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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 1 

GENERAL AND HISTORICAL REVIEW OF PAVEMENTS 

Instructional Objectives 

1. To review the general and historical concepts of pavements to provide a 
conunon background of beginning for all members of the class. 

2. To outline basic components and differences among flexible, rigid and 
composite pavement types. 

Performance Objectives 

1. The student should be able to outline the different components of a 
pavement structure. 

2. The student shall understand the historical perspective of pavement 
design and performance. 

Abbreviated Sununary 

1. Historical Background 

2. Role of Pavements 

3. Pavement Definitions and Terms 

4. Types of Pavements 

Reading Assignment 

1. Haas & Hudson - Chapter 1 

2. Yoder & Witczak - Chapter 1, pages 1 to 10 

3. Instructional Text 

1-1 

Time Allocations, min. 

10 

10 

20 

10 

50 minutes 



1.0 HISTORICAL BACKGROUND 

LESSON OUTLINE 

~EVISED WRH/lg 11/9/83 
Lesson 1 

GENERAL AND HIST01 CAL 

The first real. 1,.:,<ls \!Jere built shortly after the discovery of the wheel, 
about 3500 h, C .. The Rom:,nE-, were the first: scientific road builders with 
the "Via Appia." ur Appian Way, which was initiated in 312 B.C. The 
Appian Way was generally three to five feet thick and made up of three 
layers. 'The wc,dz involved hand placed stone, and this method became 
standard practice in the 19th century. 

1.1 Pioneer Road Builders 

1.1.1 Pierre_ Tresaguet (late 18th century). Introduced the idea 
that pavements should be well drained. He also recognized 
the need for continuous maintenance. 

1.1.2 McAdctm (1756-]8'36). 1vlcAdam is known as the father of modern 
pavement construction. His design was based on the principle 
that a drained and compacted subgrade should support the load 
applied to a pavement while the stone surfacing should act 
only as a wearing course. 

1.1.3 ri_~de:t:A_f(~~ads_. The first bituminous road was built in 1906; 
followed closely by the first Portland Cement Concrete pave
ment in 1909. 

2.0 THE ROLE OF PAVEMENTS TN TODAY'S SYSTEM 

Today's transport svstem includes marine highway rail, air and pipeline. 
Pavements reprcse1~:- appr:,ximately 50% of the total highway expenditure 
and this will i11crt·ase as rehabilitation increases. 

Of the above onJ y ,ncirin,: and pipeline don't make use of a type of basic 
pavement structurL,::J. 

2 .1 Highways 

The major str,Jct:ural elements of highways are pavements. 

2. 2 Air Travel 

PavemenU.; are required for runways, taxiways and parking areas in 
airports. 

1-2 
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2.3 Railroads 

Railroads operate on a form of pavement. In fact, now rails are 
often mounted on a properly designed continuous pavement. 

3.0 PURPOSE OF THE PAVEMENT 

To serve the applied traffic (which is often high-speed, high-volume 
and/or heavily loaded traffic) safely, comfortably and efficiently at 
minimum or at least reasonable overall cost is the purpose of pavement. 

Although in the U. S. construction of new pavements will not continue 
at the fast pace seen since World War II, the existing investment must 
be protected through upgrading or remedial action. 

4 .0 PAVEMENT DEFINITIONS AND TERMS (VISUAL AID l .l) 

4.1 Subgrade (really subgrade material) 

The natural material lying under the grade line material. Referred 
to variously as: 

(a) subgrade material, 

(b) subgrade, 

(c) subgrade soil 

(d) basement soil, and 

(e) foundation soil. 

4.2 Improved Subgrade 

Improved subgrade usually involves compaction or mechanical 
stabilization and sometimes refers to chemical stabilization. 

4.3 Subbase Material 

Generally an improved or imported material is of better quality than 
the existing subgrade material. It is often granulous but lower 
quality than base material. It can be stabilized. Subgrade material 
is usually "pit run." It is usually well compacted, but of 1 ower 
specification than base. There may be none, one or more subbases. 

4.4 Base Material 

The layer may be granular material such as crushed rock or gravel. 
It may be stabilized, and may even be a plant mix AC. It is always 
well compacted. Cement stabilized bases can also be mixed in a 

1-3 
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central plant stabilization: Chemical stabilization with cement 
or lime. Mechanical stabilization, asphalt, sulfur, and polymer. 
We do not really consider compaction as mechanical stabilization, 
but some refer to it that way. 

4.5 Load (Visual Aid 1.2 and 1.3) 

Whenever a design method is used, make sure what load is to be 
used. 

4.5.1 Axle Load. 

(a) Single axle single tired 
dual tired 

(}---{) 

00--00 

(b) Tandem axle - need a load spreading device. 

(c) Wheel load - in general is 1/2 the axle load or the 
half axle load - awkward for tandem. 

4.5.2 Gears. 

Single tire o--o (a) 

(b) 

( c) 

Single tire with duals 00 00 

Nose (or tail) - generally not more than 10% of the load 

- make sure from the vehicle manufacturer's specs. 

(d) Twin tandem oof----100 
00 00 

4.5.3 Load Equivalency. EWL equivalent wheel load can be based on: 

(a) stress, 

(b) deflection, and 

(c) damage. 

This concept came up during World War II. Could say 
equivalent loads have the same destructive effect on pavement. 
Best to look at damage, than stress or deflection in defining 
EWL. 

18-k EWL generally used because it is the legal limit in 
many states and countries - can use any other load here. 

It was derived at AASHO Road Test by studying different 
loads on similar pavement. The AASHO Road Test will be 
covered later. 

1-4 
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5.1 Pavement 
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Haas and Hudson (Ref 1) chcfine a pavement as " .. the upper portion 
of the road, airport or parking Jot structure and includes all the 
layers resting on the subgrade. Additionally, the pavement is 
considered to have a bound surface and includes the load carrying 
capacity of the sub grade. ' 

5.1.1 ~j_cl_~v~~21t~. (Visual Aid 1.4 and 1.5) 

(a) Eigid pavement:s inc .Lude PCC pavements, 

(b) Are considered to carry load in bending, and 

( c) Method of ana Ly sis : slab or plate theory. 

5.1.2 Flexible Pavements. 

(a) Materials used in flexible pavement are asphaltic 
concrete or asphalt surface treatments and granular 
materials or base layers. 

(b) They are considered to carry load in shear and com
pression - spread the load. 

(c) Method of analysis is elastic or viscci elastic layered 
theory usually linear. 

(a) Sometimes this term is used for flexible pavements with 
one or more stabilized layers, usually a layer treated 
with portland cement. 

(b) More commonly it refers to rigid pavem2nts overlayed 
with asphaltic. concrete. 

(c) The method of analysis usually requires special as
sumptions to use slab theory or layered theory. 

- Treat as a flexible and deal with the stabilized 
layer. 

- Treat as a rigid pavement. 

1-5 
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Visual Aid 1.1. 

Visual Aid 1. 2. 

Visual Aid 1. 3. 

Visual Aid 1.4. 

Visual Aid 1.5. 

Visual Aid 1. 6. 

LESSON OUTLINE 

Revised WRH/lg 11/9/83 
Lesson 1 

GENERAL AND HISTORICAL REVIEW OF PAVEMENTS 

TITLE 

Pavement cross section. 

Pavement wheel loads. 

Influence of multiple wheels on stresses. 

Flexible and rigid pavement cross section. 

Flexible pavement. 

Composite pavement. 

1-6 
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Visual Aid 1.1. Pavement Cross Section 

Travel 
Lanes 

Surfacing 

Base 

I 
I 
1 
Shoulder 

Subbases ----------------~ 

Compacted or Improved Subgrade Soi I 

( Subgrade) ( Basement Soi I ) 
' ( Subgrade Soi I) or ( Foundation Soi I ) 

Travel 
Lanes 

Surface 

1 Base 

1Shoulder 
I 

1-- 7 

Trench Construction 
(Poor) 
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Visual Aid 1 . 2 . Pavement wheel loads . 

Pavement 
Structure 

~ Oli. . . • ~ . oo•··o· ,o,.o . 
10·'()'0• o' ·o·O··O •·. ·Oo 'o ~ · o · .• • ·o0 , o· ,: . ' o ' · · . o'o·~· · · · · ,•o,•· •. •.·o·9·o;, ~ o o o·o0,:,.-,0 • :o.. r,f\o·O:o· . .:.Q:~ •. 

t'O,. • o,Q.~•. 'o' • ,oQ'o,• ,0 ' 0 • , , • . I.J'../:0 • .•OUV. •, •, • • •, I.Ql.,O 
<2-.~.:0~.•-·i,qq~•.Q,o·()(\O'.b.a.~~:O..:..o'oo·. =~""~:..o·o:;.·/oJJ.,ooo.•.~or:/J.0 0·.oo?·.<L~ooP·~·P 0.,.6~·. ... J .,,,. ·- -·· ,, .. IJ .. •-·" · - ,,.,_ , _ _ o ,_o . ,,--. -AO:..-·• -·o ,o 

Subgrade 
~ Compression ~Tension 
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Visual Aid 1.3. Influence of multiple wheels on stresses. 

1-9 

Approximate 
point of overlap 
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Visual Aid 1.4. Flexible and rigid pavement cross sections. 

Traff ic 
Lanes 

Subgrade Soi I 

f=l=l=i Surf ace .i=l=l=l=l=l=l=l=l=l=l=l=l 

········.-.:.: .. ........................ ;.:.:.:.;.;.;.;.;.;.;.;:;: 

Subbase 

Subgrade Soi I 

Flexible 

Rig id 
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Visual Aid 1.5. Flexible pavement. 

I 

Traffic Lanes : Shoulder 
-----11'2-8" 11___::S~u:'.!r..!.:f a~c~e~ _ __J,-----, ,,. 

Base ---6 - 2011 ___________ __,._ 

I Subbase -----6-20 11 

Improved Subgrade ----------
Subgrade Soi I 

(a) Standard. 

Dense r------
A/C Base 

........,. ____________ ...... ~_Improved 
~ - - - - Subgrade 

Subgrade Soil 

(b) Full depth. 
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1. A PAVEMENT CONTAINING ONE OR MORE uRIGIDu LAYERS 

2, USUALLY HAS AN ASPHALT/CONCRETE SURFACE 

3. TYPES: 

(A) OVERLAID PORTLAND CEMENT CONCRETE 

(B) CEMENT TREATED BASES 

(c) LIME FLY ASH STABILIZATION 

1-12 
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SESSION I 
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Un B cr, 11) o f\.\ dlc rlul,, \\' ..itt'rlOll. Ont,m u. ( anud,1 

MODERATORS ' OPENING REMARKS BY W. R . HUDS ON 

Today we are consi der ing complete 
design s y stems for asphal t pave me nts. 
What has led to t h ese c omple t e s y stems? 
How ha v e we p r og res se d ? 

Ce rtain l y h istory h a s pl ay e d a n 
i mportan t part. About 3 1 2 BC, Roman 
eng ineers c omp l eted a re marka b le fe a t 
of p aveme n t desig n and con s truc tion , 
the Appian Way. Th e y u s ed l a yers of 
stone a nd mortar a nd knowing l y or un
knowingly p ro v i d ed t h e c o ncep t o f 
spr eadi ng loa d s. Ov e r 2 ,000 ye a rs 
la t er, s o me sec t i ons o f t hese r oads are 
sti ll in u se. This is p e rhap s why some 
pe op l e s ug ge st we have n' t le a rned much 
si nce t h~ t t i me. Is th is fa i r, o r h a s 
o u r ~a st h e l p e d u s to d~vel op mo re com
p le t e d e s ign me t hods ? 

We mi g h t s ho~ . f or e x a mp le, t ha t 
t he Romans di dn ' t understand dr~inage , 
as witnessed b y t heir tre nch construc
t i cn: t ~e y had c hea p (slav e ) labor a nd 
s o t he y c o u l d va s t l y ov er desi gn ; t h e y 
al s o had much liqhter loads, e t c. 
17~:i le t hese Roman r oads taugh t u s some
t h ing, t hey were no panacea. 

Great individua ls have made sig 
n i f i cant contr i bu t i o ns. For examp l e, 
?resaguet, in France, p r e s e nted his 
trea tise o n roa d construc t i o n to t h e 
Assembly of Br i dges and Highways in 
1777. He recognized the need for goo d 
draina ge, c r owni ng the road surfac e, 
providing good materials a nd s ubgrades, 
better economy by reducing t he depth of 
stone a nd he basic a l l y laid t h e fou nda 
t i on f o r t he grea t s ystem o f French 
r o a ds later develop ed under Na poleon . 

Ma c Adam in t h e earl y 19th centur y 
wa s another outstand ing pioneer who 
recognized the impo r t a nc e o f the wear 
i ng c o urse, t h e s t ab i lity p r ovided by 
t he i n terlocki ng of a ngular b r oken 
s t one s and the adequac y of well - drai ned 
earth subgrades whe n c o vered wi t h p r o 
pe r surfaces. 

Francis Hveem made many additional 
c ontributions, i ncluding more ratio nal 
t e s t methods such as the Hveem stab ilo
meteY. 

In 192 0 , we see the Bates Exoeri
mental Road in Illinois p r o viding. us 
with some o f the fi rst ba s ic data f r om 
a c on trolled experiment. The result s 
s howed that heavier l oad s req uire 
t h icke r pavements. 

With this demonstrated relation 
ship, pavement designers began to rec 
ognize the need for methods of meas
~ring material strength, load carrying 

capa ci t y of the s ub g rad e, t raffic a nd 
o t he r pa r ame ter s . As a re su l t, in the 
l a te 1 920' s, we see the developmen t 
of t he CBR me thod . 

The n Wo r ld War I I came a l ong in 
1939 a nd sudden)y we fo und t ha t CBR 
based pavement des i g ns , wit h th e 
r e l at i vely l i ght t raf f i c l o a d s of the 
1930°s, we re no t Ruf f ic ient f or the 
new, h e avy load s an d ai rcraf t . The 
de sig n c ha ll enge was me t b y the Co r ps 
o f Engineer~ mod i f i c a ti on of t he CBR 
me thod . 

This mo di fica t ion o r exten s i on o f 
an emp ir ica l metho d of design i s a 
t ribute t o the ina e nuity o f e ngi ne e r s , 
but it also indi ca ted a n e ed f o r mo re 
fundamentally bas ed me thods o f a naly s is 
and design i n wh ich diff erent materials 
and different loads c o uld be acc ounted 
for i n a rational manne r . Prof e s s o r 
Burmister , in 1943 , was one of t h e 
first t o r e cog niz e t h is ne ed i n deve l
o p ing his t heoretica l, e l astic l aye r 
a na l y ses . Hi s ef f orts pl u s the a dve n t 
of the compu t e r pr ov ided a basis for 
much of our c urre nt r o u tine use o f layer 
theor y i n des ign . 

Fo llowing World War II, t here was 
literally a n explo sion o f road building. 
Traffic volumes, loads and speeds in
creased sharpl y and h igh-s peed su r faces 
were required . Engineers saw the need 
for systemat i cally obt a i ned design data 
for suc h conditions f rom f u l l - s cale 
expe r i ments . They res po nded by design
ing and bu il d ing a number of te s t r oad s . 
The WASHO Test Road in Idaho (1955 ) , f o r 
example, p rovided us with s ome basic 
data on pavement behavior and de sign s 
for heavy loads. In Gr e a t Bri t ai n , the 
Al c o nbury Hill experiment was con struct
ed (1957) to provide simi la r des ign data . 
Then the famous AASHO Road Test was 
conducted and provided us with a mo st 
comprehensive data b a s e o n structural 
damage and load equiva l encies. Mo re 
important perhaps, Carey and Irick 
(1962 ) formally de fi ned f o r the f irst 
time p a vement deterioration a nd "fai l 
ure " in te r ms of the user, thr o ug h the ir 
serviceabili t y - performance c oncept. 

1962 a lso saw the First I nte r na
tio nal Conference in Ann Arbor. ~e can 
r ecal l t ha t it was d evoted to p r esent
ing bas ic the ories f or de sign and to 
examining the data from the AASHO Road 
Test. 

The Second conference in 19 67, also 
in Ann Arbor, was largely concerned with 



"consolidating" design theo r y. It was 
felt by many pre sent that we were i n a 
position to more u n iversall y relate 
design theory, e c onomics , e tc . to 
per forma nce of the s t ructure . As 
stated by Bill Curey " . .. i t doe s little 
go od t o de velop precis e equa tions to 
determine stresses in the el ements of 
a pavement unless a means is sought 
s imul ta neously to relate s tre s ses to 
paveme n t performance " . 

Th ~s is perhap s wh y , dur in0 tho s e 
mid 196C's, that a small group of 
pa ve me nt engineers felt these ob jec
ti ves could be mo st e f fective ly and 
comprehensively a c h i eved thr oug h t he 
applic a tion o f systems p rinc : p les . We 
started to us e the terms pa veme nt de
sign a nd ma nageme n t syste·,, , but the 
world ci d not exa c tl y b e ,,t a pat:i to 
our c oor . In fa c t, the l 972 Conference 
in London , which wa s supposed t o be 
dev o tee t o translat ing t h e ory tc prac 
tice , had ver y few sys t ems type papers . 
Some ma jor re asons undoubtedly were th e 
us e of too muc h jargon, bewi ldering 
flow char t s and the lack o f p r ope ~ 
communic at i ons. 

Now, howeve r , a few sho rt y e ars 
later , a ~est everyone uses t he terms 
pavement des i gn and manageme nt s ystem, 
i ncluding many opera ting agencies . 
And we have as one of the principal 
themes o f this 1977 Confere nce the 
di s cuss ion of complete systems for pave 
ment design. 

So to answer the q uestion orig i• 
nally posed, we have learned a lot 
about pavement design, from the funda 
mental theories to the factors that 
affect pavement re sponse and perform
ance. We have accumulated considerable 
knowledge about the ef f e cts of loads, 
environmen tal factors, materials be
havior, economics and so forth and we 
have learned to put much of this know
ledge together in a systematic a nd 
efficient way. But while we ma y have 
some reasonably comp lete working s y s
tems, le t us not delude ourselves i n to 
thinking that they are perfec t. Our 
•stimates of the various load, env iron
mental and materials variables , and 
our predictions of performance, are 
still sub ject to considerable error. 
In addition we a re fac e d with serious 
design challenges in responding to 
changing energy and materi a l s problems. 

So at the Eighth Conference in 
1997 we might see headl ines something 
to the effect "Professor Emeritus Ca r l 
Monismith of the University of Califor 
nia at Berkeley has summarized t he de
liberations of a meeting of world ex
perts on pavement design by saying 
that the challenges posed by the new 
synthetic flex i bl e pavements are being 
met in a comprehensive, effic ient and 
systematic way ." 

REVISED WRH / lg 11/9/83 
Lesson 1 

Wha t i s a Codp~ete Oesi9.n s1s tem? 
Trying to e Tne-Ene·comp e t e . 

design system is something like t r y ing 
t o de f ine the complete person. We 
could probably start by listing some 
of the key attributes that a complete 
person should have, such as a sense of 
humor, phys ica l well being, hones t y 
etc. But when it comes to the details . 
those charac teri ~tics that mak e a s e nse 
of h umor function, that comprise 
physical well being, that make ho ne sty 
work , we begin to encounter di f fi cul 
ties. 

So it would be with a comp l e te 
design method. We could a lso st, rt, by 
list i ng some of the key featu r e s, such 
as being ahle to consider tr a ffic , 
materials and environmental input s , be 
ing able to esti~ate response of the 
structure in a rational manner , being 
able to reliably predict the perfo r ma nce 
of any alternative design. . . Bu':. aga in , 
when it comes to agreeing on the deta ils 
of procedures, the models , the s p e ci fic 
objectives, we are in difficultv . There 
are many different st r uctural and pe r 
forma nce models , and many diffe r 0 n t wa y s 
o f f ulfi lling objectives. 

Perh a ps t he problem is l a r gely o ne 
of di st inguishing betwe en the gene ra l 
attribu t es of a complete design sys tem, 
a nd the pa r t icu l ar objective s, procedures 
model s a nd s o forth t hat apply t o us a s 
indiv idua l s or to ou r indiv idua l age n
c i e s. We mi g ht make b e tte r p r ogress b y 
f irstly de fining the ge nera lly comp lete 
design s y stem a nd then d irec t ing o ur 
research efforts t o de ve l opi ng new know
ledge and better methods within this 
context. 

So, let u s begin by t rying to de
fine the key attr i b u te s or features of 
a complete desig n system; t hen , in a 
subsequent section , we will comment on 
the papers of thi s s ess i on and the 
Conference as a who l e wi t hin this com
plete design system context . Future 
conferences will undoubtedly document 
progress towards t h e ult i ma t e goal of 
be i ng both complete a nd perfect. 

The Attributes of a Comp lete 
oesTgnsystem 

The first broch ure for this Con
ference conta i ned a very simp le diagram 
that defined the elements of a complete 
structural design system. Figure 1, 
wh i ch shows these same elements, was in
tended to outl i ne t he sc o pe of the con
ference. It wo uld be u seful to expand 
the concepts und e rlying Fig ure l, in 
terms of t h e key attribute s and require
ments as s ociated with the various ele 
ments . We can then u se these to com
pare with actual methods presented in 
this and other. sessions. 

Firstly, a complete system has a 
set of input information requirements 
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REVISED WRH/lg 11/9/83 
Lesson 1 

SP. S·STO>l 1 

0 

------~ 
DESIGN 

ALTERNATIVES 

CiMPLEMENTATIDN) 

VlRIFICATIDN 

] 

The Designer's 
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Best Altcrnat1vt! 

ln-Serwice Ewaluation 

Fig. 1. Basic Elements of a Pave
ment Structural Desig n System. 

and contains the necessary models for 
structural and economic analysis. This 
is what the designer starts with. He 
should know or specify what the design 
c riteria and constraints are, what the 
costs, design period and discount rate 
are, what the materials, traffic, sub
grade and environmental characteristics 
are , what sort of variability can be 
expected in c onstructio n and mainte
nance, and what the condition of the 
existing pavement is if a rehabilita
tion design is involved. Moreover, he 
should have available to him the neces
sary structural and economic analysis 
models to est imate the outcome of any 
design alternative, given this input 
information. 

Figure 2, Part A, illustrates 
these key attributes or requirements 
for input information and models. This 
diagram is simply an elaboration of 
Figure l, and it is intended to cover 
both new pavement design and rehabili
tation design. 

Secondly , a complete design sys
tem should be able to conside r all the 
feasible design alternatives, shown as 
Part 3 of Figure 2. Such alternatives 
include the materia ls types and layer 
thicknesses and may include the expect
ed construction and maintenance poli
cies if they are thought to have dif
ferent effects on different designs. 
Moreover, future rehabilitation ~lter-

na tives wi t· i n t h e design pe r i od, com
prise an ov rall alternative design 
s tra t e g y . 

Th irdly , Part C of Figure 2 shows 
that we should be able to calculate 
the expec ted behavior or response of 
each design alternative to the inputs, 
i n terms of stress, strain, deflection 
or deformation ; then estimate the 
l i mi t i ng behavio r in terms of d i stress 
(i.e. fatigue cracking, distortion, etc.). 

As well, we shou ld be able to predict 
the performance or serviceability age 
relationship for each alternative. Why 
should we be able to predict both b e 
havior and p e rformance? Perhaps the 
best answer is that we need the mechan
istic predictions of behavior bec ause 
it is cracking, distortion, disintegra
tion, etc. that the engineer treats or 
corrects during the service life of the 
st r ucture. However, it is performance, 
as related to the user, that we need for 
determining initial service 11 ~~ and re
habilitation service lives, and for 
working out the costs and benefits of 
a design alternative. 

It would also be desirable to ex
plicitly or quantitatively relate 
distress to performance . This need has 
been very actively endorsed by a number 
of people , but there are some who re
ma i n unconvin~ed. Again, perhaps one 
of the best answers is that the engi neer 
takes corrective or maintenance action 
on distress, not on serviceabilicy, 
until it reac hes its minimum acceptable 
level. Yet, it is distress that lead s 
to a subseq uent loss of serviceability; 
if the engineer knew the relationship, 
he would be in a much better position 
to determine the type, amount and timing 
of his corrective action in order to get 
the maximum benefit. 

Fourth, Part D o f Figure 2, a com
plete design met tod would be abl e to 
apply the decision criteria which may 
include not only direct economic con 
siderations but also such factors as 
energy implications and recyclability 
of the materials, and then select the 
best alternative for construction. 

Finall y , as given in Part E of 
Figure 2, a vital element of design is 
verification. Because a method ma y b e 
complete does not mean it is per fect. 
Thus , pavement designers are faced with 
an equally important task of continuing 
verification to: a) update and improve 
their design models, and b) che c k the ;r 
original design estimates. The mean~ 
for such verification is usually period i c , 
in-service evaluation or structural ca
pacity, distress, serviceability and 
safety. While the regular network of 
r o dds may provide most of the Jong term 
data, test roads have played a most i~
Dortant r o le in the verification and 
development of structural models. 

