the 
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Table 1. Resource Requirements for Five Highway Segments 

Highway Percent of Total Percent of Total Maintenance 
Segment Available Budget Available Material Effectiveness 

Resource Used Resource Used 

H 74 70 6507 
1 

Hz 46 45 4072 

H 76 70 3863 3 

H 42 40 78,109 4 

H 47 50 78,355 5 

Total 
Required 285 275 170,906 

Total 
Available 
(Limit) 100 100 

Extra 
Resource 
Required 185 175 

Total Available Budget $300,000 
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percentage of the budget consumed. The total required for each resource is 

shown and is the sum of the individual percentages for each highway segment. 

For the budget resource, the total required is larger than the available 

budget by a factor of 2.85. A similar situation occurs for the material 

resource. 

Maintenance effectiveness is also shown in Table 1 and is computed 

from the objective function in Equation 1. Thus, the maintenance effec-

tiveness is obtained by multiplying together the length, width, gain-of­

rating for each distress, and the sum of the survival probabilities (gain­

of-rating and survival probabilities will be discussed in more detail later 

in the paper). The maintenance effectiveness would be greater for highly 

distressed pavements as opposed to nondistressed pavements of equal 

length and width. Highway segment H
5 

will be used to demonstrate how 

maintenance effectiveness is computed. For H
5

: 

1. Length= 7.444 mi (11.980 km) 

2. Width= 20 ft (6.1 m) 

3. Gain-of-rating points for reconstruction for distress types present 

on roadway: 

Distress type 

(a) Rutting 

(b) Alligator cracking 

(c) Longitudinal cracking 

(d) Transverse cracking 

( (') Failures/mile 

Maximum 
Points 
Available 

15 

25 

25 

= 20 

= ,,o 

Current Gain-
Condition of-
Rating Rating 

10 = 5 

10 = 15 

10 = 15 

8 = 12 

20 20 

4. Probability of survival for reconstruction summed over ten years for 

distress types present on roadway: 
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5. 

(a) Rutting = 7.97 

(b) Alligator cracking = 6.86 

(c) Longitudinal cracking = 9.25 

(d) Transverse cracking = 9.25 

(e) Failures/mile = 6.69 
1 1 s 

Maintenance effectiveness = Ll5L25 E L E 
i=l j=l k=l 

= (7.444)(20){(5)(7.97) + (15)(6.86) + (15)(9.25) + 

(12)(9.25) + (20)(6.69)} = 78,355 

10 
E dijkp ijkt 

t=l 

In Figure 1 the vectors H
1

, H2, .•. , H
5 

are plotted as a function of 

the required resources for each highway segment, i.e. , H1 denotes the 

amount of budget and materials required if reconstruction is done to this 

segment. The following vectors are defined: 

Let R = resultant vector of all highway segments 

L = limiting resources vector 

= (100,100) in example 

E = excess vector 

= R - L = (285,275) - (100,100) = (185,175) 

If enough resources are available to reconstruct all five highway 

segments, that is what should be done. Of course, this situation will 

rarely occur. Resources are generally scarce so maintenance cannot be 

applied to all the highway segments being considered. The maintenance 

should be applied to that combination of highway segments that maximize 

the overall maintenance effectiveness and satisfy the available resource 

restraints. Thus, some method must be used to determine which segments 

are dropped from consideration. 
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Figure 2 shows highway segment HS being dropped. This caused the 

pnint R to move in the general dire~tl~n of l 3nd 78,355 units of 

maintenance effectiveness is lost, Highway segment HS' s contribut-ion 

toward moving back toward L (to satisfv the r0source avai]qbility constraint 

requirement) is expressed by the projected length of vector H~ on the 
) 

excess vector E (denoted by A'R). The decision to drop a highway segment 

should be based on a comparison of maintenance effectiveness with the 

projected length on the vector E. This comparison determines the 

"effective gradient" and is taken as the ratio of maintenance effective­

ness for a highway segment to the projected length A'R for that highway 

segment. Phrased another way, effective gradient indicates which highway 

segments have the greatest maintenance effectiveness for the smallest 

amount of resources. Highway segments with small effective gradients are 

less desirable to schedule for maintenance than segments with large 

effective gradients. Therefore, the effective gradient for each segment 

is calculated and those segments with the smallest gradients are dropped 

until the availability resource constraints are satisfied. 

The effective gradient for each highway segment is shown in Table 2. 

The following will demonstrate how the effective gradient is calculated. 

Let U st.and for a unit vector parallel to E and with the same sense. 

u = E/ IEI 

and from the example 

Let u
5 

= projection of vector - HS on vector - U where US is given by the 

scalar product of vectors - HS and -U 
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Table 2. Five Highway Seqments Ranked By 
Effective Gradient 

Proposed Effective 
Order Gradient 

H3 37 

H2 63 

Hl 64 

HS 1144 

H4 1347 
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US= -HS 

= 68.5. 

Let G
5 

= effective gradient of maintenance effectiveness 

= 
maintenance effectiveness 

us 

_ 78,355 
- 68.5 = 1144 

Similarly, the effective gradients for the other four highway segments 

were computed. 

By using the ranked effective gradients, a choice of highway segments 

to be dropped can be made. The segments dropped are shown in Table 3. 

It can be seen that after dropping highway segments H3 , H2 , and H
1

, 11 

percent of the budget and 10 percent of the materials are not used. The 

overall result is that only segments H4 and H
5 

can be reconstructed and 

represent the optimal solution. 

The problem of determining optimum maintenance strategies grows 

rapidly when additional strategies, resources, and distress consideratlons 

are added. The RAMS program treats this kind of problem. 

Program Steps 

The RAMS program considers the following steps in obtaining optimal 

maintenance solutions: 

1. Finds the feasible maintenance strategies for each highway seg­

according to the minimum rating for each distress constraint (Equa­

tion 7 and Table 10) and the overall pavement rating constraint 

(Equation 8 and Table 10). 

2. Ranks the feasible strategies for each highway segment according 

to the ratio of maintenance effectiveness to resource requirement. 
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Table .3. Selection of Highway Segments by Dropping Least Effective 

Budget Material 
Resource Resource 

Initial Excess Resource Requirements 185 175 

Subtract H3 (76, 70) 109 105 

Subtract H2 (46, 45) 63 60 

Subtract Hl (74, 70) -11 -10 
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The ranking criterion is computed as follows: 

where: 

rij = 

Mij = 

aijl = 

m 
E a 
1=1 ijl 

ranking ratio for highway 

maintenance effectiveness 

segment i. 

segment i and 

if strategy j 

of 
th 

resource needed percent 1 type of 

to highway segment i. 

strategy j. 

is applied to highway 

if strategy j is applied 

For each highway segment the feasible strategies are ranked according to 

the highest value of the ranking ratio. 

3. Selects the best ranked feasible strategy for each highway seg­

ment and calculates the effective gradient. 

4. Sorts the effective gradients for all highway segments. 

5. Selects the highway segment with the smallest effective gradient 

and exchanges its currently considered strategy with the next best 

available. This highway segment with its exchanged strategy and the 

remaining highway segments with their current strategies are used to 

recalculate the effective gradients for all highway segments. The 

program then switches back to Step 4 unless all the available, feasible 

strategies for this highway segment are exhausted in which case the 

program goes to Step 6. 

6. One of two possible decisions are made at this step. These two 

decisions are: 

(a) If any of the constraints are exceeded, drop the highway segment 

1 c; 



from the solution nn<l subtract the resources requJ red for I IH' 

segment from the excess resource vector. The effective graJlents 

for the remaining highway segments with their current strategies 

are recalculated and the program then returns to Step 4. 

(b) If all of the constraints are satisfied, there is no need to 

drop more highway segments. The program goes to Step 7. 

7. The remaining highway segments together with their corresponding 

strategies constitute the optimal solution set. If additional or 

"slack" capacity is available in the resource constraints then 

additional highway segments may be added back to eliminate or 

reduce this capacity. 