In summary, a complete pavement de
sign would contain certain ke~ features 
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Fig. 2. Xey Attributes of a Complete Pavement Design System . 

and requirements as listed in F i gures 
1 and 2, and discussed in the preced
ing paragraphs. However, while these 
diagrams may be used to characterize 
"completeness", they don't tell us any-

th i ng abou t "perfect i on " . We all 
realize that pavement design technology 
is still amenable to considerable 
improvement. 
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Lesson 2 

FHWA SLIDE - TAPE PRESENTATION "PAVEMENT MANAGEMENT" 

Instructional Objectives 

To introduce the pavement management concept. Familiarize the student with 
basic terms and aspects of a pavement management system. 

Performance Objectives 

1. The student should be able to answer three basic questions (what, why, how) 
about pavement management. 

2. The student should be able to compare existing practices with those of an 
ideal pavement management program. 

Abbreviated Summary 

1. FHWA Slide-Tape Presentation 

Reading Assignment 

1. Instructional Text 

Time Allocations, min. 

1 hour 
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INSTRUCTIONAL TEXT 

PAVEMENT MANAGEMENT 

PRESENTATION BY 

FHWA 
(Implementation Division and 

Highway Design Division) 

OCTOBER 1979 
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1. 

Title Slide 

No t e to projectionist : First pulse 

occurs b efo r e title slide. 

2. 

Possibly the most critical problem facing highway 

administrators today is the deterioration of our 

nation's highways. 

3. 

During the past 20 years, we have witnessed a 

period of unprecedented road construction. But 

many of the pavenents built during that period 

are no..v approaching the end of their lives and 

are in need of reconstruction or rehabilitation. 

4. 

Others are showing signs of serious distress 

much ear lier - a warning sign to highway managers 

that something must be done - and soon. 
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5. 

This realization has led sane highway adninis

trators to take a fresh look at the way they 

have programned, designed, constructed and rm.in

tained pavements in the past. It has also led 

to the use of a ne.v te:rm - "Paverrent Management." 

6. 

'Ibis slide presentation has been developed to 

answer three basic questions about pavement 

rm.nagerrent. First, What is it? Second, Why is 

it important? And third, HON can we rm.nage 

paverrents ITX)re effectively? 

7. 

First, let's look at what is meant by the 

te:rm, ''Pavement Managerrent." 

8. 

Pavement Management is an unbrella te:rm, or a 

concept, which in its broadest sense encanpasses 

rm.ny of the daily activities of every highway 

agency. 
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9. 

For convenience, we have grouped these activi

ties into six major categories: achninistration, 

planning, design , construction, maintenance, 

and research. 

10. 

Central to the pavernent rranagernent picture is 

the highway manager, the person r esponsible for 

the execution and coordination of these activi

ties, and for weighing the alternatives to 

achieve the best possible value for the avail

able public funds . 

11. 

In order to manage pavements effect ive ly , it is 

essential that the manager have good information 

upon which to base his decisions. This infor

mation takes many forms and comes f rom a variety 

of sources both within and outside of the 

highway agency . 

12. 

For exarrple, inforrration about a particular 

sect i on of pavenent, such as its physical 

characteristics; the number of loads it has 

sustained; its cost; and its performance over 

the years, is generated internally by the 

activities of the agency. 

2-5 



13. 

Other types of information, such as new 

technological developnents and econar~c indices, 

may corre fran sources external to the agency 

including the Federal Governrrent, industry, 

acadanic institutions, and other highway 

organizations. 

14. 

Before any of this data can be used by the 

decisionmaker, or mu1ager, it nust be canbined 

and analyzed. ~pending upon the situation, 

this may be done subjectively in the manager's 

own head, by a few manual calculations, or by 

the use of various corrputer programs developed 

for that purpose. 

15. 

The product of the analysis is, of course, a 

decision. Many decisions affecting paverrents 

are made every day by highway managers through

out the organization. 

16. 

The process of generating infonnation, analyzing 

it, and making decisions takes place at two 

different levels. One is the project level, 

where decisions are made about specific projects 

or sections of pavement. 
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17. 

The other is the net\\Ork or program level, mere 

decisions are nnde which affect the entire 

system of paverrEnts or mich involve t r ade offs 

between projects and activities. 

18. 

Good pavement management requires gcxxi coordin

ation and feedback between these t\\O levels as 

well as annng the activities thE!IlSelves . 

19 . 

When we look at all of these things together -

the activities, the levels at which they take 

place, the data gathered, the analysis perfonred 

and the decisions that are made - we have a 

picture of the total paveIIEnt management 

process. 

20. 

It's canplicated. There is no question about i t . 

But it exists today in one form or another , in 

every highway agency. So men we speak of pave

ment management, we are not necessarily speaking 

a.rout a new program. What we are speaking about 

is getting a better "handle" on the existing 

practices and making then rrore effective. 
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21. 

This brings us t o our second question - Why i s 

pavement rmnagerrent so important today? 

22. 

The highway system in this country represents 

a total capital investment of about $275 billion. 

Over three quarters of that investirent, or about 

$210 billion , has been made since the beginning 

of the interstate program in 1956. 

23. 

The current rate of expenditure for captial 

improvements is about $14 billion annually, 30 

to 40 percent of which goes for improvements 

in the pavement structure. And this figure 

doesn't include routine maintenance and oper

ating costs. 

24. 

Pavements in fact are the largest single piece 

in the overall highway picture. As the amount 

of new cons~ruction declines, pavements will 

assume an even larger role in the future. 
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25. 

Yet, even with all of these revenues going into 

pavements, the statistics show that our highway 

network is gradually deteriorating. Infonmtion 

sul:xni tted by the states, and used by the Secre

tary of Transportation in his 1977 report to 

Congress, showed that from 1970 to 1975 there 

was a small but significant shift in pavement 

condition from the "good" category to the "fair" 

category. This shift translates into many 

thousands of miles of pavements . 

26. 

Captions like these .are becaning all t(X) carnon 

in newspapers and magazines across the country. 

Referenc.es to "gravel Interstates" and "multi

million dollar potholes" paint a grim, but in 

mmy cases true, picture of pavement conditions 

in sarre locations. 

27. 

What is perhaps the rrost alarming fact of all 

is that rruch of our Interstate System is now 

past the half way mark in its design life. As 

these pavements approach an age of 20 years, the 

rate of deterioration can be expected to increase 

significantly resulting in far more serious 

problems in the years ahead. 
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28. 

We can all cite reasons for this trend in pave

ment condition. Inflation, the one cited nost 

often, has hit the highway industry particularly 

hard. Between 1967 and 1978, the Federal Highway 

Administration's Contract Price Index rose from 

a base of 100 to a value of over 300. That's a 

rate of twice that of the Cbnsurrer Price Index. 

29. 

}luch of the difference between the two indices 

can be attributed to periods when the supply 

of crude oil was greatly reduced or threatened. 

30. 

But other factors have contributed as well. For 

instance, in sane areas of the country, top 

quality paving aggregates must be imported, 

causing the price to double or even triple. 

31. 

Highway revenues have not risen nearly as fast 

as highway costs. As a result, the purchasing 

power of the highway dollar is just a fraction 

of what it was in the late 1960's. 
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32. 

Traffic has also taken its toll. Increases i n 

traffic volunes and acCUIIR.llated loads far greater 

then those anticipated in design have caused 

rmny highway pavaoonts to wear out long before 

their t:im3. 

33. 

All of these factors have put the highway admin

istrator in a difficult spot . He has had to cut 

sane corners and, in many instances, defer much 

needed maintenance or rehabilitation work . 

34. 

What will the outcaoo of these actions be? It 

nay be many years before we know for sure . But 

a good pavaoont managment program would allow 

us to predict the consequences with reasonable 

accuracy and begin now to plan for the future. 

35. 

This brings us to our final question. How can 

we make the pavanent nanagaoont practices of 

our highway organizations IJX)re effective? 
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36. 

Before we start rmking changes, it is irrportant 

that we first step back and take a good, hard 

look at the way we are doing things right now. 

In doing so, we must ask ourselves sorre difficult 

questions. 

37. 

Can we support our budget requests with solid 

facts and figures? Are we able to derronstrate to 

our legislatures and the public the consequences 

of a given funding level in terns of future 

pavement condition? 

38. 

Ix> we even know what the present condition of 

our system is? How does it c.orrpare with the 

condition last year? 5 years ago? or 10 years 

ago? 

39. 

Fbr any given section of highway, can we tell how 

much was spent for pavement rmintenance last year? 

Ix> we know the cost of all pavanent work, including 

construction, reconstruction, resurfacing, and 

maintenance, over its entire life tin1e? 
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40. 

Are our pavements giving us the service that was 

expected of them when they were designed? In 

terms of years? In terms of axle loads? What 

happens -t:o that service if we change the legal 

load limit? 

41. 

If we are getting answers like this, our paveITEnt 

rmnagement program:; can probably stand substan

tial improvement. 

42. 

A gocxl place to begin is with a review. Not a 

review of our paverrents, but a review of our own 

organization -- its policies, its organizational 

structure, its methods of operation. 

43. 

We should also include in our review the various 

types of infonnation about pavements that we 

have available and how that infonnation is 

collected and stored. 
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44 . 

Finally, we should review the standards being 

used - standard specifications, standard plans, 

and standard procedures. 

45. 

The next step is to conpare these existing 

practices with those of an ideal pavement mmage

ment program. To do this we must decide what the 

characteristics of an ideal program are. 

46. 

First, in order to have a gcxx:l program, there 

must be gcxx:l camrunication within the agency, not 

only vertical connrunication in the various opera

ting units but horizontal carnunication annng the 

units as well. Effective pavement management 

must be a cooperative effort and requires constant 

infonnation sharing and feedback. 

47. 

Second, pavarent management must be systenatic. 

That does not mean a highly sophisticated, fully 

conputerized program. It does mean that an organ

ized approach must be taken to be certain that all 

activities are considered and that each contri

butes to the overall objective of optinn.Jn pave

ment performance. 

2-14 



48. 

Third, it must be practical. Ideali:zed or con-

ceptional programs look fine on paper, but pave

ment managE!Tlent is an ongoing, real life activity 

and the program must reflect ti,;_s by being com

pletely workable and realistic. 

49. 

And finally, , for a pavement management program 

to be fully effective, there rrrust be acceptance 

by top management and a total comnittment to 

make it \\Ork. 

50. 

With these characteristics in mind, we can begin 

to analyze the practices of our own agencies 

and decide what improvements rray be necessary. 

Let's look at a few examples. 

51. 

One of the rrost important activities in a pave

ment management program is the m:mi toring of 

pavement performance. 



1 PAVEMENT 
!PERFORMANCE 
L DATA 

PROGRAMMING 
BUDGETING 
DESIGN 
EVALUATION 
CONSTRUCTION 
EVALUATION 
MAINTENANCE 
EVALUATION 
RESEARCH 
VEFUFICATION 

ETC. 
ETC ... 

FREQUENCY 
ANNUALLY? 

2 YEARS? 
6YEAR87 

52. 

Paverrent performance data, or rrore specifically 

the trends in pavanent condition which are iden

tified from year to year, serve as a basis for 

many other activities in the process including 

programning, budgeting, the evaluation of certain 

design, construction and maintenance practices, 

and field verification of research results. 

53. 

For this reason, our rronitoring programs deseive 

close scrutiny. Our analysis should cover the 

types of data collected, the annunt collected, 

and the frequency. 

54. 

futa collection is expensive and we cannot afford 

to collect it unless we also make gcxxi use of it. 

Many thousands of dollars can be wasted by improper 

selection of condition data, sanple size, and 

sampling frequency. 

55. 

SaIE state highway agencies have recently carplet

ed thorough evaluations of their rronitoring pro

grams - Washington, California, Texas, Utah, and 

New York, to name a few-. The results do not 

always have to mean addi tfonal data. A review can 

also identify unnecessary data which can be elim

inated fran current rronitoring prograns. 
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56. 

Of equal importance is good cost data. Cptimum 

pavement perfonm.nce IIEans the nnst cost-effective 

paveIIEnt possible; sonEthing we cannot hope to 

achieve with a good cost reporting system together 

with a good pavement nnnitoring program. 

57. 

The analysis should cover the type of cost data 

collected - not only how much was spent but where 

it was spent and exactly what it was spent for . 

58. 

M:>st agencies have good procedures for reporting 

unit bid price data on contract work . But it is 

often not as easy to identify the true costs for 

pavement maintenance items such as joint repair, 

crack sealing, and so on, and attribute those 

costs to a specific section of pavement. 

59 . 

Perfonnance and cost data are but two of the types 

of information we need for pavement n:anagement. 

There are many others. Traffic and loading data , 

environmental data, quality control data, as-built 

IJEasurements - all are important and the activities 

which produce them must also be carefully analyzed'. 
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60. 

While good data are essential, the evaluation and 

use of that data in other activities of the pave

ment nanagement process are perhaps even m)re 

important and they must be analyzed too. 

61. 

The pavement selection process is one of those 

activities. To evaluate design options, they 

rrrust be reduced to a cornnon basis of corrparison 

such as annual cost. All of the asst.nnptions and 

methods used in the process rrust be periodically 

reanalyzed to be assured of their continued 

validity. 

62. 

The Minnesota Department of Transportation 

recently corrpleted a review and analysis of its 

pavanent selection procedure. The result was a 

procedure in which the administrators had m)re 

confidence in and which they could comfortably 

defend. 

63. 

The programning and boo.get process is another. 

The procedures used must result in accurate 

estimates of future needs and realistic priori

ties to allon us to plan and allocate available 

resources in an efficient nanner. 
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64. 

The Utah Department of Transportation used its 

procedures to advantage and made a strong case 

before its legislature for additional funding. 

The result - a two cent per gallon increase in 

state gasoline tax. 

65. 

These are just a few examples of good pavement 

management and the activities which must be 

reviewed and evaluated. A similar approach should 

be taken for each activity in the process which 

impacts on pavement performance. 

66. 

<Alce we have corrpleted our reviews, analyzed our 

existing practices and identified improvements in 

the process, the only thing remaining is to rrake 

the necessary changes and implement them. 

67. 

Many can be implenented right now! - With available 

data and existing procedures . Gocx:l. pavement 

management does not have to be a thing of the 

future. 
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PAVEMENT 
MANAGEMENT 

WHAT? 
WHY? 
HOW? 

68. 

For example, there are plenty of data around 

to evaluate the traffic and loading estimates 

we have used for past designs. If we have been 

accurate, let's verify it. If not, let's 

strengthen our estinRting procedures where 

possible to make our designs more reliable. 

69. 

There will , however, be sane things which we are 

not prepared to implement . In these cases , we 

must undertake the needed research and evaluation 

w::>rk as soon as possible to provide us with good 

data on which to base future decisions. 

70. 

That's it . We've covered what pavement manage

ment is, why it's important, and how we can do 

sanething about it. Let's quickly surrmarize. 

71. 

PavertBnt managertBnt is a term which includes 

all pavement related activities of a highway 

agency. 
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72. 

It 's important because of what is at stake, a 

tremendous investment that we may be beginning 

to lose. 

73. 

&lt we can do s~thing about it by reviewing 

our existing operations; by analyzing thE!Il to 

insure they are up-to-date, valid, and efficient ; 

by identifying improvements that can be made; and 

by tailoring a program to correct any deficien

cies that exis t. 

74. 

A good pavement management program will not 

result in the correct decision every time. But 

it will greatly improve our chances by minimizing 

the possibility of error. 

75. 

It's an effort we can't afford to take lightly. 

We ITR.1st meet the challenge head on and find ways 

to reverse the trend in pavanent deterioration, 

safely, soundly, and econanically through better 

pavanent managanent. 
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76. 

The end. 
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LESSON OUTLINE 

REVISED '~RH/lg 12/8/83 
Lesson 3 

INTRODUCTION TO THE PAVEMENT MANAGEMENT PROCESS 

Instructional Objectives 

1. To introduce the pavement management proc:ess and to define a pavement 
management system. 

2. To outline the appliable levels and subsystems of a pavement management 
system and the basic features of each level. 

Performance Objectives 

1. The student should obtain a good foundation for the following detailed 
lectures on pavement management. 

Abbreviated Summary 

1. Background 

2. Recommended Framework 

3. Summary 

Reading Assignment 

1. Haas and Hudson - Chapter 1 

2. RTAC - Pavement Management Guide - Part 1 

3. NCHRP 215 

4. Instructional Text 

3-1 

Time Allocations, min. 

20 

20 

10 

50 minutes 



LESSON OUTLINE 

REVISED Tffill/lg 12/8/83 
Lesson 3 

INTRODUCTION TO THE PAVEMENT MANAGEMENT PROCESS 

1.0 BACKGROUND - ESSENTIAL PMS FUNCTIONS AND CONCEPTS 

1.1 The Process of Pavement Management (Visual Aid 3.1) 

This process has been developed primarily to manage a substantial 
investment in transportation. 

1.1.1 Pavement Investment. A substantial investment exists in the 
present transportation network. Proper management of this 
investment is essential. (Visual Aid 3.2) 

1.1.2 Maintenance Investment. Substantial annual expenditures are 
just to preserve and maintain this investment. 

1.1.3 Limited Funds. Available funds for investments in pavements, 
and for maintenance of these investments are generally limit
ed. Good management is, therefore, essential to obtain 
maximum value for limited funds. 

1.2 Definition of a PMS 

1.2.1 Coordinated Activities. A pavement management system con-
sists of a comprehensive, coordinated set of activities 
associated with planning, design, construction, maintenance, 
evaluation, and research of pavements. (Visual Aid 3.3 and 3.4) 

1.2.2 Optimum or Prioritized Strategies. Provides decision makers 
at all management levels with optimum or at least prioritized 
strategies. 

1.2.3 Evaluate Alternatives. Provides an evaluation of alternate 
strategies over a specified analysis period. 

1.2.4 Quantifiable Analysis. Based on predicted values of quantifi
able pavement attributes, subject to predetermined criteria 
and constraints. 

1.2.5 Dynamic Process. It is a dynamic process which incorporates 
feedback regarding the various attributes, criteria, and 
constraints involved in the optimization or prioritization 
procedure. 

1.2.6 Applicability. The system is applicable for all types of 
decisions including those related to: 
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Lesson 3 

(a) information needs, 

(b) projected network deficiencies, 

(c) budgeting, 

(d) programming, 

(e) research, 

(f) project design, 

(g) construction, 

(h) maintenance, and 

(i) resource requirements. 

2.0 RECOMMENDED FRAMEWORK FOR A PMS 

2.1 Two Generalized Management Levels (Visual Aid 3.5) 

An interface must exist between lower or detailed management level:s 
and the pavement management level; as well as between a general 
highway or transportation system management level and the pavement 
management level. 

2.1.1 Network and Project Leyels of Activity, (Visual Aids 1.6, 
3.7, 3.8, and 3.9) PMS involves primarily network and 
project activities but also research and special studies. 

2.1.2 Feedback Loops. (Visual 3.10) Monitoring and evaluation of 
pavements on a periodic basis provides one of the primary 
sources of feedback at both the project and network level. 

2.1.3 Data Base. (Visual Aid 3.11) A data base or information 
record is crucial for all pavement ~anagement activities 
both for input and outputs. 

2.2. Rational Decision-Making (Visual Aid 3.12) 

The similarity of the flow of information between the different 
activity areas (such as maintenance, design, and construction) forms 
the basis for a comprehensive basic pavement management framework. 

2.2.1 Information. Pavement information is gathered. 

2.2.2 Analysis. Consequences of the available choices are analyzed. 

2.2.3 Decision. Based on this analysis and on other non--quantifiable 
considerations. 
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2.2.4 Implementation. The results of the decision are recorded 
on the data bank and passed on to other management levels. 

3.0 SUMMARY (Visual Aids 3.13 and 3.14) 

3.1 Three Basic Pavement Management Subsystems 

These are identified as "Information," "Analysis," and "Implementation." 
The remaining steps are not considered to be components of the PMS. 
The pavement management system is directly involved in (a) the storage 
and retrieval of data, (b) the performance of technical and economic 
analysis, (c) the coordination and reporting of all activities, and 
(d) the associated updating of records. 

3.2 What a PMS is Not 

The PMS cannot directly consider non-quantifiable factors such 
as political factors; nor does it make decisions. These functions 
must be handled by the decision maker or administrator who uses 
the PMS output to assist him in making final decisions or recommend
ations. 
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LESSON OUTLI:t,E 

Revised WRH/lg 6/9/84 
Lesson 3 

INTRODUCTION TO THE PAVEMENT MANAGEMENT PROCESS 

VISUAL AID TITLE 

Visual Aid 3.1. m1y Pavement Hanagement; What is it. 

Visual Aid 3.2. Transportation budget process. 

Visual Aid 3.3. Pavement management components and operational responsibility. 

Visual Aid 3.4. Basic principles of coordination. 

Visual Aid 3.5. Block diagram of pavement design system. 

Visual Aid 3.6. Project/Network Level design practices. 

Visual Aid 3.7. Project/Network Level construction practices. 

Visual Aid 3.8. Project/Network Level maintenance practices. 

Visual Aid 3.9. Project/Network Level rehabilitation practices. 

Visual Aid 3.10. Project/Network Level rehabilitation monitoring and 
evaluation practices. 

Visual Aid 3.11. Other considerations in good pavement management. 

Visual Aid 3.12. Relationships and activities of key components in the 
pavement management process. 

Visual Aid 3.13. Costs and benefits of pavement management. 

Visual Aid 3.14. Benefits to senior management. 
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Lesson 3 

Visual Aid 3 .1. Why Pavement Management; What is it. 

WHY: 

WHAT: 

PAVED HIGHWAYS AND STREETS 
REPRESENT A VERY LARGE 
INVESTMENT ~ DESERVES 
GOOD MANAGEMENT 

a) BASIC DEFINITION 

A COORDINATED, SYSTEMATIC 
WAY OF PROGRAMMING 
INVESTMENTS, DESIGN 
CONSTRUCTION, MAINTENANCE, 
IN-SERVICE EVALUATION AND 
RESEARCH FOR PAVEMENTS 
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Visual Aid 3.4. Basic principles of coordination. 

BASIC PRINCIPLES 

i) INFORMATION FROM IN-SERVICE EVALUATION 

- IDENTIFY NEEDS 

- PROGRAM$ 

- IMPROVE TECHNOLOGY 

ii) DECISIONS OCCUR AT NETWORK AND PROJECT 
LEVELS; Al TERNATIVES ARE USUALLY AVAILABLE 

iii) "SUCCESS" OF A DESIGN IS.CLOSELY RELATED 
TO QUALITY. OF CONSTRUCTION AND 
MAINTENANCE 

rv) GOOD PAVEMENT MANAGEMENT MUST BE 
TAILORED TO THE HIGHWAY DEPARTMENT 
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Visual Aid 3.6. Project/Network Level design practices. 

GOOD DESIGN PRACTICES: THE STAR'TING POINT 

a) ASSIGNING RESPONSIBILITY 

b) - TRAFFIC VOLUME AND LOAD DATA 

- MATERIALS PROPERTIES , AVAIL.ABILITY AND COSTS 

- CLIMATIC DATA 

c) DECIDE DESIGN OBJECTIVES, AND CONSTRAINTS 

d) DECIIE WHAT ALTERNATIVES TO BE CONSIDERED 

FLEXIBLE PAVEMENT DESIGN 

- THICKNESS DESIGN ( GOOD MODELS AVAILABLE ) 

- COST ESTIMATES 

RIGID PAVEMENT DESIGN 

- THICKNESS ANO JOINT DESIGN ( GOOD MODELS AVAILABLE ) 

- SUBBASE AND CONCRETE SHOULDER CONSIDERATIONS 

.:. CRCP AS AN ALTERNATIVE 

OTHER CONSIDERATIONS 

- DRAINAGE AND FROST 

- AEGIONAL FACTORS 

- FUTURE RECYCLABILITY 

;.. CHECKING DESIGNS FOR DISTRESS C MOOFL.~ AVAILARLF 1 
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Visual Aid 3.7. Project/Network Level construction practices. 

CONSTRUCTION 

SPECIFICATIONS AND CONTRACT AWARD 

QUALITY CONTROL PROCEDURES 

CONSTRUCTION PRACTICES AND MANAGEMENT 

- ACCEPTANCE AND PENAL TIES 

AS BUil T DATA AND COST RECORDS 
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Visual Aid 3.8. Project/Network Level maintenance practices. 

MAINTENANCE 

MAINTENANCE MANAGEMENT 

- NEEDS , BUDGETS, AND WORK SCHEDULES 

- STANDARDS 

- FIELD CONTROL AND REPOHTING 

- COSTS BY ACTIVITIES AND UNITS 

.:.. MAINTENANCE DATA RECORDS 
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Visual Aid 3.9. Project/Network Level rehabilitation practices. 