EXAMPLE PROBLEM USING THE RAMS PROGRAM 

The purpose of this larger example problem was to compare the 

maintenance strategies that were selected by TSDHPT personnel and with 

those selected by the RAMS program. The problem was prepared using actual 

field data which was obtained from fifteen highway segments located in 

TSDHPT District 17. This district is located in eastern-cental Texas. 

Eleven of the fifteen highway segments selected were scheduled for 

various kinds of contracted highway maintenance or rehabilitation within 

the next several months. The highway department has actually scheduled 

these segments for either a seal coat, asphalt concrete overlay, or re­

construction. Four additional highway segments were added to the initial 

eleven because they were considered to be in excellent condition and as 

such to require no significant maintenance. Although the intent of the 

methodology contained in RAMS was not to optimize maintenance on segments 

which require none, it was felt that adding the four segments would 

demonstrate that the program could distinguish a segment that needed 
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rehabilitation from one that does not. 

The following outline will be used in describing this example problem: 

1. A description of the highway segments used. 

2. Pavement condition determination for each segment. 

3. The gain-of-rating matrices used. 

4. The pavement survivor matrices used and how these matrices 

were obtained. 

5. Resource information with emphasis on the budget. 

6. A comparison of the TSDHPT selected maintenance strategies and 

those selected by the RAMS program. 

Description of Highway Segments 

Table 4 contains general information for each highway segment used. 

It includes a general description of each segment and the TSDHPT scheduled 

maintenance strategies. Additionally, the average Serviceability Index 

(SI) for each segment is shown and was obtained by use of the Mays Ride 

Meter. As can be seen in the table, a mixture of US, State and Farm-to­

:t{arket highways were used. The pavement length and width for each highway 

were direct inputs into the computer program. 

Pavement Condition For Each Highway Segment 

The pavement condition rating system used is the one currently being 

implemented in Texas (6, 7) with slight modifications. This system is 

based on evaluating the quantity and severity of nine different distress 

manifestations. Due to reasons which will be explained later, only five 

distress types were used in this example problem. 

Each distress type is assigned a certain amount of "points" up to a 

maximum amount. The "points" determine the current pavement rating of 

17 



Segment 
Number Hi ghv.'ay 

l us 79 

2 us 77 

3 us 190 

4 SH OSR 

5 SH OSR 

6 FM 1696 

7 FM 1791 

8 FM 2821 

9 SH 30 

10 SH 36 

11 us 290 

12 us 79 

13 SH 36 

14 SH OSR 

15 FM 908 

Table 4. General Description of Highway 
Segments Used In Example Problem 

Segment Segment 
Length Width Avg. TSDHPT 

mi ft SI Scheduled 
County (km) (m) Maintenance 

Milam 4.52S 26 2.7 2.5 cm HMAC Overlay+ 
(7.282) ( 7. 9) Extensive Patching 

Milam 12.316 28 2.5 2.5 cm HMAC Overlay 
(19.821) ( 8. 5) 

Milam 3.617 26 2. l 3.8 cm HMAC Level-up 
(5.321) (7.9) Overlay 

Madison 7.000 20 2.3 Seal Coat 
(11.265) ( 6. l ) 

Madison 2.257 22 l. 9 Seal Coat 
(3.632) ( 6. 7) 

Walker 13. 304 20 l. 9 Seal Coat 
(22.215) ( 6. l ) 

~~al ker 12.374 22 0.8 Seal Coat 
(19.914) ( 6. 7) 

Walker 3.337 24 2. 1 Seal Coat 
(5.370) ( 7. 3) 

Walker 7.385 26 3.4 Seal Coat 
( 11. 885) (7. 9) 

Burleson 12.021 26 3.9 None 
(19.346) ( 7. 9) 

Washington 9.019 26 3.9 None 
(14.515) (7.9) 

Milam 5.644 26 4.5 None 
(9.083) (7.9) 

Burleson 9. 321 26 4.7 None 
(15.001) (7.9) 

Brazos 6.667 20 0.9 Recondition Base 
(10.729) (6. l) and Surfacing 

Milam 7.444 20 l. 5 Recondition Base 
( 11. 980) ( 6. l ) and Surfacing 
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Distress 
Type l 

Rutting 10 

Alliqator Cracking 5 

Longitudinal Cracking 20 

Transverse Cracking 17 

Failures/Mile 20 

Total Points 72 
( Overa 11 Rating) 

Percent of Total 58 

Table 5. Current Pavement Condition Rating 
Infonnation For Highway Segments 

Highway Segment Number 

2 3 4 5 6 7 8 9 10 

10 10 10 10 10 8 10 15 15 

15 10 20 25 25 0 15 25 25 

25 15 20 25 25 10 25 5 25 

20 13 20 20 20 20 20 5 20 

40 40 40 40 40 10 20 40 40 

110 88 110 120 120 48 90 90 125 

88 70 88 96 96 38 72 72 100 

Maximum 
Points 

11 12 13 14 15 Available 

15 15 13 8 10 15 

25 25 25 5 10 25 

25 25 25 0 10 25 

17 17 20 17 8 20 

40 40 40 20 20 40 

122 122 123 50 58 125 

98 98 98 40 46 100 



highway segment i and distress type k. The more points assigned to a 

certain highway segment and distress type, the less distress is present. 

The sunnnation of available points for the individual distress types for a 

given highway segment will determine the overall rating. Table 5 shows the 

current condition rating information which was used as input to the com­

puter program. Note that the maximum overall rating score taken over the 

five distress types is 125, not 100 as used in many other rating systems 

(8). The "Percent of Total" is taken as the ratio of the overall rating 

to the maximum rating and is equivalent to a pavement score based on a 

0 to 100 scale. 

Gain-of-Raing Matrix 

The gain-of-rating matrix represents the dijk input for the RAMS 

program. The gain-of-rating "points" are the same kind of points as used 

in determining the pavement condition for the highway segments. 

There are three kinds of ratings (points) which are used to generate 

the gain-of-rating matrix. These are: Maximum points available (Table S) 

for a given type of distress, Maximum gain-of-rating points (Table 6) for 

a given maintenance strategy arid distress type and current pavement rating 

(Table 5) for a given highway segment and distress type. The maximum 

points available for a distress type indicates what magnitude of points 

constitute a perfect rating (no distress condition). The maximum gain­

of-rating points indicate the maximum gain which can be expected 

by using a given kind of maintenance strategy to treat a specific 

distress. Current pavement rating was previously discussed. 

The three ratings are used by the RAMS program to generate the gain­

of-rating points (dijk) for each highway segment (i), maintenance strategy 

(j) and distress type (k) by one of two possible procedures. If the 
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Table 6. Maximum Gain-of-Rating Matrix for All Highway Segments 

Distress Type 
Maintenance ~~, 

Strategy Alligator Longitudindl Transverse Failures 
Rutting Cracking Crackii"'l Cracking Mile 

Seal Coat 0 15 15 15 10 

Thin Overlay 
(3.8cm or less) 13 20 20 20 25 

~oderate 
Overlay 15 25 25 20 30 

(>3.8 to 7.6cm) 

Thick Overlay 15 25 
(>7.6cm) 

25 20 35 

Reconstruction 15 25 25 20 40 
(Light-Duty) 

Reconstruction 15 25 25 20 40 
(Heavy-Duty) 
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maximum gain-of-rating and the current pavement rating points sum to less 

than the maximum points available for a given highway segment and distress 

type, then the maximum gain-of-rating points is used as the dijk input. 

If the above sum of points is greater than the maximum points available, 

then the difference between the maximum points available and current 

pavement rating points is used as the dijk input. For example, if a 

moderate overlay, thick overlay, or reconstruction maintenance strategy is 

used, the maximum gain-of-rating points for rutting is 15. This indicates 

for a highway segment with a rutting distress rating of O (which is the 

severest rutting condition), application of one of these three strategies 

would completely eliminate the distress manifestation immediately after the 

required work was performed. Some maintenance strategies may have negative 

gain-of-rating points for some types of distress indicating that they have 

accentuated the distress. 