REHABILITATION 

EVALUATION 

OVERLAYS 

RECYCLING 

RRR PROGRAMS 
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Visual Aid 3. JO. Froj ec t /Nc·twork Le\1 el rehabilitation monitoring 
:rnd ev aJ ur. t ion p ,-;1,:-: t ices. 

MONITORING/EVALUATION 

TYPES 

a) STRUCTURAL EVALUATION ( DEFLECTION ) 

b) SERVICEABILITY EVALUATION ( ROUGHNESS ) 

c) DISTRESS EVALUATION ( CONDITION SURVEYS ) 

d) SAFETY EVALUATION ( SKID RESISTANCE ) 

FREQUENCY AND COSTS OF MONITORING , USES OF DATA 
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Visual Aid 3.11. Other considerations in good pavement management. 

OTHER CONSIDERATIONS IN GOOD PAVEMENT MANAGEMENT 

PRACTICES NOW 

- DATA BASE AS THE (!!FOUNDATION• FOR DESIGN, CONSTRUCTION 

MAINTENANCE AND REHABILITATION 

- QUESTION OF PAVEMENT TYPE SELECTION 

- NEW. MATERIALS AND EXPERIMENTAL PROJECTS 

- CHANGES IN LOAD LIMITS 

- IMPLEMENTATION OF RESEARCH RESULTS, RESEARCH NEEDS 

AND PRIORITIES 

- TRAINING OF PEOPLE 
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Visual Aid 3.13. Costs and benefits of pavement management. 

COSTS AND BENEFITS OF PAVEMENT MANAGEMENT 

a) ·cosTs·: 

- DESIGNATION OF CAPABLE , MOTIVATED PERSON($} 

- GETTING GOOD INVENTORY ,PERIODIC EVALUATION, 
IMPLEMENTATION AND MAINTENANCE 

b) ·sENEFITs· 

- BETTER CHANCE OF CORRECT DECISIONS: BETTER 
USE OF AVAILABLE FUNDS 

- IMPROVED COORDINATION AND USE OF 
TECHNOLOGY 

- BETTER COMMUNICATION 
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Visual Aid 3.14. Benefits to senior mana~ement. 

BENEFITS TO SENIOR MANAGEMENT 

COMPREHENSIVE, COMPARATIVE ASSESSMENT 
OF CURRENT STATUS OF NETWORK 

OBJECTIVELY BASED ANSWERS TO: 

a) WHAT LEVEL OF FUNDING TO 
KEEP CURRENT STATUS , OR 

b) IMPLICATIONS OF GREATER OR 
LESSER BUDGETS 

ABLE TO BACK UP OR JUSTIFY CAPITAL 
AND MAINTENANCE PROGRAM TO LEGISLATURE 

ASSURANCE THAT PROGRAM REPRESENTS 
BEST USE OF AVAILABLE DOLLARS 

ABLE TO ASSIGN PRIORITIES ON OBJECTIVE 
BASIS UNDER LIMITED FUNDING 
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INSTRUCTIONAL TEXT 

REVISED WRH/lg 12/8/83 
Lesson 3 

FHWA Pavement and Shoulders Notebook 

Section 1.2 
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Introduction 

REVISED WRH/lg 12/8/83 
Lesson 3 

REVIEW GUIDELINES FOR PAVEMENT MANAGEMENT 

These guidelines are intended to identify and promote consideration 
of some of the more significant factors pertinent to the attainment 
of good pavement and shoulder performance at the minimum cost to the 
public. It is not intended or possible that these guidelines address, 
in depth, all of the factors having an impact on pavement management. 
The level of detail for the review of each aspect of the broad subject 
of pavement management should be tailored to best satisfy the most 
critical perceived needs. 

ORGANIZATION 

1. Is there adequate coordination within the hiqhwa HA to 
carry out an effective avement mana ement PM ro ram? 
Although this question is listed first because of its obvious 
significance, it is recognized that it may not be possible to provide 
a meaningful answer to this question until other portions of the 
pavement management review have been completed. In answering this 
question, it is important that the coordination between all highway 
agency elements (i.e., planning, programming, budgeting, design, 
construction, maintenance, safety, materials, research, etc.) be 
addressed. Is there adequate feedback or communication between 
these elements to permit each one to function effectively? Is 
there duplication of efforts? How are the individual elements 
integrated into a pavement management process either formally or 
informally? Who is responsible for pavement management related 
functions within the elements? And on an overall basis? 

PAVEMENT AND SHOULDER EVALUATION 

2. Does the present process for evaluating the performance of pavements 
and shoulders provide the information needed to properly evaluate 
the adequacy of current design, planning, program:ning, construction 
and maintenance practices? 
It would, of course, be highly desirable if the evaluation process 
could provide pavement and shoulder performance data (in terms 
of both age and loading) and cost data (initial, 3R, and maintenance) 
in a form suitable for analysis. The quality of the highway agency's 
evaluation data, if any, should be reviewed considering sample 
size, use, equipment used, and repeatability of data. 
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and weighing procedures to insure reasonable data are collected 
upon which to base a projection; and finally, projection of 

HRH/lg 12/8/83 
Lesson 3 

trends for a future design period. Basing truck equivalents on 
trends projected into the future is more· logical than using past 
values. A Utah study showed that consistent, logical trends could 
be developed if projection was done for each truck type 
individually (such as 5 axle semi-trailer). However, rational 
maximums, such as the 18 kip rate occurring with 100 percent loaded 
trucks should not be exceeded. A logical trend becomes asymptotic 
for projected values. 

DESIGN 

5. How and how often are project pavement designs checked in the 
division office? 
Enough checks should be made to draw the conclusion that pavement 
designs and the thickness can be supported. In ~eneral, the design 
procedures should take into account the same factors that the AASHTO 
procedures do (i.e., loading, soil strength, material strength, 
etc.); or there should be substantiated reasons for deviation, 
acceptable from an engineering basis. (Par. 3.a.(13) of 
FHPM 6-2-1-1.) 

6. How does the highway agency determine (design) the structural 
section for shoulders? Does in-service shoulder performance and 
cost data support this procedure? What is the highway agency's 
criteria (warrants) for constructing stabilized, high type shoulders? 
Have the warrants been reviewed recently? 

7. What expected life is assu~ed for new construction? For 3R 
construction? Does the actual service life of pavements or shoulders, 
in terms of both age and loading, support these assumed lives? 
Does the highway agency have a procedure for evaluating past designs 
or identifying design related performance problems? 

8. When stage construction is utilized, is the second stage applied 
in a timely manner? Subsequent stages should be programmed and 
funded prior to the onset of significant structural deterioration 
of the initial stage. 

DATA FOR FLEXIBLE PAVEMENT DESIGN 

9. What soil testing procedure is used for pavement designs? What 
is the basis for its use? 
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Although FHWA is not in a position to dictate how an individual 
highway agency should collect or use performance evaluation data, 
the effective management of any product requires feedback on the 
performance and cost of the product. Pavement performance data 
can provide an important tool for decisionmakers who can use the 
data as input for: 

a. Prioritizing pavement segments for reconstruction, 3R, or 
maintenance work. 

b. The evaluation and selection of design, 3R, construction, 
programming and mainterance practices, and strategies. 

c. The assessment of the present condition of the highway system, 
the projection of future funding needs, and the analysis of 
alternative strategies for optimizing the return on the 
expenditure nf funds. 

d. Allocation of funds for pave:nent related work among districts 
or sections. 

TYPE SELECTION 

3. Does t~avement type selec~i~'.!!__Q!:_9ce~:s currently used by the 
ni ghv.-ay ~ency objective lDva 1 u ate a Hema ti ve pavement sect i ans? 
The highway agency's process should rely heavily on performance 
evaluation data to support expected service life estimates and 
estimates of future 3R and maintenance costs. · Because of rapidly 
escalating construction costs and fluctuations in the availability 
of critical paving materials, it may often be desirable to reevaluate 
the pavement type selection for a project a few weeks prior to 
advertising for bids. 

Reviews of the highway agency's pavement and shoulder type selection 
procedures should be made periodically to insure their validity 
and that the factors listed in "An Informational Guide on Project 
Procedures, AASHTO, 1963," pages 49 to 54, have been adequately 
addressed (FHPM 6-2-1-1, paragraph 3.a(28)). It is not necessary 
that the type chosen be that which would be chosen by FHWA, but 
it is important that we be abie to support the procedure as being 
a logical one. The highway agency should document the factors 
considered in the selection process. 

LO,\DI NG 

4. Is the_2resent process of predicting traffic loading adequate for 
pavement design? 
In evaluating the process, it is desirable to look at: how well 
prior projections compare with actual loadings; vehicle classification 
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Jt is desirable that the procedure used by the highway agency be 
correlated with actual pavement performance within the State or 
area. In the event that it is necessary to use soil test-soil 
support relationships developed by other agencies, it is important 
to have a clear understanding of exactly how the other agency performs 
their soil tests. Minor variations in soil testing procedures 
can often have a significant impact on test results. The use of 
group index-soil support relationships is discouraged unless it 
is based on pavement performance data. 

10, Does the designer have adequate information on the values and 
variability of soil strength to enable him to intelligently choose 
a value or values to be used in design? What is the frequency 
of testing? Are the values verified during construction? And· 
changes made if necessary? Sufficient soil testing should be 
performed to insure proper identification of significant changes, 
and to insure representative values. 

STRUCTURAL COEFFICIENTS 

11. How are the values for structural coefficients, structural design 
strength, or gravel equivalents chosen? A comparison of predicted 
with actual performance is the best and most direct method of 
evaluation. It should be remembered that a significant variation 
in pavement performance may be expected. 

12. Are material tests adequate to insure that the quality of materials 
meets assumed values for design? Durability, in addition to 
strength, must be taken into account. 

REGIONAL FACTORS 

13. Is the design procedure sensitive to regional differences in pavement 
performance that may result due to significant differences in climatic 
and environmental conditions? It is desirable that regional factors, 
if used, be based on actual regional differences in pavement performance. 
The regional factor at the AASHTO Road Test was developed from 
deflection measurements made throughout the year. There are other 
methods of accounting for seasonal or climatic effects such as 
adjustments to materials properties or soil strength, so that a 
regional factor is not necessarily required. 

DATA FOR RIGID PAVEMENT DESIGN 

14. What method is used to determine the modulus of subgrade reaction? 
The determination of the modulus value is not nearly as important 
to the structural requirements for a rigid pavement as the determination 
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of the soil support value is to the structural requirement of a 
flexible pavement. Therefore, conservative design assumptions 
may be appropriate. It is cautioned that subgrade and subbase 
support may decrease with time and that the selection of high 
subbase reaction values for design may be inappropriate unless 
the values can be supported by past experience. 

15. How is the flexural strength of the concrete determined and how 
is a value selected for design? It is desirable to consider the 
variability in concrete strength that actually occurs in pavements 
when choosing a value for design. A more conservative value might 
be indicated for higher type highways. Field testing to determine 
values should be encouraged. The AASHTO Interim Guide contains 
recommendations concerning the relationship of flexural strength 
to working stress. 

JOINT DESIGN 

16. Are the joints performing as intended? What is the joint spacing? 
Do joint spacings conform to recom;nended practice? Is the shape factor 
and sealant type designed for the anticipated joint movement? 
Are noncorrosive dowels used? FHPM 6-2-4-4 (to be reissued as 
a TA) Recommended Procedures for PCC Pavement Joint Design covers 
this subject. 

SUBBASE 

17. What is the experience of the State with subbase design? The 
evolution of the presently used subbase design should be determined. 
The decision regarding the type currently used should desirably 
be supported by pavement performance evaluations. 

CRCP 

18. What method is used for CRCP thickness design? In the past, the 
typical approach called for a design solution for conventional 
PCC with a thickness reduction for CRCP. When local experience 
with CRCP indicates that added thickness is desirable, sections 
as thick as conventional PCC pavement designs may be considered 
favorably. The decision to use CRCP should be based on an 
engineering analysis that considers annual costs, and the other 
factors listed in the AASHTO Informational Guide on Project 
Procedures. 
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19. !,,ihd_ are_ the design details and what is, the percentage of steel 
0 d7 Not less than 0.6 percent is recommended. There is some 

2r.. 

nee that higher percentages should be used in colder climates. 
FHPM 6-2-4-6, which will soon be converted to a Technical 

l5cry, for detailed recommendations. It is cautioned that past 
·p rlesign practices--particularly those involving percentage 
~teel~ concrete strength, and subbase type--that have provided 

performance should not be changed without giving considerable 
;g~t to the possible consequences. 

CONCRETE SHOULDERS 

,i\·c :uncrete shoulders considered for·use with concrete avements? 
h ,-f.i~:::r:.:4~· to be reissued as a f A. Have any been built? 

~i~W h~ve they performed? Has there been a comparison made of concrete 
• 1ders versus asphalt concrete shoulders that attempts to analyze 

t~ ir annual costs (initial, maintenance, and 3R)? Better performance 
~~tributed to PCC shoulders tied to the adjacent pavement 

. a , ; s e of r educ e d edge def l e c t i o n , de c r e as e d water i n f i lt rat i on 
,it U:e pavement/shoulder joint, and the lack of differential 

'.::t·:;,~ment between the shoulder and pavement. 

DRAINAGE OF PAVEMENTS 

, _:_ 11.9..._;:he design process, does the State attempt to analyze the 
hydraulics of water entering the pavement section? How? For what 

·; of pavements? 

iL:· .- ,·: 'H.: __ th~~ subpavement drainage sys terns the State has constructed 
a ~~rt of both new and 3R pavement projects. What was the rational 

;, their use? How have they performed? In comparison to control 
·> tinns, or other pavements with similar characteristics? How 
•5 1~:0 t::1eab~-iity evaluated? What is the basis for their design? 
.· 0 ~erm~able materials properly protected as per established filter 

• 1 t2ria? Are the openings in underdrains compatible with backfill 
~,: ,. 1 c 1 e s ·i z e? 

FROST DESIGN 

2 3 . I f fros t i s a cons i de rat i on 2 how i s it accounted for i n des i g n? 
uj ,· cause of poor performance has been the assumption of frost 

e well draining materials, without adequate specifications or 
·_; ott:;ction quality assurance to insure nonfrost susceptibility. 

SKID RESISTANCE 

2~. the division assure itself that the PS&E's that it approves 
f'' cvfrfe-,ideguate skid resistance? (FHPM 6-2-4-3 - Skid 
.',c· i derit Reduction Program.) 
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25. Have the skid characteristics of the standard bituminous mixes 
and materials used in the State been e~valuated so that skid values 
on future projects can be predicted? What are typical skid numbers 
for the various mixes? Have material sources been categorized 
based on their skid characteristics? The mixes should contain 
a high proportion of polish resistant coarse aggregate to provide 
an adequate texture. Maintenance mixes as well as construction 
mixes should be evaluated. 

26. rocedure is s ecified for high speed (greater than 
avements? FHWA Notice N 5080.59, so1n to be -....-----,-----~'"=-,---.,,.----reissued as a TA. Are metal tines specified? What pattern is 

used? What is the basis for the pattern used? 

27. Is a sharp, polish resistant sand specified i~ the PCC mixture? 
Fine texture, provided by the fine aggregate (and coarse aggregate 
when exposed), provides the adhesion component of skid resistance. 
Has the need for polish resistant coarse aggregates been evaluated? 

28. Does the State have a skid trailer? Has it been calibrated? When? 
When is the next calibration schedule.d? Skid numbers are sensitive 
to trailer repairs and operator knowledge. Therefore, they should 
be calibrated periodically. 

29. What is the status of the skid inventory of selected sections 1 
of accident locations, and of a sample of the highway system? 
What use is made of the data? Are seasonal variations recognized/ 
considered in the use of the data? Reference FHPM 6-2-4-7. 

30. How are skid overlay projects identified? Features other than 
skid number should play a significant role in the project selection 
process (FHPM 8-2-3). Is there a correlation between the skid 
resistance properties of pavement surfaces and accident experience? 
What life is expected with the typical surfaces used to correct 
skid prone locations (load life and age life)? 

31. Does the State have a studded tire policy? Over the past several 
years~ what is the trend in studded tire usage in the State? How 
is the durability of overlays or other skid corrective treatment 
impacted by studded tires? Are further efforts to secure a ban 
or restriction warranted? 

RRR 

32. How are overlay thicknesses and other RRR pavement st,·ategies normally 
selected? Regardless of the design tools utilized, the design 
should desirably rely heavily on local experience. The performance 
of the RRR designs should be periodically evaluated. 

3-27 



TECHNOLOGY TRANSFER 

REVISED WRH/lg 12/8/83 
Lesson 3 

.. 3. How are technology transfer activities pertaining to pavements 
coordinated at the State? In the division? Cite exa.11ples of 
pavement or shoulder technology transfer that the State has recently 
implemented. (Of course, design and construction practices that 
have provided good performance should not be tampered with without 
giving a lot of thought to the possible consequences.) 

2·1. What consideration is the State giving to energy and materials 
conservation, and the use of recycled materials? Describe 
performance of recycled pav~nents/shoulders, in comparison to virgin 
pavements? Is there some logical basis for determining whether 
a project should be recycled or overlayed? 

JJ. What consideration is given for the u~e and evaluation of the 
following pavement materials or techniques? 

a. Fly ash o~ lime ash bases or subbases 
b. Emulsified asphalts 
c. Econocrete 
d. Thin bonded rigid overlays 
e. Sprinkle mix 
f. Sulfur extended asphalt mixes 
g. PCC shoulders 
h. Pavement/shoulder drainage systems 
i. Improved joint sealants 

36 What additional effort is needed to improve the climate for 
technology transfer? 

37. What pavement related research is underway in the State, and what 
is the status of that research? How w2 ll do the research and 
operations arms of the highway agency interact? 

38. What pavement related experimental features has the State tried? 

39. 

How have they performed? Since a number of years are required 
before a pavement develops enough history on which to make a 
significant performance finding, experimental pavement features 
should be well thought out (work plan), and evaluated against 
control sections on a systematic basis. 

CONSTRUCTION STANDARDS AND PRACTICES 

ated in 
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40. 

Are specificatfons eval1.ii1ltc! l:u 1 ',ll.~. that the specified pavement 
construction methods and materials ctre in Jrcordance with design 
assumptions? 

Describe the biturn·1:1ous mh 
following items evalualt.:d in Uw · 

a. Asphalt type quality 
b. Mix resistance to i,.1ati~r d~111 

Hov, are the 

c.. Aggregate quality, rnc·iuding s!.id ri:!Sistar:ce 
d. Prevention of blc2dirq 
e. Thermal cr·acking cons ider,:ct 101::; 

41. How are 11 011 cracking and deleterious ::tqqr~ates identifier! 1n the 
concrete mix d2sj_g_n'prccPss_? Ho 1:! are w1?ar and skid resistJnce 
qualities of the fine a~nrcgate id,::ntH i:~d in Lhe mix design 
process? 

42. How are construi=_tion and maintenct',ce _py.rsonnel informed trainedl 
of the goals and as sunmt ions -~se~_ in the design 2 and the re at i ve 
importance that_ construct i_on __ and _maintenance vari ab 1 es have on 

43. 

44. 

the service 1 if e of !.b.§_pavement? Eva 1 uate the 11 f eedback 11 process 
between construction, plcnnin3, rn~.intenance_, design, etc. 

MAINTENANCE STANJARDS AND APPLICATIONS 

Describe the States' program,_H any, for evaluating the 
effectiveness of their various ma,intenance practices. 

Describe the _r:_gcess for !he_.~xcr~_Q_:f__Qavement information 
feedback between those_~onsible for highway maintenance with 

construction, design, and ev_?._]uatj_.9_r::;_, 

PLANNING ~ND PROGRAMMING 

45. How is pavement related work ~~ec~!istruc_tion, 3R, and maintenance) 
prioritized and programmed? ~hat advance planning has been 
accomplished in this area? 
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THE SYSTEMATIC APPROACH TO PAVEMENT MANAGEMENT 

Instructional Objectives 

1. The concepts presented here provide an overall framework for subsequent 
pavement management lectures. 

2. The instructor should outline the basic elements of systems methodology 
as they apply to network and project level analysis. 

Performance Objectives 

1. The student should have a strong foundation in principles of a coordinated 
Pavement Management System. 

2. The student should be able to explain the benefits gained by the 
systematization of the Pavement !'anagement process. 

Abbreviated Surrunary 

1. Pavement Management Defined 

2. What is Performance? 

3. General Structure of Systematic Management 

4. Monitoring and Evaluation 

Reading Assignment 

1. Haas and Hudson - Chapter 2 

2. NCHRP 215 

3. Instructional Text 
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Time Allocations, min. 
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10 

20 

15 
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LESSON OUTLINE 
THE SYSTEMATIC APPROACH TO PAVEMENT MANAGEMENT 

1.0 PAVEMENT NANAGEHENT DFFTNED (Slides 4.1 to 4.5) 

key 
Many 

There is a great deal of difference of opinion as the terminology, 
factors and related items associated with Pavement Management Systems. 
people think the words "management" and "systems 11 are nothing more than 
"buzz words" coined to gain at:i:.ention. At the other extreme, some people 
feel that a Pavement Management System (PMS) is a highly sophisticated computer 
based technology that is a panacea for all pavement problems. Both of these 
views are, of course, false. 

The word "System" has been appropriated for many purposes, such as 
circulatory system, drainage system, sprinkler system, the highway 
system. The dictionary says that: 

a "system" is a regularly interacting or interdependent group of 
items forming a unified whole. 

1.2 "Managementlf 

The word "management" means many things to many people. To some it 
means "to administer". To others it is "to control", and still to others, 
it means "to coordinate the various elements of". The dictionary defin
ition of management is "the act or art of managing", or less circularly, 
"the judicious use of means to accomplish an end". 

"Pavement Management" in its broadest sense encompasses all the 
activities involved in organizing and managing the pavement portion of 
a public works program, large or small. The objective of the management 
system is to use reliable information and decision criteria in an 
organized framework to produce a cost effective pavement program. 

2.0 IS SYSTEMS ENGINEERING HELPFUL? (Slides 4.6 - 4.10) 

The space program had many spinoffs. Your digital watch, your pocket 
calculator, your miniature radio, are examples. One other thing that resulted 
from the space program is "a set of improved mathematical tools for predicting 
behavior of complex physical entities and for analyzing effects". 
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This is the effect of factors on each other to drastically change 
the overall effect of either factor alone. 

2.2 Feedback 

That is "using information and/or a physical reaction to adjust a 
process or subsequent· activities". 

2.3 Systems Methodology 

Systems methodology comprises a body of knowledge that has been 
developed for the efficient planning, design and implementation of new 
systems and for structuring the state of knowledge on an existing system 
or modeling its operation. There are three main uses of system metho
dology from which we can draw: 

(a) The system approach 
(b) Systems analysis 
(c) Systems engineering 

3.0 WHAT IS THE SYSTEMATIC APPROACH (Slides 4.24 - 4.28) 

The systematic approach is the framing or structuring of a problem or a 
body of knowledge. 

3.1 Systems Analysis 

Systems analysis is closely related in that it is the use of analytical 
tools for actually modeling and solving the problem as structured. 

3.2 Systems Engineering 

Systems engineering is a more complete manifestation of the systems 
method, with design, implementation and performance evaluation aspects 
getting strong attention. 

4.0 WHAT IS PERFORMANCE? 

The evaluation of pavement performance involves a study of the functional 
behavior of a length of pavement in its entirety. Performance can be explained 
as the sum total of service provided by the pavement, where serviceability is 
defined relative to the purpose for which the pavement was constructed. 
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4.1 Performance Studies (Slides 4. 29 - 4.18) 

During the early and mid 60's studies were conducted on the recently 
acquired AASHO Road Test data and concepts. Researchers at the University 
of Texas began a basic new look at pavement design using a systems 
approach. Somewhat independent efforts were being conducted at the same 
time in Canada by Phang, Haas, et al, to structure the overall pavement 
design and management program and several of its subsystems. A third 
concurrent keystone effort in this area was that of Scrivner and others 
of the Texas Transportation Institute. All of these studies pointed to 
broader needs in the pavement field, such as a need to qualitatively 

look at pavements. The results included the following findings. 

(a) The studies pointed out the need for real, continuous 
observations of pavements in service and the need to 
record these observations in a data set. 

(b) It was found that pavements generally do not last 20 to 25 
years without heavy maintenance and/or overlays. 

(c) It was generally found that equations or mathematical models 
are essential to predict pavement deterioration history as a 
function of time, traffic and environment. Such existing 
models were simply not adequate. 

(d) It was found that there is a significant variability in most 
pavement factors, such as materials, construction and traffic. 
This variability requires that periodic updating be done of 
all predictions of plans, of maintenance programs, etc. 