The six maintenance strategies used in this example problem are 

considered to be typical of the maintenance performed on TSDHPT District 

17 pavements. The only maintenance strategies which require additional 

description are light-duty and heavy-duty reconstruction. Light-duty 

reconstruction is generally used on low traffic highways and consists of 

scarifying the existing surface and base, recompacting, and then applying 

of a one course surface treatment. Heavy-duty reconstruction is generally 

used on higher traffic highways and consists of scarifying the existing 

surface and base, adding additional flexible base (unstabilized), recom­

pacting and applying a thin (3.8 cm or less) asphalt concrete surface. 

The maximum gain-of-rating points associated with each maintenance 

strategy and distress type were obtained from subjective ratings by TTI 

personnel and are expected to change slightly as TSDHPT personnel begin 
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to use the computer program. 

Pavement Survivor Matrices 

Pavement survivor matrices were developed for each distress type and 

maintenance strategy combination. An example of this is Table 7 which 

shows the probability of survival for the six maintenance strategies 

obtained for transverse cracking conditions. The determination of the 

probabilities for each of the five distress types used in this example 

problem will be described in detail below. The maintenance strategies 

considered are: (1) seal coat, (2) thin overlay, (3) moderate overlay, 

(4) thick overlay, (5) reconstruction (light-duty), (6) reconstruction 

(heavy-duty) . 

To determine the probability of survival for a given maintenance 

strategy, failure must first be defined. Sivazlian and Stanfel (9) define 

it as'' ... an event associated with a shift in the operating character­

istics of a system from its permissible limits". Thus pavement failure 

may be when the Serviceability Index for a given highway type reaches or 

goes below a preselected lower limit. Failure could also be defined as 

when the highway develops a certain amount of a particular distress 

manifestation. But, for this problem, the time to failure for a given 

maintenance strategy will be taken as that time when some type of mainte­

nance strategy must be accomplished which supersedes the previously applied 

maintenance. 

The pavement survival matrices are currently based on subjective 

"failure analysis" data obtained from TSDHPT district maintenance manage­

ment personnel. This data was obtained from a diagnostic examination of 

pavement segments located in four separate areas within the state. The 

district personnel evaluated these highway segments for future maintenance 
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Maintenance 
Strategy 

Seal Coat 

Thin Overlay 
(3.8 cm or less) 

Table 7. Pavement Survival Matrix For 
Transverse Cracking 

Time After Maintenance 

(Yrs) 
I 

1 2 3 4 5 6 7 

1.00 0.92 0.86 0.85 0.67 0.38 0.33 

1.00 1.00 0.94 0.94 0.43 0.18 0.18 

Moderate Overlay 
(>3.8 to 7.6 cm) 1.00 1.00 1.00 1.00 1.00 0.63 0.26 

Thick Overlay 
(>7.6 cm) 1.00 1.00 1.00 1.00 1.00 0.33 0.33 

Reconstruction 
(Light-Duty) 1. 00 1.00 1.00 1.00 1.00 1.00 1.00 

Reconstruction 
(Heavy-Duty) 1.00 1.00 1.00 1.00 1. 00 1.00 1.00 
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8 9 10 
0 .18 0.09 0.06 

0 .14 0.06 0.01 

0.22 0.11 0.04 

0.28 0.17 0 .17 

1.00 0.65 0.60 

1.00 0.65 0.60 



and rehabilitation needs based on their visual observations of the pave­

ment and objectively measured data which was provided to them. This data 

included traffic, skid, deflection, ride, and construction histories. 

From such information, time to failure was calculated for each 

maintenance strategy considered. For seal coats, a time to failure is 

determined when any of the six maintenance strategies considered were 

rescheduled for application. For the three overlays and reconstruction, 

a time to failure is determined only when one of these five maintenance 

strategies are rescheduled for application i.e., seal coats were not con­

sidered as superseding any of these five. 

The time to failure data obtained for each maintenance strategy 

was arranged into histograms. These histograms approximate the failure 

density distribution curve discussed in reliability theory (9, 10). 

Failure density distributions are similar to normal distributions of 

data in that the area under the curve is equal to one. 

From these histograms or failure density distributions, the failure 

density function can be defined by f(x) taken over O < x < 00 where x 

defines a time scale. The probability that a maintenance strategy will 

fail within a time interval (x,x + dx) is given by f(x)dx. 

The corresponding cumulative density function can be defined by F(x) 

also taken over the interval O < x < 00 and is the probability that a given 

maintenance strategy will fail on or before some time t. This can be 

expressed as follows: 
t 

Probability of failure on or before t = F(t) = f f(x)dx 
0 

The above expression assumes that a maintenance strategy will survive past 

time tis given by R(t) and is expressed as: 
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R(t) 1-F(t) 
00 

f f(x)dx 
t 

This expreJsion can be adequately approximated for a given maintenance 

strategy by a cumulative frequency distribution which may be plotted from 

a histogram of time to failure data. The result is a survival curve, a 

generalized form of which is shown as Figure 3. Data from such curves are 

entered into the RAMS program in matrix form as is demonstrated by the 

use of Table 7. 

The pavement survival matrices currently being used will be updated 

in the near future. This will be accomplished by combining the subjective­

ly obtained data just described with objective data from a pavement data 

base assembled for Texas pavements. It is planned to use Bayesian 

techniques to accomplish this task. 

Budget Resource 

There are four types of resource constraints used in the program: 

(1) material and supply, (2) equipment, (3) manpower, and (4) cost. Each 

resource constraint has two major inputs: requirements and availability. 

The requirement input indicates how much of a given resource will be used 

by a maintenance strategy and availability indicates how much of a given 

resource is available to be used. Of the four types of resource constraints, 

budget is the most significant in this example problem. 

The available budget used as input was essentially the same amount as 

the contract funds allocated for the TSDHPT selected maintenance strategies. 

This is an important constraint because it forced the computer program to 

consider maintenance decisions within approximately the same financial 

framework used by TSDHPT personnel. This value is shown in Table 8 as the 
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tota.1 avai lahlt' funds. 

The budget _reg_~ire~e~ matrix indicates Liu' n•quired cost per u1lit 

area for each maintenance strategy and is shown in Table 8. The cosls 

generally increase as the maintenance strategies become more extensive. 

The notable exceptions to this are the two kinds of reconstruction. 

Comparison of TSDHPT 2 nd RAMS Selected Mainten~nce Strategies 

Comparisons of the TSDHPT and RAMS selected maintenance strategies 

for the fifteen highway segments in the example are shown in Table 9. First, 

the TSDHPT and RAMS (Case 1) selected strategies arc shown and both use Lill' 

same original TSDHPT budget amount. Another RAMS solution (Case 2) is also 

shown and was obtained by increasing the TSDHPT budget by approximarely 

six percent. To faciJ itate discussion of the comparisons, those highway 

segments which reveal little or no difference between the TSDHPT and RAMS 

(Cases 1 and 2) selected maintenance strategies will not be examined. 

A combination of highway types were used in this example and the RAMS 

program treated all with equal priority except in applying the two kinds of 

reconstruction. For low traffic segments (Segment Numbers 4, 5, 6, 7, 8, 

14 and 15), the program was restricted to applying only the light-duty type 

of reconstruction (if required) and for the remaining higher traffic seg­

ments only the heavy-duty type of reconstruction could be used. Traff.ic 

and climate indices can also be used as input to account for differences 

in highway types. Additionally, groupings of similar highway types can be 

assembled and processed together if desired. 

Table 9 shows that the selected strategies for Segment Number 2 differ. 

The TSDHPT selected strategy is a thin overlay and thP RAMS program (C;1ses 

1 and 2) selected a seal coat. The pavement distress manifestations for 

this segment are comprised of alligator cracking and extensive flushing 
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Table 8. Cost Requirements Per Unit Area for Each Maintenance Strategy 
and Total Available Funds 

Maintenance Strategy Cost Per ''lit Area 
$/ft-mi l Im-km) 

Seal Coat 214 ( tB6) 

Thin Overlay 925 ( 18E\6) 

Moderate Overlay 2000 (4078) 

Thick Overlay 3549 ( 7234) 

Reconstruction 944 (1925) 
(Light-Duty) 