4.2 Details of Studies 

The remainder of this couse will cover many of the details and 
advancements that resulted from these early works. 

5.0 THE GENERAL STRUCTURE OF SYSTEMATIC MANAGEMENT INCLUDES 8 BASIC FACTORS 
(Slides 4. 39 - 4.49) 

As a part of the pavement 
level, the design process was 
more specifically. 

5.1 Inputs 

management system development at the design 
structuredand its components were identified 

Inputs, objectives and criteria for good designs were established. 
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A structural analysis of alternatives was identified. It became 
understood by most persons that a simple model of pavement design 
expressed, for example, as a "simple design chart" could not adequately 
treat the analysis of improved pavement materials. 

5.3 Behavior - Distress 

It was recognized that most pavement models predicted pavement 
behavior. Given the prediction of behavior, it was further recognized 
that behavior carried to its limit leads to distress. It became clear 
that better prediction models for pavement behavior, and thus for cracking 
and other pavement distress, were essential. 

5.4 Performance - Output Function 

Accumulated distress changes the pavement serviceability and the 
pavement serviceability history defines its performance. 

5.5 Safety 

It was also essential to provide evaluations of the inservice 
behavior with regards to safety as well structurally. 

5.6 Costs 

Economic analysis become recognized as a vital part of the pavement 
management process. 

5.7 Decision Criteria 

Closely tied to the economics were decisions on allowable costs 
versus the resulting benefits related to a particular pavement choice. 
These factors must be explicitly defined and considered in the analyses. 

5.8 Compare - Optimize 

Optimization became recognized as an important step in the process 
which must be applied in making pavement decisions rather than relying 
on gut reactions or engineering judgement totally. 

6.0 IMPLEMENTATION (Slides 4.50 - 4.52) 

While there were significant developments in the pavement management 
system concepts, especially at the project level, there have been significant 
misunderstandings and delays in implementation in many cases. "We don't have 
enough money to <lo all the good projects we have under consideration, therefore, 
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why do we need a PMS to help us make decisions?" Or, "We have adequate funds 
to take care of the projects we have and any time we can overlay our pavements 
or seal them we can be assured that the money will be wisely spent, thus we 
don't need a PMS." Systems of all kinds involve the re-evaluation of 
traqitional organizational and operational methodologies and objectives. 
Because of this it is not easy to establish a pavement management system, 
and while there has been significant development in the pavement management 
field in the 1960s, there was not the expanded use of such management systems 
as expected. 
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Visual 4.1 

Visual 4.2 

Visual 4.3 

Visual 4.4 

LESSON 4 - LESSON OUTLINE 

REVISED WRH:mw May 30, 1983 
Lesson Outline 
Lesson 4 

TIIE SYSTEMATIC APPROACH TO PAVEMENT MANAGEMENT 

TITLE 

Major Classes of Activities in Pavement Management 

Major Phases and Components of the Systems Methods 

Simplified Block Diagram of the Major Components of Pavement 
Design 

Simplified Predictive Portion of Pavement Design and Related 
Examples of Types of Periodic Evaluation Measurements 
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Visual Aid 4.1. Major classes of activities in pavement management. 

' PLANNING 
ACTIVITIES DESIGN ACTIVITIES 

• ABess ...,Ptwork Input Information on M.aterial s, 
[)(>(1 c1 enc,e~ Traffic. Climate, Costs, etc. 

• Es1abi1sh Priorities ... 0 
Altema11ve Design S1r.1teg1es 

l 
• r 1ogr am and 0 

Budget Analys1 s 
Economic Evaluation 

Opt1m1zat1on 
\. , 

j l t 
,-( CONSTRUCTION ACTIVITIES) 

t 
( MAINTENANCE ACTIVITIES) ! ! 

- t ,- = 
. RESEARCH Lr, ~ DATA -

IUI --· 
ACTIVl'flES I BANK .... C PAVEMENT EVALUATION J 
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Vi sual Aid 4.2. Major ph~ses and components of the systems methods. 

ENV11¥)NMENT 
(Techoologinl • Socio • Economic- Pol itinl) 

_____ ..., ... ~------~J .............. ,11,111111111111 

f 
PROaLEM RECOGNITION 

• Review of histing 
S11u1tion 

• Preliminary Assess
ment of Nttds 

MEASUREMENT AND 
EVALUATION OF 

PERFORMANCE OF THE 
SYSTEM IN SERVICE 

.. 
PROBLEM DEFINITION 

• Objectives 

• Inputs 

• Ootputs 

• Constraints 

• Values 

• Decision R!.lles 

GENE.RATION OF 
ALTERNATIVE STRATEGIES 

: ANALYSIS OF ALTERNATIVES 
=~""' - • Pre-diet Outputs 

-

::-e.11111 
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• Sche-dul es 
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\ i::;u'll Ai.d t... l. Simplified block diagram of the major components 
of pavement design . 

" ..... 

Inputs - Models - ~aviour - Distress - - . 
"" " 

1 • 
i 

/ .., 
/ Performance 

[ 
- -

~ Skid - Traffic .. 
" .) , 

- Costs 

Pf 
/ " 

~deredSet -
P' -uec ision Criteria - L 

of Choices .. Implementation 

, " 
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Visual Aid 4 ::4 Simplified predictive portion of pavement design and related 
examples of types of periodic evalua tion measurements. 
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Abstract 

The complex nature of highw:.1y p,ivcrncnts and the demands placed on them 

by traffic and cnYironrnent have resulted in a piecemeal and incomplete 

dcsip1 methodology. It has become apparcnt from analysis of the problem 

that realistic analyses of pave1m·nt design and management problems can be 

obtained only hy looking at the total paVL'.lllcnt s:-\lL'tll, i.e., through systems 

analysis. 

This report describes such an approach and presents some systems concepts. 

\1orc than 50 physical inputs and constraints affect pavement design strate

gics from which the pavement designer or ,1dministrator may select his 

design. The systems apprnach gives him considnahle scope and flexibility in 

exploring de~ign options and a bctkr chance of achin'ing the hest possihle 

Jesip1 with no loss of the normal decision-making power. 

The report discusses possible ways of establishing an overall sy~tem of pave

ment analysis and re\earch implementation, i.e., a pavement management 

system. lt is concluded that a systems approach t,i pavement design and 
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research is feasible and should be further pursued to develop more compre

hensive pavemL·nt managunent ti.:clmiques. 

KEY WORDS: systems analysis, systems engineering, design, pavements, 
flexible pawmcnts, pavement structure, optimization, pavement design. per

formaJJCL'. analysis. rL'Sl'arch management, co11q1utn program. 

1. Introduction 

Highway pavements can be viewed as coP1plex '11 uctural systems involving 
many variables, e.g., combination~ of load, cnvirn,iment, performance, p:•ve

ment structure. constructiun, maintenancl', materials. and economics. Jn 
order tn de,ign. build. and 111:1i11tain bl'lter pave!nc,,l'. it is important that 

most aspects of a pavement system be more compktcly under~tood and that 
design and research be conducted within a sys!l'ms framework. Some people 
think of pavemrnts as inexpensive parts of the highway system; but they arc 

not. An investment of approximately 20 billion dollars will be made in pave
ments for the U.S. Interstate Highway S~stcm alonl', and millions more will 

hL' spl'llt annu:illy on maintenance and upgrading. Titus, it may be concluded 
that pavements arc an important and cxpen\ive part of the total transporta

tion svstem and that improwments in designing them could result in sub

stantial savings. 

The l'rohlr111 

In recent years considerable research has been conducted to investigate many 

specific problems concerning components of pawment design. Each of the 
50 U.S. slates has been involved in such projects and the Federal Highway 
Administration has sponsored a series of projects at the national level. Ad
ditional work has bel'.n supported by the National Cooperative Highway 
Research Program (NCHRP). Unfortunately, many of these efforts arc 

fragmented and uncollated, and thus cannot be easily combined to improve 
design methods. As modern technology h:1" developed and the complexity of 
the interaction of design factors has becomL' better known. the need for a 
systematic approach lo the overall problem of pavement design and manage
ment has become more evident. It is also evident that this approach should 
involve a team dfort of interest research agencies and sponsors. 

The AAS! 10 Road Test illustrates the magnitude of thl'. pavement design 

problem (Rd. 15). Though it was a 30 million dollar research project it 
arn,wcfl'd only a few of the important design quec;tion~. and it seems that no 
single experiment i-; big enough to answn all the questions. 

l .ikewise, 110 -;ingle mathematical equation or model can he used to dcscribe 
paVL'ment behavior completely. Instead, a coordinall'd, systematic approach 
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1, needed; th,il is, a lr:111lc'\,urk within which the rnu! 1,'1"1.' ,,f 1·li\·,.i,:al and 

,11cio-eco11umic v,tr1,1hk·, 111,,ll\cd c;111 t,, ,rnkd <'i,, .,1:,: 1,·l:tild in :1 mean

ingful way. Such an appr(jach ha\ been called the s1 •,km, ,1ppm;H.:i·1 ( Rd. 2). 

BecaU,l' this tcrminnlo:!v has many ddinitiun-., 1 ;1 lirid "1 itc-up of the ap

proach involved w1,lrn1 thi, prnjc..:t i, given in /1.,,pcnd1\ U 

A l'J67 NCIIRP pr,,j,·,.t kd '·'' the ;:1·.( \\urk i11 tlh. JJ'p'1G1tiun, of w,k111s. 

engirn:eriing to pa\clllclll Lk,ign ti<cl ~'3). In a ,irnib1 h11t ill1kpcndc11t effort, 
Hutchinson and Ha,ts ( Ref. 2-+). :1pplied a system, apJ'!1>:1d1 tn ,tructurinµ 
the overall prnhkm and ,,:1c1,d nf the: ,uhsy,km dc,i;n prllbkrns. Siinulta

nl'OUsly, the Tl'\ .. :, Tr,llhpurtatiun l,1-,titi.is: dc1clupc·d .1 11orkin)-'. d,·,iµn 

model in connectilll1 with a ,:u,lpcrative rcsc;;rd1 pn,jl·ct \\ith tlic Texa, 

Highway Deparlml'11L As. a r,::,ult of 1J;,,",c ,;tudic,, thL l'c:>.d, lfo;lm,tv 

Department, rccugnifin,l'. t!tc nL·c·d I, ;J a ,\ ,\Cm for ()! ~·.,!llizing and cnordi

nating their pml'llll'nt l'L'SL.:an:l, 1init;1,1m :i11d updati11F 1::1eir dcsi,.'.11 ,ystem, 
initiated a project in u'ufH:ra1i1,n with The l 'nin::r,ity of Texas ( v11tcr for 

1lighway RcsL·arch aild the: TL:\a, Tr:1mp,1i ta:io11 111,tiiuk ,if Tex a, i\&M 

University. 
Pavement design guides ll<1seJ ,.\fl thL' r,:sults of tile :\,\SI I() Rl>:1d I c:,t have 

been developed by tht· Amencan ;\,,,o,.:i;tti,m of ~,tatc lliglrna') Officials, 

hut their use has shm\ 11 11rn1,1r li111it<1tio11:; ,llld called ;ili,:11tiu11 to till' lack 

of proven inform,dion which can be used in C\trapuhting till' Ru,1d ·1 c\l 

results tn a variety of paving matc1 ials, nH:lhllJ, or c·,,n•.tructi,m, L'nviron

mcnts and tr;iffic 1har;1l'lcristic,. :\tkmpt~ tn u,1· the i\:\Sl I() Ruad J cq 

r.:,ults have aiso heen m;i,k hv uthc1 .1gc1icit·.,;, includin1: indi\ idual stall' 
highway departmcllh. and ttwir npc.1iu1n; !ta, hc·cn ··.imilar. l hi, p1,,bkn1 

docs not suggest a weaknc" in the Ruad Tes! c.\pninll'nh, hut dlle, point 

out the need for a t!JL·urctical base I rom which to correL1tc and e.\trapolate 
the resulting information and data tu 1lthcr situations. Thc,e efforts to trans
late the AAS![() Ro:1,I I c.·,.t :nf,n1;1,1tiun ,t11d other pa1c111,·11t resc:arcl, results 

have made it ,:vidcnt that an ,:.,knsiun of the: range ,,f pa,l'mc·nt tk,i1cn 

methods to incmporatc (a) 111atcrial pr,ipertics, (b) ml'!i1lld, of cunstrncti,,n, 
(c) environrnl·nt, and (d) ttaffic would required 111u,c fun,lc1rnl·11tal apprnac·h 

using modern tc:clrnology, 
In 1966 a project entitled .Transl:iting ,\ASHO R,,ad l c:;t Findings Ba,ic 
Properties of Pavc111u1t C\,mp,mcnts' was hl:gu11. Th,.· ,l'cnernl objective of 
this pro1ect, as 1,rith'11 in th,· pr,,i,:ct :,1:1kn1<. nt (1 l, ,•.:1s lu pwvidc: the typl: 

111 i-. i,np1,,rL111t to note 1h:\I thv ,...,-,_ .. ,1,·r11 h .. '.Plg r,· 1·.11.L_'!a.'d 1-..·;1n hi: 1/1i.· .t1~1t1:d p:i\'l·n-i...'n1 

~trllCtllf"C'" or -.Ollll' l'Offljh.ifll'llt (If il. t!i.._• h10;1d J)L10<1gL'fl!L'f1l fl,t!llr_·\\(ifk (d \t)illt: l'Olll 

pl>flCilf ll~t:d to prO\"id1..· ~111d ~1pL·r,de thi-... ',lrln'tU'.:.., nr it ,.:,111 ~',(: ",()fflc -..1ii11h1ILtlidll u1 
hoth. In L:ffect. 1i,1...· \.\l·,rk .·,'.,.,t,:rn< 11,1"' ~1 h1\ 1:i.d t1t. .. ,1t1;t1~'- a11,.1 it··, l'f 11..·i:itit1n,d d,·f1nitil1n 
for a pJ.r1iLu1at ~i!t!itti(lJi J-.; dC!L'f!i!ll1l'd !1\ :!,,- fl!.ldrl\.J' i1; \\tJ[lh !r:l' [HOhli..111 is ~llllC
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of basic information required to adapt to local environments information 
such as that obtained on the AASHO Road Test. This was to be accomplish
ed by carrying out the spf'cific objectives described in the project statement: 
I. development of descriptions of significant basic properties of materials 

used in roadway structures; 
development of procedun:s for measuring these properties in a manner 
applicable to pavement design and evaluation; 

3. development of procedures for pavement design utilizing the measured 
values of the basic properties which would be applicable to all locations, 
environments, and traffic loadings. 

Summarized and briefly restated, the objective of the project was ,to 
formulate the overall pavement problem in broad theoretical terms', which 
would enable the solution of a variety of pavement problems which have 
long plagued engineers. 
The initial effort of this undertaking was to gather together a group of ex
perienced designers and solicit their assistance in preparing a list of signifi
cant basic material propertie, and their interaction. Earlv attempts did not 
prove fruitful and, in fact, it was the consensus that only by looking at the 
overall area of pavement behavior and performance and then formulating all 
ideas into a systems engineering approach could this task be accomplished. 
It also soon became apparent that the basic properties sought could be de
veloped best by the realistic characterization of materials behavior, using the 
available principles of continued mechanics which have served other en
gineering disciplines so well. However, more realistic and complete materials 
characterizations arc valuable only if they arc significantly better than present 
empirical test methods. Furthermore. these characterizations are worthwhile 
only of they can be incorporated into analytical models or boundary value 
problems which will predict the required responses of the pavement systems. 
In relating basic materials properties to pavement performance, the following 
considerations play an important role: 
I. Gaining an understanding of how materials truly behave and then de

veloping methods for characterizing them in suitable physical and mathe
matical terms is an extremely difficult and complicated operation that 
cannot be separated from the use and function of the pavement, per se. 
Therefore, in order to approach the material problem in relationship to 
the total pavement design requirements, it became necessary to adopt 
systems engineering concepts for use in this study. 

2. In turn, material properties cannot be meaningfully utilized unless they 
can be related to the performance of pavement structures constructed 
from them. Therefore, in order to incorporate the'.>c properties into the 
investigation, it became necessary to formulate and test various hypo
theses on how material properties influence such performance. 
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In this connection, Chapter I I of this paper introduces the systems cngineer

ing concept and prescnts thc preliminary devclllprncnt of a pavcrncnt struc

tural systcm description. 

2. Applying systems engineering to pavement structural behavior 

A pavement is a complcx structure which is subjected to manv divcr,c 

comhination.s of loading and which must perform under a \ aricty of cm i1 on

menh. Because the subjects of material characterization and p:1v,:111ent per

formance and their interrelationships arc so complicated. a coordinated 

framework for solution of the overall prohkm of pavelllL'l1t design is nceded. 

Examination of available techniques for analyzing such complex relation

ships rcvcakd that the concepts of systcms engineering (which have cvoh cd 

in recent years in the electronics, communications, ;111d aerospace industric·,) 

would be quite appropriate to the evaluation of pavement structures. 

The use of systems engineering docs not, per sc. develop new and dramatic 

inputs to the snlution of the pavement design problem, hut it does pro, ide a 

means of orga11i1ing the various segments of the tutal problem intu an undn · 
standahlc framework. It proved to he necessary for this project, not un ly as 

an aid in the overall definition of the prohkm, but also for pointing out 

related studil's which might ultimately provide needed input for the ultimate 

solution. To understand the systems engineering app1 oach. it is pt obably 

better to talk abuut tl1e ,concepts of systems engincering· rather than \y~tems 

engineering itsL·lf. 

Ellis and Ludwig (Ref. 2) give a definition for a sy\tcm which can he a1spiicd 

to highway and pav,_·ment structural systems: 

A system i, s.lmcthing which accomrlishes an operational rrn..:ess: that is. "l111c
thing i, nreralcd on in ,ome way to produce something. That which is produced is 
called output: and that '.vhich is operated on is usually input, and the orcrati11g 
entity is called the sy,km. The s,,tem is a device, rrou:dure, or ,chcme which be
haves acu,rding to somc dcs,ription, its functiun being to opera!<: on information 
and/or e<ccrgy ,tnd ur matter in :1 t:rnc reference lo yield inforrnati,rn :t11d/ur energy 
and. or matter and ior service. 

Dommasche and Lauderman (Rd. 3) use the term .systems cngincerin1.( to 

describe an intcgrakd approach to the synthesis of entire systems designed 

to perform various tasb in what is expected to he the most efficient manncr. 

Thus, the term ,systems engineering' is used to describe an approach which 

views an entire systems of components as an entity rather than simply as an 

assembly of individual parts, i.e., a system in which each component is de

signed to fit properly with the other components rather than to function by 

itself. 

The systems approach emphasizes the ideas and factors which arc common 
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tu the succes~ful opcrati,m of relatively inuepcmknt pdrts in an integrated 

whole. Furthcnnorc. the ~ucccssful operation of the whole is the primary 

objectiw of the system. Individual parts anu equipment may not he operating 

most efficiently at a partirnlar time. However, in the interest of the complete 

system, their action :,t the particular time mu,,t he compatible with overall 

\ystems requirements fur the entire periou of interest. 

Tlte tksign of a large-scale system is overwhelming if it is attacked all at 

unce, but if the attack is m:.H.k piecemeal, it is unlikely to be successful. It 

i~ necessary tu subdivide the problem in a number of ways, both conceptual

ly and organi1ationally, but in order to .do this, it must be possible to 

formulate the problem as a whole. It is also important in systems engineering 

to divide the problem into subsystems for analysis and to develop appropriate 

modek mathematical or physical, for the overall system. Such models are 

inc, itahle simplifications of the very complex natural world, but successive 

iterations in the :,olution of the model will make it possible to increase the 

complexity and the acceptability of the model anu its solutions. This iterative 

process is shnwn, tor example, in Figure 3 (see page l 18). 

Any system has a number t)f characteristics which can be related to the 

objectives of the individual subfunctions within the system or which may be 

objectives of the whole system. These characteristics may be such things as 

simplicity. case of maintenance, low cost, long life and/or good performance, 

all of which may he required either simultaneously or at different times (e.g., 

asphalt concrete must provide long life or durability at minimum cost). 

Under these conditions. some compromise is often required (e.g., an increase 

in asphalt content to increase durability may result in lower strength and 
lower skid resistance). 

In some sysll'ms, such as a typical city freeway, emphasis is placed on low

maintenance performance. while cost is considered less significant. 

Some other systems. such as farm-to-market roads, arc extremely cost sen

sitive and arc less responsive to reliability or other factors. Became of these 

diffcr~·1i.:e~ in balance, it is necessary that each system be considered on its 

own basis and the relative merits of the Jiffercnt objectives IK' considered in 

order of irn1,nrtancc. Fqahlishing this order j,, the highway engineer\ func

tinn. 

Applications of the Systems Approach 

The ~r,tem can be consiucred as a black box. (Figure I) equipped with a set 

of acccs~ihlc terminals and obeying some physical law or set of laws. It is 

often convenient to separate the quantities that characterize the system into 

three categories: 

1. excitation variables the external stimuli that influence the sy~tems be-

havior; 
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2. response variables - those aspects of system~ bel1:1,1or lli:.it a1c: uf i1uc.:1,:\t 

to the investigator; and 

3. intermediate variables - those which arc m:i t her •-' .,ci I c1 Ii, ;ii 1; , 1 • ,· ,r·· "1·.e 
variables. 

Rather than rderring to the system as a ,blach. hi\\ . ii :.: , t,, .1 : .. ·1 it,.,: ii~ 

a physical object which transforms the input variable~ c. ,, :Lil>•,.\ ;ui d,lc~ 

to the response or output variables in some still umlcfin.:,.! ,,:,.1,1\<'1 

If a designer could define a pavement syi,tem well e1,oi_L',: t,i ;i,, di : ,q,q.u1~ 

from a given set of inputs with a minimum of compl,:\ti_\ <1s 1ilu,tr;1tul in 
Figure 2, he would he satisfied from an operational pc,11:1 ,Jf , i,w. Un
fortunately, most of the systems problems facing civil l ll)-.'.l!1l·u:, pa1ltrnL.irly 
in transportation engineering, will not yield to ~olution witiwt11 ,.,,11k ·.rnde1-

standing of what i~ going on inside the ~yskm or .black i"i.,'. 
The scientific and engineering aspects of a ~ystem, prul,i,.-i,: ,1 :1 1:!v 'i':lli ,! 
broad spectrum of activities: 
I. the use of physical observations to determine th,: L<1,, ~'.'1"·11P111,: ih tll'

havior; 
" the statement of mathcmatiC-OI models that appn•xirn;dc 

mena; 
3. the design of a system for prescribed be!1,1vi, ., 

mode]ls; and 

4. the physical realization of a mathematical design. 
Thus, it is essential that systems engineers be able t,. furnwbtl th '1!1 

in terms of a mathematical or physical model, or failin:1 d 1 ! . "" tc-m 
must be simulated in some realistic way to obscrw tlte 11,·l·,:\SM} ,,,,,pd~. 
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Another important systems engineerings precept is that a number of alternate 
methods or designs should be considered and that the method actually used 
be one that can be shown to meet most adequately the known needs of the 
system. 

Systems Applied to Pavemcms 
Having discussed the grneralities of systems analysis, one may now turn to 
the development of a description of the pavement system. It is often con
venient to regard the pavement system as the .black box' in Figure 1, the 
contents of which arc not completely discernible. The box accepts certain 
inputs in the form of traffic and environmental variables and responds by 
developing within its structure a mechanical state which, in the case of a 
successful design, sustains the input variables over a certain lifetime. The 
basic design process involve, several distinct operations: 

l. Appropriate input and response variables must be identified and de
scribed quantitatively. 

2. Methods of selection of both construction materials and construction 
techniques mu,t be adopted. 

3. Response of the system to all classes of input expected to occur in service 
must be measured, wither directly in the system itself or in some type of 
simulated system. 

-t. Quality of the response or measure of the performance of the system 
must be judged by an approximate criterion. 

5. Modification of the system must he permitted in order to attain as near 
an optimum condition as possible. 

In order to treat quantitatively the ideas described above, it is necessary to 
define terms and operations more precisely. The input to the system consists 
of traffic, environment, and maintenance. The effect of traffic is to impress, 
through wheel loads, certain stresses on the pavement surface. The spatial 
distribution and time variations (both dynamic and cyclic) are ascribable 
functions. The environmental input consists of, among other things, diffusion 
of heat and moisture into the system. Once again, these inputs are character
ized as functions of space and time. In certain instances a chemical input 
may occur, e.g., the use of de-icing salts. The response consists of the gener
ation of a mechanical state identified hy deformation and internal stress. For 
our purposes, the mechanical state is most readily described in terms of stress 
and strain. 