Reconstruction 2600 (5301) 
(Heavy-Duty) 

Total Available Funds=$ 1,130,000 
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w 
0 

Segment 
Number Highway 

1 us 79 

2 us 77 

3 us 190 

4 SH OSR 

5 SH OSR 

6 FM 1696 

7 FM 1791 

8 FM 2821 

9 SH 30 

10 SH 36 

11 us 290 

12 us 79 

13 SH 36 

14 SH OSR 

15 FM 908 

*Perfect OPR = 125 
Poorest OPR = O 

Table 9. Comparison of TSDHPT and RAMS 
Selected Maintenance Strategies 

*Overa~ 
Pavement **Serviceability 
Rating Percent Index 
~ of Total (SI) 

~ 2.7 

~ 2.5 

~ 2. 1 

110 88 2.3 

~6 l. 9 

~ l. 9 

~ 0.8 

90 
72 

2. l 

90 72 3.4 

125 l 00 3.9 

122 98 3.9 

~ 4.5 

~8 
4.7 

50 40 0.9 

~ 
l. 5 

**Smoothest SI= 5.0 

Roughest SI= 0.0 

TSDHPT Selected 
Maintenance 
Strategies 

2.5cm HMAC Overlay 
+Extensive Patchina 
2.5cm HMAC Overlay 

13. 8cm HMAC Leve 1 -up 
Overlav 
Seal Coat 

Seal Coat 

Seal Coat 

Seal Coat 

Seal Coat 

Seal Coat 

None 

None 

None 

None 

Recondition Base 
and Surfacinq 
Recondition Base 
and Surfacing 

Budget Used= 100% 
($1,130,000) 

RAMS Computer 
Program Selected 
Maintenance Strategies 
Using TSDHPT Budget 

(Case 1) 

Moderate HMAC Overlay 

Seal Coat 

Thin HMAC Overlay 

Seal Coat 

None 

None 

Light Duty 
Reconstruction 
Thin HMAC Overlay 

None 

None 

(Seal Coat) 

(Seal Coat) 

None 

Light Duty 
Reconstruction 
Light Duty 
Reconstruction 

Budget Used= 97.8% 
( $1 , l 05, 140) 

R~~S Computer Program 
Selected Maintenance 
Strategies Using TSDH 
Budget+ 6.3;; 

(Case 2) 

Moderate HMAC Overlay 

Sea 1 Coat 
-

Thin HMAC Overlay 

Seal Coat 

None 

None 

Light Duty 
Reconstruction 
Thin HMAC Overlay 

Thin HMAC Overlay 

None 

None 

None 

None 

Light Duty 
Reconstruction 
Light lJuty 
Reconstruction 

Budget Used= 106.3% 

($1,201,520) 



(flushing is not considered in the RAMS program). /\11 maintenance strate­

gies are feasible as determined by the minimum and overall rating con­

straints, the results of which are shown in Table 10, thus allowing the 

RAMS program to evaluate the appropriateness of five maintenance strategies 

(seal coat, thin overlay, moderate overlay, thick overlay and heavy-duty 

reconstruction). For this segment the maintenance effectiveness computed 

for a seal coat is about one-half that calculated for a thin overlay but the 

cost for a thin overlay is four times as great. It can be seen in a 

subjective way that a seal coat is an attractive maintenance strategy. The 

TSDHPT decision to use a thin overlay may have been additionally based on 

the rough ride and flushing present on this highway. 

Segment Numbers 5 and 6 were scheduled for seal coats by the TSDHPT 

and no strategies were scheduled by the RAMS program. An examination of 

the Table 5 shows that no distress manifestations, with the exception of 

minor rutting, were present on these pavements. But, in fact, flushing 

was present (not shown in Table 5) and may have been a consideration in 

the TSDHPT decision. 

Segment Number 7, which has numerous and extensive distress 

manifestations, is scheduled for a seal coat by the TSDHPT and a ligh­

duty reconstruction strategy by RAMS. The feasible strategies allowed 

by the minimum and overall rating constraints shown in Table 10 indicate 

that only a thick overlay strategy or greater is allowable. A similar 

situation occurs with Segment Number 8. 