The pavement system itself is characterized by properties of the individual 
constituents, their arrangement and, to some extent, the method by which the 
system is constructed. The systems function is defined as the operator which 
describes the manner in which the pavement accepts an input and converts 
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it to a response. The systems function is evidently an intrinsic property of 
the pavement system and may be affected by aging and by the input itself, 
particularly in the case of ,overloading' input; the environmental input may 
influence strongly the response to traffic input. 
It is well to observe here that for a parti..:ular system. it is po~sihle. th(l 1Jgh 
perhaps not practical, to look no further into the ,black hox'. The alternative 
would he to carry out a series of experiments in which expeckd traffic and 
envirnnmenta I inputs are fed into the system and the response measured, A 
numher of alternative ,hoxes' could be u,cd and their response~ compared, 
and based upon evaluation of these responses, a measure of the performance 
of the system could be set up. Performance is in some sense a measure of the 
quality of the response, e.g., whether or not breakdown (i.e., distress) of the 
system results during the response or whether excessive permanent defor
mation occurs and, furthermore, whether or not good performance is attained 
for reasonable cost, hoth initial and maintenance. Evidently, an objective 
measure of performance will involve concepts of mechanical and economic 
life of the system. In order to obtain an optimum systems design, it is neces
sary to alter the structure of the system until a maximum mechanical
economic life is achieved for a given range of inputs. It appears that some 
,road tests' and ,satellite studies' fall into this class of black box experiment. 
The principal disadvantage of the type of experiment de,cribed above is that 
it is not predictive; that is, changes of input variahlcs or changes in the 
systems function falling outside of the range covered in the experiment must 
he examined by extrapolation rather than interpolation. Furthermore, the 
large number of variahles involved in the system (input. response, and 
~ystems function) magnifies the experimental task. enonnou~ly. Consequently, 
it is highly desirable to place as much as possible l1f the system description 
on a rational basis so that simulation of the operation of the system can be 
effected, and design optimization studies can he: carried out on these 
simulated sy-;tems prior to validation in the fidd. For this reason, sy~tem 
formulation is the next step. 

Phase Development in a System 
Any system develops in a series of phases, which repeat themselves as they 
succeed one another. In the first trial, the general outline of the system and 
one significant estimate of its performance can be drawn up or developed by 
engineers skilled in the state-of-the-art using rules of thumb fo1 many of the 
input parameters and omitting many others. Figure 3 is an example of a 
simple system diagram of early pavement design methods. 

The pavement engineer observes the performance of these pavements and 
repeats the construction of those which perform well. Those designs which 
perform poorly arc either discontinued or modified for future use. In succes-
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sive phases, the design is refined in greater detail with the evaluation of 
performance and the design of interconnections in the system being carried 
on with greater specificity. Such has certainly been the case in the develop
ment of the design of pavement structural systems. 
Figure 3 shows a block diagram of the evolution of many existing pavement 
design techniques. These have evolved primarily through observations of 
pavement behavior and their use to modify materials specifications and test
ing procedures, as shown in the figure. The resulting methods are primarily 
empirical, although the designs themselves may be expressed as equations 
and the materials test values are sometimes related to a mathematical theory 
(e.g., Young's mouulus of elasticity). 

MODIFICATION OF OBSERVATION OF ·sFR\'ICt"OBTAINtD 

DFS.1C.)N AND MATERIAL ... ::;~-----< ANLl CORRt-LATluN WITH 

RFQIJl~EMt: NT'-, fMF'IRICAL MAlH~IA~S T~'.:,T'.:., 

, 
~'A\'l MF NT S TRUCTUr/£ DE SIG Nt: [) 

(W fMP•RICAl 

-~-~Sl~--r~~F~:G _. 
\l'.JLUMf: 

llR <:-,fMIEMPIRiCAL TECHNll)Llf '., 

Fig. 3 Block Diagram of Some Current Pavement Design Techniques. 

Formulation of the Pavement System 

A great Jeal of work remains to be done before a truly realistic description 
of the pavement system can be formulated. More must be known about the 
relationships and interactions of various classes of input variables. It will be 
mandatory that some type of mathematical model or transfer function be 
developed to describe the relationships in the system, and yet it is possible 
through observations of pavement behavior and knowledge of theory to begin 
more realistic formulations of the pavement system, as sh~wn in Figure 4. 
This chart is not intended to present an exhaustive development of the details 
of such a system; it is instead an attempt to interrelate many of the factors 
involved in the design of a pavement system. 
The important aspects of the system description include its inputs, physical 
character, response, output, and decision criteria. 
The inputs to the system include a variety of load, environmental, construc
tion, and maintenance variables. These are not independent variables, but 
affect each other as indicated by the interactions shown. These variahlcs are 
stochastic in nature and are difficult to specify and predict. 
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Physical characteristics of the system include among other things geometric 
measurements such as thickness and arrangements, and the basic properties 
which characterize the material behavior. 
Systems response involves the behavior of the physical system when sub
jected to inputs such as loaJ or temperature. These arc usually measurable 
and involve the mechanical state, such as deflection, stress, and strain. When 
these so-called primary responses reach some limiting value, some type of 
distress occurs in the form of rupture, distortion, or disintegration. The out
put of the system is measured hy the goods and people (the load applications) 
actually transported. Chapter III discusses the combination of these factors 
in a systems performance or output function which can be used as a measure 
of system adequacy. 

Fig. 4 
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Decision criteria are also essential in systems formulation , involving a va
riety of factors such as funding, cost, reliability, and riding quality. These 
must be combined in an appropriate way to select the proper level of accept
ability for a particular purpose. This level of acceptability then provides a 
basis for comparing and optimizing the system output or pavement perfor
mance. These factors are more completely discussed in Chapter III. 
Feedback and interaction are important parts of this and any system, but 
they are hard to quantify and relate mathematically. Much remains to be 
done with these factors, but the systems approach provides the necessary 
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framework. The illustrations in Figure 4 indicate, for example, that as the 
pavement deteriorates, it gets rough and generates increased maintenance 
costs and increased dynamic loads. 
It is useful to show the interrelationships of the system graphically as in 
Figure 4. If proper progress is to be made toward an adequate solution of 
the problem, however, it is necessary to develop some type of mathematical 
model or transfer function to describe the relationships in the system. This 
would allow electronic computers to be used in making the decisions in
volved without bias. These models will be complex because they must ulti
mately be stochastic to provide some adequate simulation of the real pave
ment system. More specific decision criteria must also be developed for use 
in the process. 
The need for these improved methods of pavement systems evaluation will 
be intensified as traffic demands grow, as costs increase, and a-; the com
plexity and variety of materials used in pavement construction continue to 
multiply. 

3. Pavement behavior and performance 

Examination of the pavement system diagrammed in Figure 4 illustrates the 
1:omplcx intcrrl'lationships which necessarily exist between the following: 
I. materials comprising the system 
2. manifestations of pavement behavior, and 
3. pavement performance. 
This chapter will define terms and establish concepts for relating these 
factors for use in the evaluation and design of pavcmcnt systems. 
Pavement behavior will first be considered in terms of pavement perfor
mance and failure. These will then be discussed for the purpose of concep
tually quantifying the factors included in the block diagram of the pavement 
system of Figure 3. The top part of the figure can be quantified in terms of 
a ,distress index·, and the lower part by a ,decision criteria index'. The level 
of funding in research to date has not permitted development of specific 
working equations; hopefully, such equations will be forthcoming in sub
sequent work. 
Since the output function is defined in terms of performance and since 
performance as well as distress mechanisms associated with it have a variety 
of connotations. a series of ddinitions are presented below to insure a uni
form basis for the ensuing discussion. The definitions have been selected for 
clarity in this presentation and are generally based on concepts developed 
by Carey and Irick (Ref. 4) for evaluating the performance of the various 
pavements in the AASHO Road Test. Inherent in the definitions and the 
development of the equations for the system is the purpose of the highway 
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facility, e.g., to provide a safe, comfortable, and economical method of tran~

porting goods and people. 

Definitions of Terms 
I. Performance is a measure of the accumulated service provided by a 

facility; i.e., the adequacy with which a pavement fulfills its purpose. 

Performance is often specified with a performance index as suggesll'd by 
Carey and I rick ( Ref. 4 ). As such, it is a di reel function of the present 

serviceability history of the pavement. 
2. Present serviceability is the ability of a specific section of pavement to 

serve high-speed, high-volume, mixed (truck and automobile) traffic in its 
existing condition. (Note that the definition applies to the existing con

dition - that is, on the date of rating - not to the assumed condition the 

next day or at any future or past date). 

3. Behavior is the reaction or response of a pavement to load. environment, 
and other inputs. Such response is usually a function of the mechanical 

state (i.e., the stress, strain, or deflection \\ h ich occurs in response to the 

input. 
4. Distress mechanisms are those responses which can lead to some form of 

distre,s when carried to a limit (e.g., deflection under load is a mechanism 

which can lead to fracture). Some bd1avioral rc~ponses may not providt.: 

distress mechanisms. 
5. Distress manifestations are the visible consequences of various mecha-

nisms Df distress which usually lead to a reduction in servicl'ahility. 

6. Fracture is the state of being broken apart. a cleavage of the member or 

material including all types of cracking, spalling. and slippage. 
7. Distortion is a change ·of the pavement or pavement component from its 

original shape or condition. Such changes arc permanent or semi

permanent as opposed to transient, such as deflections. 
8_ Disintegration is the state of heing decomposed or ahradcd into consti

tutive clements (i.e., stripping, raveling. scaling. etc.). 

Pavement Behavior 
It would be desirahk to· define or list the various manifcstatiom of pave

ment distress which typically occur and to rl'late these manifestations through 
behavior to material propertie<.;. Tlie rationale to such an approach would be 
for instance. to relate specific values of measurable material properties to 
the specific distress symptoms observed in such a way as to able to predict 

the potential for distress occurring. By design and specification, thcrdorc, 

the distress can be minimized. 
The factors affecting pavement structural behavior have been defined and 

characterized over the years in different ways by various individuals and 

4-23 



groups ( Refs. 4, 5, 6, 7, 8, 9, 10, 11, 12). While reasons for these character
izations may vary, it appears that the hasic motive in all cases has heen to 
provide guidelines for design or evaluation. Such descriptions of pavement 
structural behavior have usually heen formulated by defining either factors 
which affect pavement performance or factors which affect lailure of the 
pavement structure. A survey of the literature, however, indicates that there 
arc no clear-cut and generally accepted definitions of failure which rl'lall' to 
some level of serviceahility or performance; nor is there a Ctlrnplete set of 
well-defined and generally accepted failure mechanisms fpr the pavement 

components. 
In this study an attempt has been made to associate material properties with 
modes of failure or distress through considerations of the various mechanisms 

and manifestations of distress. As seen in Figure 5, limiting rcspomc (i.e .. 
distress) modes have been divided into thrL'e categories: 
1. fracture, 
"' distortion. and 
3. disintegration. 

With the exception of paVL:ment slipperiness assuciated with the surface 
coefficient of friction, all forms of pavemrnt distress can bl' related indivi
dually or collectivl'ly to these modes. Also slHiwn in this table are the mani
festations of each mode of distress, together with a listing of the mechanisms 
associated with each manifestation of failure. While the next logical step 
would he to list the pertinent material properties for each of the failure 

mechanisms noted, this has not been done herein because time and space do 
not allow. 

4. Summary 

On the basis of the findings resulting from a wi,k scope of ,nve~tigations 
covering the broad question of developing a rational method of pavement 
design as well as narrow searches for approaches and solutions w specific 
problems, the following major conclusions are drawn: 
I. The task of developing a systematic approach to the analysis of pavement 

structural systems is enormous in both magnitude and complexity. Only 
a con cent rated. coordinated effort employing. a sr1tc1111 engineering ap
proach will provide the results needed to describe adequately the overall 
behavior of a pavement system. 

2. The concepts of .1·vstems l'llgineering must he applied not only to the total 
pavement sy~tem, hut also to the various subsystems, including but not 
limited to: 
a. Makrials characterization. 
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Distress 
Mode 

Fracture ---

Di\lortion --

Disintegration 

Distress 
Manifestation 

Examples of Distress Mechanism 1 

Excessive loading 
Repeated loading (i.e., fatigue) 

Cracking Thermal changes 
Moisture changes 
Slippage (horizontal forces) 
Shrinkage 

Excessive loading 
Spalling Repeated loading (i.e., fatiugucl 

Thermal changes 
Moisture changes 

Excessive loading 
Time-dependent deformation 

Permanent (e.g., creep) 
deformation Densification (i.e., compaction 

Consolidation 
Swelling 

Excessive loading 
l·aulting Dcnsification (i.e .. compaction) 

Consolidation 
Swelling 

Adhesion (i.e., loss of hond) 
Stripping Chemical reactivity 

Abrasion by traffic 

Adhesion (i.e., lo,s of bond) 
Ravelir Chemical reactivity 
and Abrasion by traffo.: 
scaling Dcgradation of aggregate 

Durability of hinder 

1 Nnt intended to be a complete listing of all po,sihlc distrcs~ mecltanisms. 

Fig. 5 Categoric, of Pavement Distress. 

b. Computation of the mechanical state (i.e., stress and strain) within 
the pavement in terms of load and environment (i.e., primary re
sponse). 

c. Systems output function (i.e., performance). 
d. Decision criteria for judging acceptability and optimization of design. 

The problem of ,de~igning' pavements is really more precisely a pavement 
management problem as outlined by Haas (Ref. 24) Scrivner, et al (Ref. 25) 
and Hudson, et al (Ref. 23, 27). While the information presented here does 
not provide a direct solution to the problem, it does provide the necessary 
framework for moving ahead as outlined in the following paper (Ref. 28). 
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B) JUSTIFYING NEEDS 
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FOR NEXT PROGRAMMING PHASE 
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network. 

Slide 4.35. Major activities of a 
PMS. 

Slide 4.36. Uses of a PMS at the 
network level. 



Slide 4. 3 7. Example of a pavement 
network. 
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roadways. 

Slide 4.39. Selection of candidate 
sections. 



Slide 4.40. Prioritization of 
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in a pavement network. 

Slide 4.41. Factors considered 
in the prioritization 
process. 

Slide 4.42. Simplified predictive 
portion of pavement 
design and related 
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periodic evaluation. 
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prioritization process. 
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first stage of the 
prioritization process. 
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at a decision as to 
the test maintenance 
and rehabilitation 
strategies in a PMS. 

Slide 4 ,47, Example of predicted 
versus actual rehabili
tation cost for a given 
pavement section. 

Slide 4.48 . Cost information 
collected in a project 
basis for a given 
pavement network. 



Slide 4 .49. Definition of a PMS. 

Slide 4.50. Complexity of a PMS. 

Slide 4.51 . Step-by-step i mprove
ments in the development 
of a PMS. 



Slide 4.52. Relationship between 
the activities at the 
network level and thos e 
at the project level i n 
a PMS. 



LESSON OUTLINE 

Revised DS/lg 1/2/84 
Lesson 5 

MONITORING AND EVALUATION PAVEMENT SERVICEABILITY - PERFORMANCE CONCEPTS 

Instructional Objective 

1. To provide the student with a basic concept of pavement performance. 

2. To present various approaches for predicting pavement performance. 

Performance Objectives 

1. The student should be able to explain the pavement performance concept. 

2. The student should be able to explain various approaches for predicting 
pavement performance. 

Abbreviated Summary 

1. Pavement Performance Concepts 

2. Evaluation of Pavement Performance 

3. Prediction of Pavement Performance 

Reading Assignment 

1. Haas & Hudson - Chapter 6 and 7 

2. HRB Bulletin 250 
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Time Allocation, Min. 

20 

15 

15 

50 minutes 



LESSON OUTLJ:NE 

Revised DS/lg 6/9/84 
Lesson 5 

MONITORING AND EVALUATION PAVEMENT SERVICEABILITY - PERFORMANCE CONCEPTS 

1.0 MONITORING AND EVALUATION - WHAT IS IT? HOW DO WE MEASURE IT? 
(Slides 5.1 - 5.12) 

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 encompasses monitoring, but involves a judgment or 
determination of the meaning of the information collected. 

2.0 DEFINITIONS (Slides 5.13 - 5.20) 

2.1 Serviceability 

The ability of a specific section of pavement to serve traffic in 
its existing condition. 

2.2 Performance 

A measure of the accumulated service provided by a facilty, i.e., 
the adequacy with which a pavement fulfills its purpose. 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. 

2.3 Behavior 

The immediate response of the pavement to load, 

2.4 Distress 

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 evidence of this maintenance in the form of patches 
and sealed areas should also be monitored. 

3.0 MEASUREMENT 

It is the function of pavement evaluation in a pavement management system 
to measure pavement condition periodically in order to: 
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Revised DS/lg 1/1/84 
Lesson 5 

(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; 

and 
(5) provide information for updating network improvement programs. 

3.1 Safety 

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 £actors, but could, for example, 
indicate an alignment problem. Such factors may be included in the 
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. 

3.2 Structural Capacity 

3.2.1 Direct Measurement. Physical structure and material strength 
can be monitored by physical testing and sampling; i.e., coring and 
laboratory testing. 

3.2.2 Indirect Measurement. Although information about the physical 
structure of the pavement is often inferred from behavioral evalua
tions, 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. This, 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. 

3.3 Distress 

The identification of various distress types for measurement in 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 are measured will vary from agency to agency. 

3.4 Maintenance Costs 

Costs 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. 
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3.5 Riding Comfort 

Revised DS/lg 1/1/84 
Lesson 5 

The evaluation of riding quality is a complex problem, depending 
on three separate components: 

(a) the pavement user; 
(b) the vehicle and the pavement roughness, and 
(c) interactions among the first two. 

4.0 SERVICEABILITY (Slides 5.21 - 5.40) 

The primary operating characteristic of a pavement is the level of 
service it provides to the users, both today and in the future. It is 
important to (1) measure or evaluate this level of service to establish 
the current status of a pavement, and (2) to predict the change of level 
of service in the future, for either an existing pavement or for a pavement 
to be constructed. 

4.1 AASHO Road Test 

Until a measure of pavement serviceability was developed in 
conjunction with the AASHO Road Test, little attention was paid to 
evaluation of pavement performance per se. A pavement was either 
satisfactory or unsatisfactory (i.e., in need of repair or replace
ment). The ideas of "relative" performance were not adequately 
developed. 

4.2 Serviceability as a Design Function 

Many popular design systems involve determination of the pavement 
thickness required to hold certain computed stresses or strains below 
some specified levels. It is clear that cracks will occur if the 
pavement is overstressed, but not much information was available prior 
to the time of the AASHO Road Test to relate such cracks to functional 
behavior. 

4.3 User Relationship 

Serviceability must be defined relative to the purpose for which the 
pavement is constructed, that is, to give a smooth, comfortable, and safe 
ride. In other words the measurement should relate explicitly to the 
user, who is influenced by several attributes of the pavement. 
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THE PAVEMENT SERVICEABILITY-PERFORMANCE CONCEPT* 

The relative performance of various pave
ments is a fundion of their relative ability to 
sen·e t raftiL over a period of tinw. Th(•re have 
been no widely accepted definitions of perfOl'm
ance that could be ust:d in Uw e\·aluation of 
,·arious pa,·enH·nts or that could he consi<h-red 
in tht'. d(•sign of pa\·enwnts. 1n fact, design 
systems in 1-('eneral use in highway departments 
do not include considen1tion of the level of 
1wrformance <h•si rPd. Design engi TH'<!rs vary 
\\'idl'ly in thl'ir conc·epts of desirable perforrn
anc!'. By wa.v of <'Xample, two designers are 
gi\'<·n tlw task of d,·signing a pa\·pnwnt of cer
tain mat<'rials fol' cPrtain traffic and environ
ment for ~() ~·ears. The first might consider 
Ii is jolJ to IJp J)l'llP<'l'l~· dom· if not a single crack 
()(TlllT1•d in ~I) y<·ars while th,• SP('()JJd might lw 
satisfi1•d it' th<· last trnck that ,,·as al>h· to gd 
01·er the paveml•nt made its trip ~O years from 
the date of constrndion. There is nothing in 
Pxist ing· dl'sign manuals to suggest that Pither 
man is ,,·rnllg. This is simpl.1· to demon.strate 
that :rn\· desig·n s\·stem should indude con
sirl('rnti,·,11 of the le~·l'l ot S('J'\'i('e:thilit.1· to traf
fic tltat must hi• maintained n,·er thi• lif1· of th<' 
road. llo\\' long must it !'<·main :,mooth and 
Jww sm,,,ith ·: 

On,• popular dl'sii.m s_1·stl'm i11\'\dn•s the 
determination of tlH• thicknl's.s of slab n'(Jllired 
in order to hold c,•rtain computed stresses be
low a n·rtain Jen'!. It is cl,•:u· that cracks will 
n(Tlll' if a pavl'nw11t is O\'('l'sb·ess,·d, but no
wherp can lw found :i11,· l'l'fPr1•ncP t.o 1hP cffvd 
of such ('J'acks on thv S(:tTiet>ahility of the pavl'
nwnt. Eng·irn·Prs will agree that c1·acks an• 
undt>sirahk. and that t!wy l'P(Jllin• maintenance, 
hut the di•gT<'P of unrh·,0 irabilil:,· s;,ems to have 
lw!'ll left dinwnsionll'ss. It ma\· IJp apparl'nl 
that one pavement has 1wrfonned its function 
of sening traffic lwttt>r th:rn another, but a 
rational ans,1·('1' to th(' (!ll('St ion, "J Io\\' much 
\)('t(Pr'?" lias not hl'en availahlt>. 

To provide dinwnsions for the term "per
formance" a svstem has h<•('ll cl,•\·ised that is 
rational and fi·ee fn,rn tlw lik,•lilwod of bias 
due to the strong 1w1·sonal opinions of groups 
or indi\'iduals. lt is Pasih· concPivable that 
such a s~·stem could lw ad(lJ)t<'d by all depart
ments thus providing for thl~ first time a na
tional standard system for rating highways 
and pa\'ernPnts. 

Before discussing the dPrirntion and a par-

* An adaption of a paper givf'n at the 3()th Annual 
'.\f Peting of the Highway Research Boad. 

ticular application of the pavement service
ability-performance system, it is necessary to 
set down some fundamental assumptions upon 
which the system is based. 

1. There is a statement attributed to D. C. 
Greer, State Highway Engineer of Texas: 
"Highways are for the comfort and conveni
ence of the traveling public." A reasonable 
inference from this simple statement is that the 
only valid reason for any road or h i).('h way is 
to serve the highway users. Another opinion 
is that "a good highway is one that is safe and 
smooth." 

2. The opinion of a user as to how he is 
being served by a highway is by-and-large sub
jective. There i.-; no instrument that can be 
plugged into a high\\'ay to t(•ll in ohjccti\·e 
units how well it is serving the users. The 
measurement of damage to goods att1·ibuted tn 
rough roads may pro\'ide an exc,•ption to this 
rule but one of minor importance since a road 
rough enough to damage prn1wrl.\· packed and 
properly suspt'ncled goods \\'ould be classed sub
jectively so lo\\' l>y all usNs that little could 
be gained by an oli.iective measure. 

:t There are, howeVl'l', characteristics of 
high\\'ays that can he measured oh.kctiv!'!r 
which, when properly weighted and combined, 
at'e in fact n•lated to the u;;ers subiecti\'e 
evaluation of tlw ability of the high,~·ar to 
serve him. 

4. The senict>ability of a ginm highway 
may be expressed by the mvan evaluation givPn 
it hy all high\\'ay users. Thnc art> honest dif
ferences of opinion ev1:.'n among f'Xperts making 
subjective evaluations of almost anything. Thus 
tlwre are diffrrences of opinion as to which 
automobile in a given price range is best, dif
ferences among judg·e.,; of a beauty contest, and 
diffe1·encc·s as to ll'i1ich bank, broker, grocf'r_\' 
store, or bar to patronize. Opinion as to the 
serviceability of hig:hways i-; no exception. 
Economic consid,•rations alone cannot explain 
these differences. 

Therefore, in order for normal differN1ces 
of opinion to be allowed with the smallest aver
age f'JTor for each indi\'idual highway user, 
serviceability, may be expressPd in terms of 
the mean evaluation of all users. 

5. Performance is assumed to he reflected 
by the serviceability trend of a pav('ment with 
increasing number of axle load applications. 
It is assumed that the performance of a pave-
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ment can be described if one can observe its 
serviceability from the time it was built to the 
time its performance evaluation is desired and 
can plot this serviceability record against the 
traffic the pavement has served. The traffic 
history must include the number of axle loads 
and their magnitude sustained by the pave
ment. 

USE OF THE SERVICEABILITY
PERFORMANCE SYSTEM 

A typical example of the system which has 
been in actual field use at the AASHO Road 
Test, is described in this section. Definitions 
and detailed steps in the development and use of 
a performance index for evaluation of the Road 
Test pavements are included. It is emphasized 
that this case is only one of many possible ap
plications of the principles involved. It related 
to the performance of the pavements only, yet 
it would have been easy to extend the system to 
provide a measure of the sufficiency of the en
tire highway, including grade, alignment, ac
cess, condition of shoulders, and drainage, as 
well as characteristics of the pavement itself. 

Purpose 
The principal objective for the AASHO Road 

Test calls for significant relationships between 
performance under specified traffic and the 
design of the structure of certain pavements. 
To fulfill this objective an adequate and un
ambiguous definition of pavement performance 
was required. None was available. 

Special Considerations 

In addition to the four primary assumptions, 
certain special considerations relating to the 
specific requirements of the Road Test were 
included. Inasmuch as the project was designed 
to provide information relating to the pave
ment structure only, certain aspects of normal 
pavement serviceability were excluded from 
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consideration. Among these were surf ace fric
tion and condition of shoulders. 

Test sections at the Road Test were as short 
as 100 ft--too short for a satisfactory subjec
tive evaluation of their ability to serve traffic 
(most highway users consider a hi,rh-speed 
ride over a pav ,·ment necessary before they 
will rate it) . Thus, objective measurements 
that could be made on the short sections had 
to be selected an<l used in such a wav that 
pavements only 100 ft long could be evaluated 
as though they were much longer. 

Definitions 

To fulfill the requiremf'nts of the Road Test 
rather ordinary terms were given specific defi-
nitions as follows : · 

Presl'nt Serviceability -the ability of a spe
cific section of pavement to serve high-speed, 
high volume, mixed (truck and automobile) 
traffic in its existing condition. (The definition 
applies to the existing condition; t hat is, on the 
date of rating, not to the assumpd condition the 
next day or at any future or past date.) Al
though this definition applies to the Road Test 
and may apply to any primary highway system. 
the system could easily be mo<li fi ed for use with 
city streets, farm roads, etc. Obviously, service
ability must be defined relative to the intended 
use of the road. 

Individual Present Serviceability Rating -
an in<lependent rating by an individual of the 
present serviceability of a specific section of 
roadway made by marking the appropriate 
point on a scale on a special form ( Fig. 1- F). 
This form also includes provision for the rater 
to indicate whether or not the pavement being 
rated is acceptable as a primary highway. For 
the Road Test application , the rater was in
structed to exclude from consideration all feat
ures not related to the pavement itself, such as 
right-of-way width, grade, alignment, and 
shoulder and ditch condition. 

Present Serviceability Rating (PSR) - the 
mean of the individual ratings made by the 
members of a specific panel of men selected for 
the purpose by the Highway Research Board. 
This panel was intended to represent all high
way users. It included experienced men, long 
associated with highways, representing a wide 
variety of interests, such as highway adminis
tration, highway maintenance, a federal high
way agency, highway materials supply ( cement 
and asphalt), trucking, highway education, 
automotive manufacture, highway design, and 
highway research. 
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Present Serviceability Index (PSI) -a 
mathematical combination of values obtained 
from certa in physical measurements of a large 
number of pavements so formulated as to pre
dict the PSR for those pavements within pre
scribed limits. 

Serviceability Trend.-a continuous graph of 



serviceability plotted against axlr> load applica
tions. 

Performance --the serviceability irr:nd of a 
section of pavement with increasing number of 
axle Jo;1d applications. 

Ponnulation of a Prcsl'nf Sen·ir('(1/1ilil.y Index 

A minimum program for th(' cstabfo,hment, 
derivation and validation of a PSI ( qr any simi
lar 111dex that rrrnv be consi<!Pred for another 
pu1·pos<') is as full<;ws: 

1. Establishnwnt of Detinitions--ThPre must 
be clear understanding and agreement among 
all those i1wolved in rating and in formulation 
and USP of the index a::; to the precise meanings 
of the terms usP<l. Ex:ldlv \\'hat is t,, lw rat,•d, 
\\'hat should be include<( and \\ hat cxc:ludvd 
from consideration': 

~- Establishment of Rating Panel--Bccaus(' 
the s.\·stt•m d(•pends primarily on the subie('tive 
rati11).~·s of individuals, gn·at carp should be 
tak(•n in the seledion of t!H· pt·rs,;ns composing 
the rating group. Inasmuch as seniceahilit~· is 
dt'fl!ll'd as the mean opinion of this gT<>UJl, it is 
irnp11rta11t that thl' ratPrs n•pn·sPnt hiJ . .dt\l'a:>' 
users, and they should be selected from ,·arious 
s<'gml·nts \\'ith diverg<'nt views and attitudes. 

:L OriPntation and Training· or Rating Panel 
- -The nwmlwrs of the panel arc instn1ded in 
tlw part tlwy ;1n' to pla:,; they must understand 
C'l<·arl:, tlw pnt i1wnt definition;; and the rull's 
of th(' ).fame. It has bel'll found \\'orth\\"hile to 
conduct prnctice rating S<'ssions where the 
raters ca 11 discuss their ratings among them
sPl vP;;. \\"lh•n they make thPir oflkial ratings 
tlwy must work indl'pendPntly \\ ith no oppor
tunit:v for discussion of the ratings until the 
p1Jtire ;;ps;;im1 has hel'n compldP<l. 

1. S<·l<•r·\ ion of P:t\'('llW!l(s for· Rating---B<'
cause ratings an' to be made of the service
ahilit:v of pa,·PnH'nts, a wide> rang<' of ;;ervice
ahility should hP n•prespnted among the 
pavPnwnts that are sell'cted for rating. More
over, tlH're shoulcl be among the sections 
s<'lt'dt>d p;t\"<'Jrn•nts containing ;ill of tlw various 
types and degrees of pavl'nwnt distress that 
arP likelv to infhwnee tlw S('l'vicpabilitv of 
high\\'ay;. B<·fnrP a field rating ;;ession, ~mgi
neers study the highway network in the an•a 
under consideration ('.WO mi or less in diame
ter, for exampll') and pick sections oi" rnad
\l'a\' so that a J"<'asonabl<· halanc<· is ohL1itH'd 
am'ong obviously ver_\' good, good, fair, poor 
and obviously ver_\· poor sect ion:-:. Tlw Road 
Tl'st s_\·sU•m was bas(•d 011 four rating spssions 
in thr<'<' diff(•t"<·nt stall's; 1 :rn ,.;pcf ions of p:w<'-
11wnt \H'l"l' studied. About one-half \\'f're flexi
ble pavement; the other half, rigid. The Road 
Test panel agreed that the minimum desirable 
length of a pavement to be rated was 1,200 ft; 
however, in a few cases shorter sections were 
included. This length was sufficient for th0 

raters to ride over th(' se,-tion at high speed 
without being infiuPn<:l·d by the condition of 
pavement at either end. 

G. Fic•ld Rating--The nwmbers of the panel 
arf' takc•1 in small groups to th(' s<•dions that 
are to be rated. They are pennitkd to ride 
over e:tch section in a vehicle of their choice 
(usually one with which they are familiar), to 
walk the panment and to examin0 it at will. 
Each ratr•r works indepPndentl.v---tll('re is 110 

discussion among the ratl'rs. \Vlwn hP is satis
fied as to his rating·, hl' marks his rating card 
:mo turn:-; it in ill a staff J"t>presentative. The 
group then moves (>Tl to the next section. Each 
group takPs a diff(·n·nt route to reduce the 
possibility of bias o\'L'I" tl1e day ( rnters may 
rniP diffPn·ntl\· in the aft(•nwon than in t!H· 
morning, Uwr;•forc, the grnups an• sclwdul<·d 
su that some s,·< tions are rat<>d b\· one or two 
grnups in th<' morning and Uw s·:1m, S('clions 
by the oth<'l" grnu ps in the aftprnoon). It has 
b<'<'n found that, lll'ar 1rnolropolitan a n•as, s<·c
tions with s;itisfactorilv diff<'rcnt f'liarad<'l"is
tics can lie found closp ~nough to1..retlwr so that 
the rat('rs can travel rnu!Ps containing about~() 
S('('tion~; p('l" day. \Vht'n r:1ting pn'SPltt s<·nic<·
alJility of a pa\'ement, raters have found it help
ful to ask tlwmsPlvps "!Iow \\'<'II \\·ould this 
road S('J"V,• nw if I \1·er(• to drin• m.v <1\1·11 car 
over rnads .i list lik(' it all day long· toda<:" 
lIPn' again, of course, SL!rvicealJilit~· is related 
to the ini<'IHlc•d u:se of the J"Oad, primary high
way, city ;;trel't, farm road, etc. 

6. R<'plicati,>n----It is necessa1·y to determine 
the ahilit)· of the panel to be consistent in its 
ratings. The T!oad T('st panel ratPd many sec
tions twice, fir:-:t on one day and again on 
another day near enough to thP first so that the 
spction did not chang(' physically, yet remote 
('llOllgh so that all ('Xtl"all('OllS inflU('ll("('S ()n tlw 
raters would be in effect. In gent>ral, it might 
be ex1wcted that replicate ratings would differ 
more when separated b.v several months th:1n 
when separated by only one day. For this 
n•ason, the n'plication differences ol>sen·ed in 
the Road Test rating sessions are perhaps to 
some degree an und(•restimate of rPplication 
differencps in a larger time rpfrrenee. The 
differ<'nce bctwe<'n n•peat<'d rati11g·s on the 
same section is a critc>rion for the adequacy of 
a presPnt S<'rvin•ability index d('rin:d from 
nwas II n•nwn ts. 

7. Validation of Rating Panel-Because the 
panel is intPnded to n'present all highway 
uwrs, it is ll<'ecssary to iPst its a!Jilitr to do so. 
To ;1 limitl'd <'Xt<'n1 suC'h validatioi'1 was ob
tained for the ltoad Test panel by selecting 
other groups of users and having them rate 
some of the same sections that had been rated 
by the panel. One such .group consisted of two 
commercial truck drivers who made their rat
ings based on the rides they obtained when driv-
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ing their own fully-loaded tractor-semitrailer 
vehicle!. Another group was made up of ordi
nary automobile drivers not professionally as
sociated with highways. For the sections in
volved, these studies indicated that the ratings 
given pavements by the Road Test panel were 
quite similar to those that were given by the 
other user groups. Of course, if a greater num
ber of sample groups had been studied, more 
positive statements could be madf.· as to how 
well the panel represented the universe of all 
users. 

8. Physical Measurements--If it is practica
ble for the panel to rate all roads in the area 
often enough, no measurements need be taken. 
Analyses may be based on the PSR itself. Since 
it was not possible for the panel to rate the 
Road Test sections ( ratings were desired every 
two weeks), it was necessary to establish a PSI 
or index that would predict the panel's ratinR"s. 
To accomplish this, measurements of certain 
physical characteristics of the. pavements were 
necessary. To determine which measurements 
might be most useful, the members of the panel 
were asked to indicate on rating cards which 
measurable features of the roadway influenced 
their ratings. It was apparent that pre11ent 
serviceability was a fuuction primarily of longi
tudinal and tranverse profile with some likeli
hood that cracking, patching, and faulting 
would contribute. Th~refore, all of these char
acteristics were measured at each of the 138 
sections that were rated by the panel. Sev,~ral 
other objective measurements could have been 
added to the list if other phenomena were per
mitted consideration by the established rules of 
the game. Skid resistance, noise under tires, 
and shoulder and ditch conditions might be in 
this category. 

Measurements fall rather naturally into two 
categories: those that describe surface defor
mation and those that describe surface deteri
oration. Of course, phenomena in the second 
category may or may not influence measure
ments in the first category. Measures of 8Ur
face deformation will reflect the nature of 
longitudinal and transverse profiles, or may 
represent the response of a vehicle to the pro
file, as does the BPR roughometer. Supple
mental profile characteristics, such as faulting 
will ordinarily be measured. Present and past 
surface deterioration will be reflected through 
measures of cracking, spalling, potholing, 
patching, etc., and may include phenomena 
whose influence on present serviceability rat
ings range from negligible to appreciable. 

9. Summaries of Measurements-There are 
many different ways to summarize longitudinal 
and transverse profiles. For example, longi
tudinal profile may be expressed as total d,?vi
ation of the record from some base line in 
inches per mile, number of bumps greater than 
some minimum, some combination of both of 
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these, or hy any numh,::,r of othPr summt,t/ 
statistics invnlving varir:.rn·0 of trt2 rPcord, 
power sp,·dra] de•ns1t> ·,nalysis, etc. Trans
verse profile may b0 :,un:::i:u·1zs'd hy mean rut 
depth, \·arian,e of trn:,.-., ''°''" prdilc, etc. The 
varianc,· of ru: ckpJl1 alnr1R tlw wheel paths is 
also a nsefu] ,,tatisti1'. Cr.'wki112,· occurs in dif
ff'rent da:-;s,·s nf :,everit ,· ;i,,, dn nHwr mea;C;lll'f'R 

of surface ,1du iorati,,n: '.Vf"n~snrcriwnts in anv 
of the.,;e clas,;c·s may lw <'\i,r,,:;sed rn one unft 
or another 

10. Dcri-_·atJ(\I\ oi a Pn!St'nt Serviceability 
lndex-Aftf:'r obtainin11 PSR's and measure
ment Bllmnw.ries for }, · :,elt>dion of pavements, 
the final step is to combine the measurement 
variables into ;:,. form11J;, that "gives back" or 
predicts the PSR.'c: to a satisfactory approxi
mation. Part of this procedure should consist 
in determining which of the measurement 
summaries have the most predictive value and 
which are negligible aftf.'r the critical measure
ments are tahn into account. The technique of 
multiple linear regression analysis may be u~ 
to arrive at the formuia, or index, as well as to 
decide which measurement..'4 may be neglected. 
For example, a longitudmai profile summary 
may be sen~it.ive to faulting so that faulting 
measurements need not appear in the index 
formula wh€never this profile measure is in
cluded. 

The decisions as to which terms should be in 
the serviceability formula and which terms 
should b~'. neglPcted may be made by comparing 
the lack of success with which the formula 
gives back tlw ratings with a pre-selected cri
terion for closeness of fit, such as the Panel's 
replication error. The:re is no jm;tification for 
a formula that can predict a particular set of 
ratings with greater precision than the demon
strated ability of the panel to give the same 
ratings to the same pavements twice. There
fore, the multiple linear regression analysis 
will yieltl a formula that will combine certain 
objective measurements to produce estimates 
of the panel's ratings to an average accuracy 
no greater than the panei's average ability to 
repeat itself. 

Perfonnanrc 

The S('n·iceability index is computed from a 
formula containing terms related to objective 
measuremn1ts that mav be made on any section 
of highway at any tin1e. At the AASHO Road 
Test, these meastirt>ments were made and the 
index computed for each test section every 
two WPPks. Thus P. serv1ceabilitv-time historv 
is avaiJab]e for each kst SPdion hf'ginning at 
the time test traffic operation was started. The 
present seniceability ;a]u('s range in numeri
cal value from Oto ii (Fig. 1-F). 

To fulfill the first Road Test objective of 
finding relationships between performance and 
pavement structure design, some summariza-



tior: of the servieeabiJdy-c.ime history is im
plied. Performance may be said to be related 
to the ability of the· pavenwnt to serve tratlic 
ovi'r a period of time. A pavement with a low 
serviceability duril1i! much d its life would 
not have pei'fonnul its fu,H·t;on of serving 
traffic as well as one th:tl htd high service
ability during most of its life, Pn·n if both ulti
matt{\' n·adtl·d the same state of rPpair. 

Performance, at t!v-: Road Test, was defined 
as tlw trP1HI of s,·nic,·abilit,_, with increasing 
load applications. Analysis of performance 
was based on mathematical m()dcls for express
ing the sc•niceability tn•nd in tc·nns of design, 
load, and numlHT of load applications. The 
procedures for analysis an; discussed in Ap
pendix G. 

ROAD TEST l ND EXES 

The tedrniques pn•viously described were 
userl in the derivation of pn!SPnt serviceability 
indexes for the AASHO Road Test. This sec
tion includes tabulations of the actual data ob
tairn·d in Uw field rating Sl'Ssions by the Road 
Tl·st Rating Panel and data o\Jtained from the 
objective measm·Nnents of the pavements 
rat,·d. RPl.-1tionships am(>llg the rating-s and 
val'ious measun·mE>nts are shown graphically 
and the results of the regression analyses in 
\\·hich tlw st>rvicea!,ility indl'XPS \l'Pl'e derived 
:lJ'(' gl\'<'ll. 

The matter of precision 1wp1i J't'CT of an index 
a11d prel"ision attained in t:ie l{uad Test indexes 
is disc11ssl'd. Aill·r11al<> mPas111·,,nwnt systems 
are mentio11t·d for thv henPfil of agenties not 
able to equip themselves \\'ith elaborate instru
rn<·nts. 

Ratinus for Seltdnl Pn1·1 nu·n!s 

Aftel' establishing· concepL ., ground rules, 
and rating forms for pn!::vnt ;;erviceahility 
ratings, the AASHO Road TPst performance 
rating panel rated 19 pavl·ment sections near 
Ottawa, Ill. on April lG- rn, I %8, 40 sections 
near St. Paul-1\limwapolis on August 14-16, 
19!"",8, ,1() Sl'ctions llPar I11di;ui;1polis on May 
21-23, 19G~), and ;39 section:,; illl and near the 
Road Test on January 20-2'.2, 19GO. Ten Illi
nois sections, 20 Tllinnesota sedions, 20 Indiana 
sPdions and 24 sections on and near the Road 
Test were flexible pa\'enwnL; all remaining 
sPctions were rigid pa H'm en ts. Each section 
was 1,200 ft long exc(·pt Uw,;(' on the Road 
Test which a \'enq.;·ed 2 l -; ft. \\'it h the coopera
tion of the respectiw stafr l1ighway depart
nwnts, Sl•ctions \\'el'e S('lectPd lo represent a 
wid<' range uf pav<'nwnt (·ondit ions. 

Coincident with tlw rating sc•ssion, Road 
Test crews and irn,tnmw11ts \\·,·n~ used to ob
tain conditiun surveys and profile measure-
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ments for each section. Sumn .. ,ries for all 
evaluations of the 74 flexible pavement sections 
are given in Table 1-F, and corresponding 
evaluations for the first 49 rigid pavements are 
given in Table ~-F. 

Although th,· panel members had indicated 
that rutting in flexible pavement must influ
ence serviceability, the first three rating ses
sions did not include pavements with rntting 
severe enough to contribute significantly to the 
pavement serviceability. Since severe rutting 
occurred at the Road Test it was necessary to 
assemble the panel for a fourth session in which 
sections with severe rutting were rated. Re
analysis of the data from all four sessions then 
made it possible to determine the effect of 
rutting on serviceability. A second objective 
of the fourth session was to rate a small num
ber of rigid pavements only for the purpose 
of checking present serviceability indexes de
rived from the first 49 sections. For these 
reasons, flexible pavements from all four ses
sions appear in Table 1-F; Table 2-F includes 
only rigid pavement sections from the first three 
sessions. 

Present serviceability ratings shown, in the 
third column of Tables 1 and 2 are mean 
values for individual ratings given by the Road 
Test panel. In general, each mean represents 
about ten individual ratings. For both pave
ment types, the PSR values range from about 
1.0 to 4.G with nearly the same number of sec
tions in the poor, fair, good, and very good 
categories (Fig. 1-F). The grand mean PSR 
for all rated pavements was slightly less than 
~.O for both pavement tyrws. 

Over forty of the sections were revisited by 
the panel during the same rating session, and 
differences between first and second mean rat
ings are shown in the fourth columns of Tables 
1 and 2. The replication differences ranged 
from O to O.fi; the mean difference was less 
than 0.2 for both flexible and rigid pavements. 
The fifth columns give the standard deviation 
of individual PSR values for each section. 
These standard deviations are of the order 
0.5, an indication that only about two or three 
individual ratings ( out of ten) were farther 
than O.G rating- points from the panel mean 
PSR. 

The mean ratings of the two truck drivers 
who rated certain Illinois sections are shown 
in the sixth columns. The seventh columns 
show mean ratings given to selected lllinois 
sedions by a group of about 20 Canadian 
raters. The general agrePment among the vari
ous rating groups is appan!nL 

The eighth and ninth columns represent sum
maries of the AASIIO Panel response to the 
acceptability qll('stion (Fig. 1-F). The tablPs 
give what fraction of the panel decided Uw 
present state of a particular pavement section 
to be acceptable and what fraction decided the 
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TABLE 1-F 

DATA FOR 74 SELECTED FLEXIBLE PA\EME:S-TS 

Present Serviceability Ratings I/ Accept~bility Longitudinal and Major 
I Oom1ons Transverse Rouahness Cracking 

sv AR RD RDV AASHO Panel Truck Canad AASHO Panel Closs Long. 
Mean Mean Mean Mean 2 + a 

Dr'v'rs Raters 
1st Replic. Std.dev. Fraction Slope AASHO Rut Rut Closs Trans. -~ 

PSR diff. of PSR Vor'nce Rom't"r Depth, Depth 3,ft.2/ ft.I 
PSR PSR Yes No 

in among in in (in.) Var'nce IOOOft.2 
IOOOft.

2 i 
PSR raters Wh'p'th~ Wh"p'ths in2x 100 

(,ua6) in./mi. 

(tp10 mpt, 

4,3 ,l 4,5 4,3 1.0 ,0 2.8 .1c .7 0 0 
2,4 ,4 2,0 .o ,6 20,5 ,22 9.2 343 0 
3,3 .7 3.5 2.6 ,6 .2 9.2 ,08 3.6 8 0 
4,4 .1 .2 3.5 1.0 .o 3.5 ,08 .7 0 0 
3.8 .1 ,6 2.5 3.6 .9 .o 15.5 ,06 ,4 0 0 
2.6 .2 ,7 2.0 2.7 ,3 ,6 9.5 ,08 5.7 64 0 
3.2 .2 ,6 J.O 3.0 .6 .2 14.0 .15 3.4 2 0 
2,4 ,0 .5 3,0 2.2 .1 ,6 16.8 .16 3.4 17 0 
1.3 .J ,5 1.5 .o 1.0 42.8 .26 10.3 292 0 
1.1 .3 .2 1.0 1.7 .o 1.:) 56,0 .1q 10.9 21 0 

3,8 ,1 .4 1,0 .o 1,9 ,04 ,4 0 29 
J.8 .6 1.0 .o 1.5 • 09 .3 0 34 
J,8 ,4 1.0 .o 1.7 n~ ,v, .2 0 14 
J,8 .o .4 1.0 r 2,1 r, ,4 0 9 ov oL4 

J,2 .4 ,6 .1 7,0 .1,~ .5 0 0 
l.J ,4 .o l.J 58,'; • C/7 6.6 145 22 
l.J .2 ,4 .o 1.0 58,4 ,ns 2.9 75 12 
2.1 .6 .o .9 17.6 ,13 J.2 15 0 
1,5 ,2 .2 .o 1.0 36.2 .;t 5,6 30 2 
2,4 ,0 ,9 .o ,8 11,4 -~ 3,2 2 0 . 
4,2 .2 1.0 .c 1,7 ,11 .2 0 0 
J.9 .4 1.0 .o 1,4 .09 ,2 0 0 
3,1 .1 ,6 ,4 .4 7,8 ,08 l.J 1 68 
2,2 .7 .o .9 27,8 ,13 5,2 0 1 
1.5 ,6 .o 1.0 33,4 ,08 5,4 0 7 
2.9 ,5 .5 ,6 .1 6,0 ,02 .7 0 180 
1.6 .o ,6 .c 1.0 39.4 .12 4,6 0 0 
4,0 ,2 ,3 1,0 ,J 1.6 ,OL ,2 0 0 
4,2 .s 1.0 .o 1.3 ,CJ .2 0 0 
2,9 .1 ,5 .J .2 5,8 .01 1.4 0 74 

4,1 .6 1.0 .c 4,6 101 ,24 .4 44 43 
4,0 ,5 1.0 r. 5,4 123 .14 ,5 204 75 

Patch- Transformations PSI Resid. ing 121 
p 

Log RD 2 Sq. rt. Pres. Oiff. 