For Segment Number 9, the TSDHPT scheduled a seal coat but the 

RAMS program (Case 1) scheduled no maintenance. This occurred because 

there was not enough budget to allow application of a thin overlay or 

greater to this segment. The inexpensive seal coat alternative was 
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Table 10. Feasible Maintenance Strategies Allowable by the Minimum 
Distress Rating and Overall Rating Constraints 

Feasible= 1 

Highway 
Maintenance Strategy: Infeasible = 0 

Seal Thin Moderate Thick Reconstruction 
Segment 

Coat Overlay Overlay Overlay (Light Duty) 

1 0 0 1 1 1 

2 1 1 1 l 1 

3 0 1 1 1 1 

4 1 1 1 1 1 

5 1 1 1 1 1 

6 1 1 l 1 1 

7 0 0 0 l l 

8 0 l 1 1 1 

9 0 1 l 1 1 

10 1 l 1 1 1 

11 1 1 1 1 1 

12 1 1 1 1 1 

13 1 1 1 1 1 

14 0 0 0 0 1 

15 0 0 1 1 1 

Reconstruction 

(Heavy Duty) 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



eliminated by the minimum and overall rating constraints. For the RAMS 

(Case 2) selection, the original TSDHPT budget was increased by 

approximately six percent. This small budget change allowed the segment 

to be scheduled for a suitable, cost effective maintenance strategy 

(thin overlay). 

As shown by use of Segment Number 9, the RAMS program can also be 

used to help estimate required maintenance budgets. This can be 

accomplished by inputting all data as previously discussed but varying 

the budget amount. The budget could be selected where adequate mainte­

nance is scheduled for all necessary segments. 

Segment Numbers 11 and 12 are in excellent condition with both having 

only minor transverse cracking. The RAMS program in Case 1 scheduled 

seal coats for these segments since some benefit could be obtained by 

using this strategy. This occurred because the program maximizes the 

maintenance effectiveness for the amount of budget available. In Case 

2, the funds were more adequately used by slightly increasing the 

available budget with one result being that these two seal coats were 

eliminated. 

A comparison of overall maintenance effectiveness resulting from 

the TSDHPT, RAMS Case 1 and Case 2 maintenance strategy selections provides 

an indication of the optimality of the computer solutions. The maintenance 

effectiveness obtained by use of Equation 1 for the three maintenance 

programs are: 

TSDHPT: 359,412 

RAMS - Case 1: 425,106 

RAMS - Case 2: 451,318 

Comparing the TSDHPT and RAMS Case l selections shows that use of the 
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computer program increased the maintenance effectiveness by 18 percent 

and resulted in a two percent budget savings. But, Case 1 selections did 

exclude one pavement segment which needed maintenance. Case 2 selections 

filled this need and resulted in an increase in maintenance effectiveness 

of 26 percent over TSDHPT selections. The RAMS program accomplished this 

by using a budget approximately six percent larger than used by the TSDHPT. 

SUMMARY 

This paper has examined an operating computer program which uses 

integer programming to determine optimal maintenance strategies for 

pavements. The program uses the current pavement condition, potential 

gain-of-rating, and survivor matrices as input to maximize the overall 

maintenance effectiveness for any group of highway segments. The program 

can use numerous maintenance strategies, resources, and feasibility 

constraints in determining optimal solutions. The required inputs can be 

expanded or reduced as necessary. 

An example problem with fifteen highway segments located in one 

highway district in Texas was used to demonstrate the program. Based on 

this actual field data a comparison of the computer program and TSDHPT 

selected maintenance strategies revealed similar selections with notable 

exceptions. It was shown that by using the RAMS program with the same 

budget the maintenance effectiveness of the selected maintenance strategies 

could be increased by 18 percent over TSDHPT selections. The maintenance 

effectiveness was increased by 26 percent with a six percent increase in 

the available budget. Although the example problem represented maintenance 

strategies planned for accomplishment by contract, the computer program 

also has the capability to optimize in-house district maintenance efforts. 
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