Ft.2 
(l+SV) 

::,erv. Betw'n 
per C+P 

Index PSR 
1000 ft.2 

a 
PSI 

0 ,57 ,01 .o 3,9 ,4 
0 1,3.3 . .G5 18,5 2,3 .l 
0 1.01 .01 2.8 3.1 .2 
0 .65 .01 .o 3,8 .6 
0 1.22 .oo .o 2.7 1.1 
0 1.02 ,01 8.0 3.0 .4 
3 1.18 .02 2.2 2.7 .5 

14 1,25 ,03 5.6 2.6 .2 
11 1.64 .o7 17,4 1.6 .3 

2 1 .76 .n1. / 11 1.6 .5 
0 .1.6 .oo 5.~ 4,l ,3 
0 , - .oo 5,8 4,2 .4 .. -

0 .4J ,00 J.7 4,2 .4 
0 .L9 ,oc 3.C 4.1 .3 

10 .90 ,02 3.2 J,3 .l 
J5 1.77 ,OG ll.2 1,5 .2 
55 1.77 .01 11.9 1.5 .2 
5 1.27 ,OJ 4,5 2.5 ,4 

76 1,57 .13 1c.4 1.7 .2 
3 1.09 .oc 2.2 2.9 .5 
0 ,42 .01 .o 4,2 .o 
0 .38 .01 .o 4,J ,4 

66 .94 ,01 11.6 3.1 .o 
4 1.46 .02 2.2 2.2 .o 
6 1,54 ,01 3.6 2.0 ,5 
0 .8'; .oc 13,4 3,J ,4 
0 1.61 ,01 .o 1.9 ,3 
0 ,41 .oo .o 4,2 .2 
0 .36 .oo .o 4,J ,l 
0 ,84 ,OJ 8,6 3.3 • I. 
0 .75 ,06 9.3 3,4 .7 
0 .81 .12 16,7 3.2 .8 



JGJ 3.2 • 5- .6 2~.l 140 I .4 12 I 1 II G 1. 3~ I .5 . _,. -
304 2.4 ") 2'°~. 2 13~ r, 1.8 455 17 ./-+ .... •"-

,, l.L~ 2l.7 ii 

JO'i 2o~ .1 .3 .4 0.1 :;:,q C ") 292 0 32 1. :~ • ·~. l l'' " ~.? _1_ • ..::. L,. 
•'--

J'.:!6 2.l .2 C, .J 2 - • ~ ·:. • 2 2.4 816 0 l.J; • :~l 2~ .~ .2 . - •'-

3:.,7 1. 7 .3 .6 .1 GC C, 383 - 1.g 719 0 111 l.?': 2E.~ .7 . ~ • V\./ 

308 1.0 .l .o 1. :, 5:i .2 2c~6 -, 5.1 691 0 161 1. '72 .1JG 2?.2 
l C, • 5 . - ~ ._,, 

3r,o 1.3 .4 .o 1. ~ i~l .2 233 l / 7.0 613 D 159 1J2 .02 2~ ::- 1.6 .J 
v / •'-

I n'1. I 310 3.2 J:, .7 ol 11.5 144 l? 2.0 17 u "· .CJ 2.2 •'-+ 
o-L 

li 1- • .L .......... 
:r:_1 ") ,.., .4 .4 .l 1 c .c l62 .8 L5 ::.6 

-:. • I • .J,.._L+ G 1.2~ .02 C • 
•-

312 l.h I .o 1. - l.o.f? 217 .23 2.3 5C2 0 31 , C .l 
o4 

l ,-,- • 'J5 23.l ...... _J 
-- • I -

JlJ l .l .. .4 .o 1. 42.C 182 .27 2.9 L37 0 72 , / - .C7 2;:: .(, l.? .3 
..L. ,-- ; 

Jl I 2 .f. C. .J .l 19.C 127 .2l 1.2 10 bl 2 2.L .2 
-'-4 .,, ~ • 3-~ .~,6 8.7 

315 J.4 .7 .9 ev 6.9 107 .22 .2 183 46 0 .05 15.l J.l .J 
Jl6 2.9 • 5 • 5 .L. 11.3 140 nn .8 177 C 4 1.='.) .o-_ 13.L 2.8 .1 . -· ;. 

317 I 1 .2 .v • LI 2.9 05 .Jl .1 0 C 0 "-·~ . \ ~; J.~ .L 
i. .... _,; 

. '' 
318 l.3 .3 n " J.J 02 r l 0 . (~: 1. J.8 .5 

•'-" • t....:L 0 v' 

319 L..2 
,, .3 ' 308 92 .12 .2 C 1 0 J2 .::-·1 .s .·.) ..:... . ·- ) • I 

32C J.9 .J .l Q J.s I 1 (J~ - / ,4 C 2 .re .:3 I - I - r, ':' 
•- e..iC', - •'--

---· i ·-
501 J.S .3 1.0 • ·~I 5.8 132- .J8 .3 r C .83 • : 1 J. !. .4 v 

502 J.4 .6 .8 .1 10.3 11".8 '){ 2.2 51 L' l.C5 . I 7.2 • 5 •'--u •v4 -. 
503 3.1 r, .3 .7 7.6 1:29 .11 .8 17 7 .93 • :::: J l. (~ 3.2 .1 

.v 

50l L.l .2 1.0 .v 2.6 109 • Ci3 .2 C: 
I 

• 5S "·' l.O .1 

505 3.4 .2 1.0 ", J.8 89 .JJ .9 14 C .68 .ll 3. '7 J.5 .1 
•'-' 

506 3.4 .4 .9 
., L.8 89 .2L .9 ::: 

I 
'7;. .:6 J.5 .1 . ~ 

507 2.8 .4 .6 .3 7.6 103 .! .. J 1.4 5 C 25 .93 ,18 C I 2.9 .1 .,,,.L.. 

508 J.5 .5 .9 .o L.J 75 .46 • 5 C· J u • I - .21 J.4 .1 

509 3.J .5 • 8 .o 2.9 8/ .. .J9 .L 9 0 C: .59 .15 J.C 3.7 .4 

510 )o3 .l .9 .o c. r-, I 9:::: .4l 1.C 2 I '-' C .To . n l.J 3.J .J 

V, 511 J.6 .5 1.0 .J ~-; I 9C .47 .6 :::: .6':, .22 1 C. .1 
I 

/0/ 
/. _J 

I-' 512 3.2 .7 .8 ·"" 5 .1 i 87 .53 1.3 J 0 .7~ .28 J.l .1 

N ~-est 
513 3.4 .5 .8 

., 2.6 I :c, .56 .5 C n c.· c)l I J.5 .1 
•- \J .... c 

noad 514 1.8 t:_ .o .9 11.1 122 .73 5.1 8'=, C 16 1.:::s • 53 9.S 2.1 .J 
• _J 

Sect. 515 J.3 .7 .9 2.5 79 • 38 .5 C .54 .14 3.8 .5 
o\... 

516 2.6 .6 .4 .J 5 .4 86 • :- h .6 'C. 0 .81 .JO 3.:) J. .l. .L,. 

517 3.2 .6 • 5 .1 5.4 I BJ C .I .7 1 ~ .s:.. .29 1.2 J.l 
, 

........ v • _L 

518 1. 7 .4 ,Cl .8 21.~ I ll9 .92 2.8 222 C 2-.JL .85 11..c l.2 • 5 

519 2.4 .5 ol .4 6.5 09 .53 1.5 21 D i 0 .ss .28 L.,- 2.9 C .. 
520 J r, .2 .6 .6 .l 6.8 89 • L.6 2-. J C 0 .89 .21 3. 

•'-' I 

I- - J - - - - .._ - - - -- - - - - - -- - - - - ..._ - - - - 1-- - - t-- - - - - - - - - - -

Off 521 3.J .5 .7 .1 l.3 118 .09 .l 0 0 0 .72 .Gl - -3.6 .J 

Site 522 2.7 .l .6 .1 13.7 185 .ll J.8 ?f\~ 0 1 1.17 • ::::1 17.L 2.t .1 
.,}"-''-

Sect. 523 2.4 o4 .2 .2 10.8 137 .22 1.3 l of-: 0 52 1.07 • 21 5 ?-3 .L 2.7 .J 

524 D o .5 .o l.C 88.1 281 .25 €,.2 JG2 0 60 1.9~ • 'J6 21.;:: 1.:::: .1 

Sum 215.4 J.9 34.2 
7c. l 0 :::. c.O 565.'7 121 .4•122.J . -~ ..- • / j 

''.ean 2.91 .16 .!.6 l.C2 .C'76 r, { I .91 .JO I e2L-i 

Sw:;. cf Square~ 66.85 
lJ.27 1.34 5255 c. .!.2?0.42* 

I 

Sum o: ?roducts with PS?- -26J9 -1. 51 -369. 
*Obtained from Unroun::ed Calcula tio,:s uum of Products • .ri th lg~(l+SV) - .2-66 171. 

um of Products vith RD -- 3. 

- -') ~ ?SI 121 = 5.C3 - 1. 0 1 lor(J..+S\') - l.JS?n'- - .Cl '.::+F 



TABLE 2-F 

DATA FOR 49 SELECTE:D RIGID PAl'EMEN TS 

Present Serviceability Rotinos Acceptobi Ii ty Longitudinal Crock- Spall- Patch-
Transformations PSI Resid. Ooinions Rouahness ino ina ina 211 Pvt. Sect. sv AR ft.I/ Diff. AASHO Panel Truck Canad AASHO Panel 

F C p Log Log Sq. root Pres. 
Loe. Code Mean Mean Fault 'g Closs IOOOft2 Potch'd (l+SV) AR C+P Serv. Betw'n 

1st Replic. std. de11 Driv'rs Raters Fract ion Slope AASHO in 2 and for Area Index PSR - -
ft 

1
/ PSR diff. of PSR Yes No Vor'nce Rom'f'r Wh'pth Sealed areas a 

in among PSR PSR in W h'pth~ 10 nih in Crock! > 3" 1oooft.2 
PSI 

PSR raters (x10') (in./mi.) in/10001 fl /IOOC Dia. 
ft 2 

Rl 2.0 .2 .6 1.5 .o .8 52, 0 2 )) 4 8 1 . 72 7 . 8 l. 7 ,J 
R2 4.2 ,J 4. 5 1.0 .o 6 , 5 0 4 0 0 ,88 2 . 0 ) , 7 , 5 
RJ 2.6 .J ,6 2, 5 .2 , 5 22.2 0 42 0 11 1.)7 7. J 2. J , J 
RJ. 2.J .2 ,J 2. 5 .o , 5 26 .2 7 46 0 7 1.44 7 . J 2. 2 ,1 

Ill. RS 1.2 .4 1. 5 .o 1. 0 47,8 1 102 0 28 1. 69 11.4 1.4 . 2 
R6 2.8 .1 ,6 2. 5 J , O .2 .~ 25 ,5 J 15 2 1 1.42 4 . 0 2. 5 .J 
R7 4.4 .o .J , •• 5 4.4 1. 0 .o ) ,2 0 0 0 0 . 6) 0 l. 3 .1 
R8 l,l .2 .4 .o 1.0 50 .8 ) 1,5 11 5 l. 71 B . I, ) . h • 5 
R9 0,9 .o ,J .o 1.0 76 .8 1 74 19 85 1.89 12 .6 0 ,9 ,0 

201 l.J .1 . 6 .o 1.0 4).J 1 40 60 59 1.65 10, 0 1.6 ,J 
202 1.8 .s .o 1.0 24. 2 0 2) 4 66 l , 40 9 . 4 2. 1 .J 
20) 2,1 .J . 6 , l . 9 24 ,7 0 47 l 41 1.41 9.4 2 . 1 , 0 
20/, 4.1 .J 1 . 0 , 0 2,4 0 4 0 0 , 54 2 , 0 , .. J , 2 
205 J.8 .J .4 1.0 .o 4, 0 0 2 0 0 • 70 1. 4 4 ,0 ,2 
206 J,0 .o .s .6 ,2 7,8 1 14 0 1 . 95 3. 9 J . 4 .4 
207 J, O ,6 ,4 . 2 7, 5 l 22 0 0 .9) 4 . 7 ) . J , J 
208 2,9 ,1 .6 . J ,4 9. 7 0 14 0 0 1, 0 J l . 7 J. 2 • J 

Minn. 209 ' 2,5 ,4 ,l . 6 17, 6 0 )4 0 0 1.27 5,8 2.6 ,1 
210 1,4 . 5 .o l.O 59.2 0 16 500 12 l. 78 5. J 1.8 .4 
211 4,J ,2 1.0 0 J . O 0 0 0 0 . 60 0 4.J .o 
212 4.J ,0 . 4 1,0 0 4, 0 0 0 0 0 . 70 () 4.1 ,2 
21) J ,7 ,4 l.O 0 5. J 0 0 0 () , 80 0 4 . 0 , J 
214 ) .6 .J . 5 1.0 0 4. 1. 0 0 0 0 . 7) 0 4. 1 • 5 
215 J.9 ,4 1,0 0 5. J D 0 0 0 . 80 0 4 . 0 .1 
216 J,9 .o . 6 1.0 0 6. J 0 0 0 0 .87 0 J .8 ,1 
217 l, ) .o .4 .o 1.0 )2 . J 0 76 2 1 1. 52 ll . 8 1.9 ,6 
218 1.2 ,4 .o 1.0 27,8 10 r,4 0 0 1. 46 8 . 0 2. 1 .9 
219 2.2 .6 .o . 9 25 ,6 4 97 0 1 1.42 9 . 9 2. 0 ,2 
220 4.4 .o .J 1.0 .o 4,0 0 0 0 0 • 70 0 4. 1 ,J 
,.01 4,0 ,J 1.0 0 6, 6 1)4 2 0 1 0 .88 2.1) 0 1,8 .2 
402 J.8 ,4 1,0 0 6 ,6 126 4 1) 1 0 . 88 2. 10 ) , ) J. ) • J 
40) ).6 .6 .9 0 6,8 11) l 2 4 0 .89 2 . Oft l.4 J . 7 .1 
404 J.2 ,6 . 6 .2 9.8 1) 1 4 l l 2 l.OJ 2.12 1. 7 J , 4 .2 
405 2.6 ,6 ,J ,5 14,6 167 5 n 1) 0 1.19 2.22 8 , 5 2, 5 .1 
406 2,8 ,6 .4 ,J 10 ,4 151 5 70 10 1 1.06 2,18 8. 4 2.8 .o 
407 1.8 ,5 .6 .1 ,8 49,4 268 l 41 4 29 1. 70 2, 4) 8 . 4 1.6 .2 
408 1.8 ,6 .1 ,8 54.5 245 2 42 8 )7 1,74 2, )9 8, 9 1.5 .J 

Irrl. 409 2,1 ,6 .2 .8 )6,6 276 1 50 7 29 1, 58 2 .44 8,9 1 . 8 ,J 
410 2,2 .5 .2 ,8 25, l 2)0 2 86 5 JJ 1.42 2, )6 10 .9 1.9 .J 
411 1,8 ,5 ,1 ,8 45, 4 286 0 40 6 65 1,67 2,46 l C, 2 1,5 ,J 
412 2,7 ,6 ,4 ,4 9.9 147 5 81 J 5 1.04 2,17 Q, J 2,7 .o 
41) 4.2 ,4 1,0 .o 6.1 106 1 0 1 0 ,85 2, 0J 0 J.9 ,J 
414 4.J ,4 1,0 .o 5,2 112 1 0 0 0 ,79 2 , 05 0 4. 0 .J 
415 4,J ,4 1.0 .o 7.1 1)2 1 0 0 0 .91 2.12 0 J ,8 .5 
416 1,2 ,J ,6 .o . 9 81,9 )JS 8 54 l 219 1.92 2. 51 16. 5 0. 5 .7 
417 2,2 .o ,6 .1 ,7 )2.2 252 18 J6 1 0 l,52 2 . 40 6 . 0 2.2 .O 
418 4,) .1 .) 1,0 .o 4,6 11) 1 0 0 0 .75 2, 06 0 4.1 .2 
419 2.8 ,0 ,7 ,5 , ) 12.6 126 2 5 2 l J 1.1) 2, 10 4.2 ) . 0 .2 
420 2.7 .1 ,4 .1 .) 17.8 1)7 2 5 7 16 l.27 2,14 4 ,6 2 .7 , 0 

Sum )8,6 J,l 58,2) 254. J 1)8 . 6• 12. 5 
Mean 2.8) .1) 1,19 5.19 2.8) .. 
Swn of SqUAr, 57,92 7, 55 905 . 70 5) , 08 4,illl 

*Obtained from Unroumed Calcula tiona I Sum of Products with PSR 19.70 - 206 , 5 

I Sum of Products with Log (l+SV) 71,7 
PSI 211 = 5,41 - 1,80 l o (l+SV - • 09 ,lc'+'p e 
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pri1·ement to be unacceptabi<>. By implication 
the n'maining fraction of the panel g-ave the 
undl'cided n•sponse. 

Figur,·s ~-F through G--F show the rnnnPc
ti<,n lwtwPen conespo1Hling PSR values and ac.:
ceptability opinions for th(• t\\'o tn1c>s of pave
ment. Fn•(•hand cun·es ha\'(' lw,-n d1;1\\'Il to 
indicate ( Figs. 2-F and :3-F) that the [>0th 
1wrcPntile for ac-c,•ptahilit.\· occurs wlw11 the 
PSH is in the neighborhood of 2.(1; tlw i">Oth 
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.8 1.6 24 3.2 4.0 4.8 
Present serv1ceabil1ty roting 

2-F .. \creptahility vs prt•sent s,•nin•ahility 
rating; 71 fl,•xihl,· p:nPm<•nts. 

T ---- -·- --···----1 
- ----- --

j_ 
.8 1.6 2.4 3.2 4.0 4.8 

Present serv1ceab1l1ty rating 

Figure 4-F. Unacceptability vs present serviceability 
rating; 74 flexible pavements. 
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percentile for uw,cceptabilit:y corresponds 
roughly to a PSR of ~-G (Figs. 4-F and 5-F). 

ilJcasun°111en/;; J,,i' Selected Pol'nnents 

Following ti .tcceptability op:. ::m, Tables 1 
and ~ give su marr values for measurements 
that \\'<', i· n ,, :,, un the sel,·cted pav(:ments. 
Measurem,·nb :tl'l' shown i11 thtee categ-ories: 
those that des,·rilw lnnvitudinal and transverse 
rough1wss. +;ius,• that summarize surface crack-

0 
I 
<f) 

<( .4 
<( 

0 .8 

Figure 3-F. 

0 .8 

Figure 5-F. 

1.6 2.4 3.2 40 4.8 

Present serv1ceob1l1ty roting 

Acce11tahility vs present serviceability 
rating; 49 rigid pavt•nwnts. 

1.6 2.4 3.2 4.0 4.8 

Present serv1ceobd,ty roting 

Unacceptability vs prt:11<ent serviceability 
rating; 49 rigid pavements. 



ing, and finally a measur0ment of the patched 
area found in the section. 

The symbol SV is used for the summary 
statistic of wheelpath roughness as measured 
by the Road Test longitudinal profilomett>r. For 
eaeh wheelpath the profilorneter produces a 
continuous record of the pavement slope be
t,,·l·en points 9 in. apart. For a particular 
whedpath, the slopes are samp!Hi, generally 
at 1-ft intervals, over the length of the recorct. 
A varianre* is cakulatect for the sample slopes 
in each wheelpath, then tlw two wheelpath 
:,lope variances are averaged to give SF. 

A Bureau of Public Roads roughness indica
to1·, or roughometer, was adaptect for use at the 
AASHO Road Test, but this development was 
not made until just befon,' the Indiana rating 
session and still more dl'Vcl(>pmental work was 
done on tlw AASIIO roughonwtl'r aftf'r the 
Indiana session. The AASHO rnughometer has 
a rnodifit>d output and was operated at 10 mph, 
so that roughometer valuPs shown in Tables 1 
and 2 are not the values that would be obtained 
with the BPR roughometer at 20 mph. Never
theless, roughometer values in inches per mile 
an• given; the roughometer values ,weraged for 
both wheelpaths, AR, are co1Telated with the 
eorn·sponding- mean slope variances. Figures 
fi-F and 7-F show the Pxtent of this correlation 
for the last t\\'o rating sessions. 

01w other instrument, a rut depth gage, was 
usPcl to obtain prntih· characteristics of the flex-

• The variance of a set of N samplP 1·alues, }',, Y,, 
... , Y, is defined to be the sum of all N squared dPvia
tions from the mean clivide1l by "!\' - 1. Thus the 
variancP of Y is ~ (Y - Y)'/ CV -- l), where Y 00 ~ 
}'/N is thP sarnpll' mean. 

0 80 160 240 320 400 
Mean AASHO rouc;ihameter displacement (in /mi) 

Figure 6-F. Slope variance vs AASHO roughometer 
displacement; '4 flexible pavements. 

ible pavement sections. This !,!."age is used to 
determine the differential el0vation between 
the wheelpath and a line conneeti11g two points 
each 2 ft away (b'ansversely) from the center 
of the wliedpath. Rut lkpth measurements 
were obtained at 20 ft intervals in both wheel
paths. A ernge rut depth values, RD. for the 
flexible sedions are ~iiven in Table 1-F; the 
values range from O to nearly 1 in. \'arianees 
were calculated for the rut depths in Pach 
wheelpath, tht·n the t\\'o \\'heelpath variances 
were averaged to give the RDV values (Table 
1-F). Figure 8-F shows th(' conelation be
tween 8V and RDV for the 74 flexible sedions. 

Profile information for rigid pa wments in
cluded a measure of faulting in the wheelpaths. 
These measurements are given in Table 2-F 
expressed in total inches of faulting ( in whPl·l
paths only) 1wr 1,000 ft of wht•elpatlt. 

The remaining measurenwnts for fh·xililc 
pavement sections are given in Table I in t(•rms 
of area affect('d by class 2 and class ~ crack
ing, length of transverse and longitudinal 
cracks, and patched area, \\'here an·as and 
lengths are expressed per 1,000 square frel of 
p:wement area. Corresponding mPasuremPnt, 
for rigid pawments are shown in Table 2--F 
in terms of length of class 2 and Sl'aled cracks, 
spalled area, and patched area. Len1-,rths for 
rigid pavement cracks were determined hv 
projecting the cracks both transwrsely an;! 
longitudinally, choosing the larger projcctiot1, 
then expressing the accumulated result in feet 
per 1,000 sq ft of pavement area. Only spalled 
areas having more than :3-in. diameters were 
considerer!, and both spalling and patching an, 
expressed in square feet per 1,000 sq ft of pave-
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0 80 160 240 320 400 
Mean AASHO rouc;ihometer displacement (,n / m,) 

Figure 7-F. Slope variance vs AASHO roughometer 
displacement; 20 rigid pavements. 
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Fii.:urt• 8-F. lfot <IP11th \'ariant·e vs slopr variancr; 7-t 
flexible pa,·enH'nts. 

ment an•a. \'irtually any pair of measurements 
are inten:orrelated to some degree, some more 
hiµ:hly than others. Figures 9-F and 10-F in
dicate the degree to which SV is correlated 
with the sum of cracking and patching values. 
A stronger correlation is shown in Figure 
10-F than in Figure 9-F. If either correlation 
\\.('I'(' fH'l'f(•d, 01w or tlw otlwr of the plotted 
variables would be rPdundant in an index of 
present serviceability. 

Hypothesis and Assumptions for Present 
S<'n·iceahility Index 

One requirement for an index of present 
serviceability is that when pavement measure
ments are sub~tituted into the index formula, 
the resulting values should be satisfactorily 
close to the corresponding present serviceabil
ity ratings. There are also advantages if the 
index formula is relatively simple in form and 
if it depends on relatively few pavement char
acteristics that are readily measured. 

Guided by the discussion of the AASHO 
rating panel as well as by results from early 
rating sessions, the general mathematical form 
of the prest•nt serviceability index was assumed 
to be 

PSI - C + (A iR, + A,R, + ... ) + 

(B,D, + B,D, + ... ) ( 1-F) 

where R,, R,, ... are functions of profile rough
ness and where D,, D,, ... are functions of sur
face dekrioration. The coefficients C, A,, A,, 
... , B,, R 0 , ••• may then be determined by a 
least squan•s regression analysis. It is expected, 
of course, that A,, A,, ... B,, B, ... will have 
negative signs. To perform the analysis, the 
PSR for the j"' of a set of sections is repre
sented by 

(2-F) 

in which Ei is a residual not explained by the 
functions used in the index. Minimizing the 
sum of squared residuals for all sections in 
the analvsis leads to a set of simultaneous 
equations whose solutions are the required co
efficients. The respective effect of adding or 

100 ~-----.-·--11T--~I 
~ 80 tll -~!------~ . l 1' 

i 

! '° r- v-,-- I t 
! 40 fo - - :/ ·- -- - j -/ 
j 20 ~s·-o-J- -"-- .. -·-· _.o_ - - - - -~ 

'b 0 

00 O o 0 

~ 000 0 0 0 0 

0 Do 

0 120 240 360 480 600 720 840 
Total crackino and patch1no (per 1000 ft 2 ) 

Figure 9-F. Mean slope variance vs cracking and patching; 74 flexible 
pavf'ments. 
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Figure 10-F. '.\lean slope variance vs cracking and patching; 49 rigid 
pavements. 

dl'lding terms in Eq. 1-F will be to decrease 
or increase the sum of squared residuals. The 
change in residual sum of squares can be used 
to deduce the significance of adding or drop
ping· terms from the index formula. 

The model for PSI is linear in that if all 
functions save one are given a numerical value, 
then PSI versus the remaining /function repre
sents a straightline relationship. For this 
reason it is desirable to choose functions R" 
U., .. . , n,, /)" .. . , that have linear graphs 
"·hen plotted with PSR values. For example, 
logarithms and powers of the original meas
urements may be used as linearizing transfor
mations. 

A present serviceability index developed 
from observed ratings and measurements can 
on h· rdll'ct the characteristics that were 
ad~ally present in the observed pavements. 
For an~· partirnlar characteristic, the index can 
only reflect the observed range of values for 
thP charnct.Tistic. For example, if the selected 
pa ,·l·ments had no potholes, there is no objec
tive wav tl, infer how potholing would affect 
the present serviceability ratings, and the 
index ca nw ,t contain a function of potholing. 
As anotlH·r l'Xample, if faulting in the selected 
p,n-enwnts ranged from O to 10, there would be 
no ,,·av to infer the effect on PSH of pa,·ements 
whose· faulting was in th(' range GO to 100. * 
This same argument applies to the present 
serviceability ratings themselves. If PSR's for 
thL' selected pavements range only from 2.0 to 

* It was for this reason that it was not possible to 
ll('ttTmine the effect of rutting in flexible pavements 
after the first three rating sessions which included 
pa\'ements with nitting ranging from O to only 0.37 in 
Thus the fourth rating session was necessary to deter
mine the effect of ruts in the range of 0.5 to 1.0 in. 
<i<'f'Jl. 

4.0, there is no way to infer what pavement 
characteristics must be like in order to produce 
a value of 1.0 or 5.0, except to extrapolate the 
index on the assumption that linearity holds 
over t\le full range of pavement characteristics. 

For these reasons it has been staaied that 
selected pavements should show all pkenomena 
of interest, the complete range of interest for 
each phenomenon, and should be associated 
with PSR values that span the full range of in
terest. Therefore, pavement selection amounts 
to the assumption that all interesting phe
nomena and ranges have been encompassed by 
the selections. Extrapolations of the index to 
measured values outside the range of those 
found in the selected pavements amounts to the 
assumption that the index formula remains 
linear in the region of extrapolation. 

Choice of Functions for the Present Service
ability Index 
Measurements from the Illinois and Minne

sota sections were plotted in succession against 
corresponding PSR values to determine which 
measurements were essentially uncorrelated 
with PSR and to deduce the need for lineariz
ing transformations. It was indicated that the 
mean wheelpath slope variance, SV was highly 
correlated with PSR, though curvilinearly. Fig
ures 11-F and 12-F show the nature of this 
correlation for all selected pavements. From 
several alternatives, the transformation 

R, = log (1 + SV) (3-F) 

was selected as the first function of profile 
roughness to appear in the PSI model for both 
flexible and rigid pavements. The result of this 
transformation is shown in Figures 13-F and 
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,·ariancc; 74 flt•xible pan•mcnts. 

11-F wlwl'e l'SR valut-s an} plotll-d against R1 
fol' l!t•xilile and rigid pavements, respectively. 

F'ol' the flexible pavements, mean wheel path 
rut depth, RD, was inclu<led as a second pro
file measurement to appear in the PSI C'quation. 
Tht• selected function of rut depth was 
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Figure 13-F. Present serviceability rating vs log 
(I + mean slope variance); 74 flexible pavements. 
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Figure 12-F. Present serviceability rating vs slope 
variance; 49 rigid payements. 

The scatter diagram of PSR vs RD 2 1s shown 
in Figure 15-F. 

Although preiiminary analyses considered 
the possibility of several functions of surface 
deterioration, for example, one function for 
each of the measured manifestations, it was ap-

5.0 1----+----~=,·::. ···t-1 =r f-+-1---_ 
g- 4.0 -- I -+-"--l1--:-: g ' -+- _j_i_ i -- i 
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E 3.0 -r--l --+~+oo ~: ~-+----1. --;;-+.I ----+--
~ I I O ) 0 ! 1 I 

1.0 1~ ·r, .. 
! 

0 
0 .4 .8 1.2 1.6 2.0 

log ( I + mean slope variance) 

Figure 14-F. Present serviceability rating vs log 
(1 + mean slope variance); 49 rigid pavements. 
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parent that no loss would be incurred by lump
ing all major cracking and patching into a 
single number to represent surf ace deteriora
tions. Values for C + P are not shown in 
Tables 1-F and 2-F, but may be obtained from 
the cracking and patching measurements. 
Scatter diagrams for the PSR versus C + P 
are shown in Figures 15-F and 16-F. 

For whatever reasons, it is apparent that 
there is little correlation between PSR and 
C + P for the flexible pa,·ements, but that a 

.20 .40 .60 .80 1.00 

Mean rut depth squared (in 2
) 

Figure 15-F. Present serviceability rating vs mean 
depth squared; 74 flexible pavements. 

0 4 8 12 

fair degree of correlation exists between the&e 
variables for the rigid pavements. For both 
flexible and rigid pavements the transforma
tion 

(5-F) 
was selected as a linearizing transformation 
for C + P (Figs. 17-F and 18-F). 

Thus the present serviceability index models 
to be used are 

For flexible pavements: 

PSI cc, Ao + A,R, + A,R, + B,D, c-= 
A0 -t A, log (1 + SV) + A,RD" + E, VC +P 

(6-F) 

For ri[Jid pavernPnts: 

PSI = Ao + A,R, + B,D, = Ao + A, log 
(1 + SV) + B1 vc-+ p 

(7-F) 

It is not expected that the coefficients A 0 , A" 
and B, have the same values for both equations. 

There are many other possibilities for Eqs. 
6-F and 7-F---other instruments might be used 
to detect deformation and deterioration, and 
summary values other than SV, C + P and 
RD mig}!t_be used. Moreover, different func
tions of SV, C + P and RD could be chosen, or 
more functions of pavement measurements 
could be included. 

One of the most important elements of pave
ment serviceability is its longitudinal profile in 
the wheelpaths. The profile of the road coupled 
with the appropriate characteristics of the ve
hicle (mass, tires, springs, shock absorbers, 

---.-~-----

16 20 24 28 

Square root of crockinQ and potch,nQ ( per 1000 ft 2 ) 

Figure 16-F. Present serviceability rating vs square root cracking and 
patching; 74 flexible pavements. 
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speed, etc.) produce the "ride" attained in that 
vehicle over that road. The actual profile of 
the wheelpath as though taken with rod and 
level at very close spacing is called the displace
ment profile, 71. The first derivative of the dis
placement profile is the profile of the slope, p'. 
A plot of the slope profile has the same abscissa 
( distance along the road) as the displacement 

.f 4.0 

.n 3.0 
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" ,! 
> : 
- 2.0 
C 

" .. 
~ 
Cl. 

1.0 

0 
0 4 8 12 

profile and its ordinate represents the rate of 
change of displacement, or slope of the road at 
any point. The seccmd derivative of the dis
placement profile is the "acceleration" profile, 
p", and represents the rate of change of slope, 
and the third derivative is the "jerk" profile, 
p"', the rate of change of acceleration. It has 
been suggested that jerk may be more highly 

j 
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) 

Figure 17-F. Present serviceability rating vs square root cracking and 
patching; 49 rigid pavements. 
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Figure 18-F. Present serviceability history of three selected test 
sections on the AASHO Road Test. 
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correlated with a rider's opinion of his ride 
than any of the other represenbtions. Perhaps 
this is true if one is seeking to define ''ride"-
but the efforts at the Road Test were direcif·d 
towards a definition of the '',Hnoothness of a 
road" independent of the vehicle that might use 
it. Considerable effort was spent in studying 
correlations of the variances of various pndle 
derivatives with the nrescnt S('l",iceabilitv rnt
in)!."s, hut there was no evidence that ele~ation 
variancl', acceleration varia11l·e, or Jerk v«ri
an<'<' has higher correlation with PSR than th<' 
slope variance. On the other hand, when a 
number of the slope profiles were subjected to 
generalized lrnrmonic analysis to determine 
how variance was associated with the wa\·e
knhrth spPct rum, th<Tc was sonw indicati,m 
that slope variance in u>rtain regions of the 
wavelenh,th spectrum is more hidilr correlated 
with PSR than is the total slrJpe \·ariance. 

Col'fjfri,•nts fr;r the Present Sa·1·iCl'ai1ilily 
lndf'x 

Substitution of Eq. G-F into Eq. ~ -F ~;1\·es 
for flexible pavements 

AJ;-:,i -j !J,D1j -1 E} 
(8-F) 

rn which 

R,i ,~ log (1 + SV;), R,; --=c RD}' and D 1i .,c 

\IC; + P, for the j'i. pavement. 

Least squares estimates for Ac, A,, A2 an<l B1 
::tre found by minimizing the sum of squared 
residuals, E,. through solving four simultane
ous equations for A,,, A,. A, and B,. The solu
tion of these equations gives the index 

PS I -c: 5.o:~ -- 1.91 log ( l -+ SY) 
1.38 RD 2 - 0.01 V C--~ P 

(fl-F) 

B(•canse the mo<lel for rigid pavement (Eq. 
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7-F) has only three undetermined coefficients, 
only three simultaneous equations need be 
solved. Their solution gives the index 

.PSI 5. n -- 1.78 log ( l + Si') 
0.09VC+P 

(10--F) 

Th,, multipie squan·d corrl'lati,m 1·01,iTi.cil'nts 
i'nr tb•se dcrivati11ns are r' (U~-1-1 for tlw 
flexible pn n°ments, and r' 0.91 (i fur the rigid 
pa ,·ernents. 

Then•fore, the PSI formulas an:ount for~ L l 
percent and 91.ii rwrccnt of the variation in 
PSR f(,r flexible anrl rigid pav<•nwnts, rcspec
tivf'h·. The ]'('c,pl'ctive rnot nwan squ;ire resi
duals are about o.:\?' and O.:t2, n•spedivcl:,·. 

Th,, last columns of Tables 1-F and ~--F 
sh(),,· c·alcuiated valut"S f<'i· the I1l'PSPt1t spn·icc· 
ability ind(•X\'S ;1,.; Wl'll as for rp:,iduals. At th,• 
l,,,ttnin of tlw last column, tlw nwan rPsidu;1] 
was O.:rn for flexihl(' pavenwnts anrl O.~,; for 
rig-id p;,n•nwnts. l n both cases, the rm'an resi
dual is :1b1,ut t \\"it'(' th,• !1\('an diffi'l"vncc lwt\H'1'll 
rep!i<"ate rating~ gi\<'ll liy the AASIIO ratin,r 
J)anel. 
- Frum thc n'sidual columns, six lh·x1bll' and 
th1·r'(' rigid pavcmrnt residuals pxcveded o.:i. 
the largest replication diffen'llCf' giv,'11 h:, the 
panel. Hnw<>ve1·, the index formulas span rat
in)!."s mmle more than a year apart ,,·hi•rcas all 
rcplicat<' rating" \,·ere made on successive (b~·s. 
As stated bdorv, it is quite possil>le that repli
cate l'SR's would be more diffen,nt \\'hen made 
over longer intervals of time. 

When the 15 rigid pavement PSR nt!ues 
from the fourth rating session were compared 
with PSI values given by F.q. 10-F, the sum of 
the algebraic deviations was practically 0 
whereas mean discrepancy was 0.3. Since onlr 
two nf the deviations exceeded 0.5, it was in
f erred that Eq. 10-F fitte<l the new PSR values 
to about the same degree as ii predicted those 
from which it was dcrin'd. 
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The lmportance of Pavement Serviceability 

The primary operating characteristic of a pavement is the level of 

service it provides to the users, both today and in the future. It is 

important to: a) measure or evaluate this level of service to establish 

the current status of a pavement, and b) to predict the change of level of 

service in the future, for either an existing pavement or for a pavement to 

be constructed. 

This level of service, or more simply, serviceability, can change 

slowly or relatively quickly with time, depending on sucu 1.act:ors as 

traffic, type and thickness of structure, surface distress, orig~nal 

construction quality, climatic factors, type and degrPP of maintenance 

performed, etc. When the change of serviceability over time is considered, 

we refer to it as performance. 

Development of the Serviceability Concept 

The evaluation of pavement performance involves a study of the func

tional behavior of a length of pavement in its entirety. For a functional 

behavior or performance analysis, information is needed on the history of 

the riding quality of the pavement section for a period of time and the 

associated traffic during that time. This can be determined by periodic 

observations and measurements of the pavement riding quality coupled with 

records of traffic history and time. It is this history of deterioration 

of the riding quality or function of the pavement that defines pavement 

performance as shown in Fig. 4.1. 

Until a measure of pavement serviceability was developed in conjunc-
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t.ion with the AASHO Road Test (10), little attention was paid to evaluation 

of pavement performance per se. A pavement was either satisfactory or 

unsatisfactory (i.e., in need of repair or replacement). The ideds of 

"relative" performance were not adequately developed. Most pavement 

design concepts in general use did not consider the level of performance 

desired. Design engineers as a group have varied widely in their concepts 

of desirable performance. As an example; suppose that two engineers are 

asked to design a pavement for a certain expected traffic history for 20 

years. The first might consider the job properly done only if not a 

single crack occurred during the 20 years, whereas the second designer 

might be satisfied if the last predicted application was able to pass 

safely over the pavement before total collapse at the end of the twentieth 

year of life. 

Many popular design systems involve determination of the pavement 

thickness required to hold certain computed stresses or strains below some 

specified levels. It is clear that cracks will occur if the pavement is 

overstressed, but not much information was available prior to the time of 

the AASHO Road Test to relate such cracks to functional behavior. Thus a 

method of performance evaluation was badly needed for use in the pavement 

field at the time of the AASHO Road Test, and it was fulfilled with the 

"serviceability-performance concept," developed by Carey and Irick (1). 

This concept, first used at the AASHO Road Test, is a well-defined tech

nique for evaluating pav~.ment performance, as subsequently discussed in 

more detail. 

Serviceability must be defined relative to the purpose for which the 

pavement is constructed, that is, to give a smooth, comfortable, and safe 

ride. In other words the measurement should relate explicitly to the user, 

who is influenced by several attributes of the pavement, including the 

following: 

1. Response to motion as characterized by the particular pavement
vehicle-human interaction for a particular speed 
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2. Response to appearance, as characterized by such factors as 

cracking and patching, color, shouldercondition, etc. 

Concept of Ratings 

A rating procedure requires the construction of some type of arbitrary 

scale to be used in the rating. Teachers often rate students on a scale of 

0 to 100 percent; amateur golfers are rated by an arbitrary system called 

a handicap, which is derived as a percentage of their average score over 

par for a period of time. A large number of such arbitrary scales are in 

use today and could be cited as examples. For many years, the "roughness 

index" was used as a rating sea.le for pavements. This roughness index is 

rather arbitrary, and a "good" value depends largely on the particular 

piece of equipment used in the evaluation. 

If some absolute roughness standard were available, this problem would 

be minimized. It is not likely, however, that such an absolute standard 

will ever be developed. As a result, "scaling factors" have been developed 

to provide a basis for comparing ratings from many sources. 

Hutchinson (3) has presented some of the basic conslderations as

sociated with subjective ratings. Care must be taken in the development of 

such rating schemes, and improved rating scales can no doubt be developed 

if additional attention is given to this subject. 

The evaluation of riding quality is a complex. problem, depenc11.ng on 

three separate components: the pavement user, the vehicle and the pavement 

roughness, plus interactions among them. Hutchinson has described the 

problems associated with analyzing the su~jective experience of highway 

users in deriving an absolute measure of rid.ing quality. These require: 

(1) the development of a suitable mathematical model to characterize 

pavement roughness, (2) the development c,f a suitable mathematical model to 

describe the suspension characteristics of highway vehicles that may be 

used along with the roughness model tc predic.t the dynamic response of 
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vehicles, and (3) a quantitative knowledge of the response of h11man heing~ 

to motion. 

In order to improve our subjective rating systems it will be necessary 

to evaluate objectively human sensibilities including the effect of motion 

sickness and its causes. These will involve studies of frequency, wave

length, and amplitude of roughness input parameters. 

Development of a Serviceability Index 

The WASHO Test Road in the early 1950's proved to be especially diffi

cult with respect to establishing a failure condition for the pavement 

sections subjected to the test traffic. As a result of these difficulties, 

the idea of subjectively established average pavement ratings to measure 

serviceability was developed by Carey and Irick (1). They stated that 

there are five fundamental assumptions associated with the pavement service

ability concept, which may be sunnnarized as follows: 

1. Highways are for the comfort and convenience of the traveling 

public. 

Stated another way, a good highway is one that is safe and smooth. 

2. Users' opinions as to how they are being served by highways 

is by-and-large subjective. 

3. There are, however, characteristics of highways that can 

be measured objectively and that, when properly weighed and 

combined, are in fact related to users' subjective evaluation 

of the ability of the highway to serve them. 

4. The serviceability of a given highway may be expressed by the 

mean evaluation given by all highway users. Honest differences 

of opinion preclude the use of a single opinion in establishing 
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serviceability ratings. The mean evaluation of all user 

however~ should be a good measure of h,gl:.way serviceabiL'ty. 

5. Perforn:ance is assumed to be an overall appraisal of the 

serviceability history of a pavement. Tilus it is assumed that 

the performance of a pavement can be described if one can 

observe its serviceabillty fr'om the time it was built up until 

the time its performance evaluation is desired. 

Based on these fundamental assumptions, Carey and Irick developed the 

Present Serviceability Index (PSI) measure used at the AASHO Road Test. 

They showed that pavement roughness can be closely related to ratings of 

serviceability. Furthermore, the AASHO Road Test (10) showed that pavement 

performance, in terms of the history of the serviceability index, can be 

correlated with certain pavement design factors. A similar well-known 

technique was developed in the studi~s conducted by the Pavement Design and 

Evaluation Committee of the Canadian Good Roads Association (which became 

the Roads and Transportation Association of Canada in 1971) in the late 

1950's, and early 1960's (6-9). 

These serviceability measures are supposed to simulate users' opinions 

or evaluations, which are su~jective, of the riding quality provided by the 

pavement. In the AASHO and Canadian studies, procedures for obtaining 

user-simulated opinions were developed by constituting rating panels and 

having the members of these panels drive over a number of pavement SP.C

tions. Certain "ground rules" were established for these ratings sessions, 

as described in Refs. (1, 10,12 ). Each panel member records his or her 

independent, subjective opinion on the type of form shown in Fig. 4.2. 

The AASHO terminology for each such rating is Individual Present Service

ability Rating, with the mean of the individual ratings termed as Present 

Serviceability Rating (PSR). The Canadian equivalent was originally termed 

Present Performance Rating but was changed in 1968 to Riding Comfort Index 

(RC!) to denote more explicitly the evaluation of pavement riding quality 

only (12). 
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The major difference between the two approaches, as shown by comparing 

Fig. 4.2a and Fig. 4.2b is in the construction of the scales. There are 

five descriptive cues in each; however, the construction of the RCI scale 

means that it has 10 categories instead of 5. Both methods emphasize that 

only the descriptive words are to be given attention by the rater in judg

ing a particular section and that an exact numerical rating will be scaled 

off later. 

It is obviously impractical and expensive to evaluate serviceability 

on anything but a very limited basis using the rating panel method. Con

sequently, considerable effort has gone into correlating various mechanical 

measurements with these subjective ratings. The purpose of such efforts is 

to develop efficient, repeatable objective methods for estimating service

ability. Figures 4.3 through 4.7 illustrate various concepts regarding pave-

ment performance and serviceability. These will be more fully discussed during 

the presentation of this session. 
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SERVICEABILITY RATING FORM 
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LESSON OUTLINE 
PAVEMENT LOAD CARRlING CONCEPTS 

Lecture Objectives 

1. To introduce the two basic definitions of the "rigid" and "flexible" 
pavements and to distinguish between the theoretical principles of each. 

2. To explain the role of the base and subbase in the distribution of 
stresses and other functions in the pavement system. 

Performance Objectives 

1. The student should be able to explain the differences in the rigid and 
flexible pavement method of stress distribution. 

2. The student should be able to explain the use of the base and subbase 
courses in both the rigid and flexible pavement systems. 

Abbreviated Sununary 

1. Pavement Definitions 

2. Subgrade Loading/Base and Subbase Course 

3. Load Carrying Concept 

4. Effect of Tire Pressure and Total Load 

Reading Assignment 

Time Allocations, min. 

10 

15 

15 

10 

50 minutes 

1. Yoder & Witczak - Chapter 1 and Chapter 2, pages 72-77 

2. Haas & Hudson - Chapter 13, pages 137-150 
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LESSON OUTLINE 
PAVEMENT LOAD CARRYING CONCEPTS 

1.0 INTRODUCTION 

The primary function of a pavement is to serve the user in a safe, 
comfortable, and economic manner. In order to satisfy this function, 
the pavement must have adequate structural capacity under the influence 
of traffic loads and environmental factors. 

1.1 FLexible Pavements 

Classified as a pavement structure having a relatively thin asphalt 
wearing course with layers of granular base and subbase being used 
to protect the subgrade from being overstressed. This type of 
pavement design was primarily based upon empiricism or experience, 
with theory playing only a subordinate role in the procedure. 

1.2 Rigid Pavements 

Rigid pavements or Portland cement concrete pavement design has 
long been based primarily upon a theoretically related analysis 
involving some empirical modifications to the classical Westergaard 
approach. 

1.3 Arbitrary Definitions 

It should be obvious that the definitions "flexible" and "rigid" 
are arbitrary and were established to distinguish between asphalt 
and Portland cement concrete pavements. 

1.3.1 Thick Asphalt. Asphalt pavements may possess as much stiffness 
as PCC pavements, by using stabilized pavement layers or 
thick asphalt layers. 

1.3.2 Flexible Design. In the case of "rigid" asphalt pavements 
the classical methods of designing flexible pavements no 
longer apply. 

1.4 Load Distribution Over Subgrade 

The essential difference between the two types of pavements, flexible 
and rigid, is the manner in which they distribute the load over the 
subgrade. 
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1.4~1 Rigid Pavement. The rigid pavement, because of its rigidity 
and high modulus of elasticity, tends to distribute the load 
over a relatively wide area of the soil; thus, a major portion 
of the structure capacity is supplied by the slab itself. 
The major factor considered in the design of rigid pavements 
is the structural strength of the concrete. For this reason, 
minor variations in subgrade strength have little influence 
upon the structural capacity of the pavement. 

1.4.2 Flexible Pavements. The load carrying capacity of a truly 
flexible pavement is brought about by load distributing 
characteristics of the layered systems. Flexible pavements 
consist of a series of layers with the highest quality 
materials at or near the surface. Hence, the strength of a 
flexible pavement is the result of building up of thick layers 
and, thereby distributing the load over the subgrade, rather 
than by the bending action of the slab. The thickness design 
of the pavement is influenced by the strength of the subgrade. 

2.0 BASE COURSE 

The function of the base course varies according to the type of pavement. 
In general they provide additional structural support, drainage and 
prote.ction against frost action, (when necessary). 

2.1 Rigid Pavements 

2.1.1 Control of Pumping. To prevent pumping, a base course must 
either be free draining or it must be highly resistant to 
erosion action of water. 

2.1.2 Protection Against Frost Action. The base course needs to be 
designed for free drainage and be non-frost susceptable. 

2.1.3 Drainage. The base may or may not be a well graded material, 
but it should contain little or no fines. 

2.1.4 Protection of Volume Change of The Subgrade. This may require 
stabilization with cement or asphalt. 

2.1.5 Increased Structural Capacity. 

2.2 Flexible Pavements 

Primarily used to increase the load-supporting capacity of the pave
ment by preventing added stiffness and resistance to fatigue as 
well as building up relative.ly · thick layers to distribute the load 
through a finite thickness of pavement. 
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2.3 Base Construction (Visual Aid 6.1) 

Base courses are constructed some distance beyond the edge of the 
wearing surface. This is done to make certain that loads applied 
at the edge of the pavement will be supported by the underlying 
layers. 

2.3.1 Little or No Fines*. This aggregate gains its stability by 
grain-to-grain contact. Usually exhibits: 

(a) low density, 

(b) pervious, 

(c) non-frost susceptible, and 

(d) difficult to handle during construction. 

* The term "fines" for this discussion indicates the portion 
of the mix which will pass a No. 20° mesh sieve. 

2.3.2 Sufficient Fines. This aggregate gains its strength from 
grain contact but with increased resistance. 

2.3.3 A Great Amount of Shear Fines. The aggregate "floats" in the 
soil due to the loss of grain-to-grain contact. 

3.0 SUB-BASE 

(a) low density, 

(b) impervious , 

(c) frost susceptible, 

(d) stability affected by moisture, and 

(e) compacts readily. 

Sub-base may consist of select materials, such as natural grouts, that 
are stable but have characteristics that make them not completely suitable 
as base courses. They may also be of stabilized soil or select borrow. 

3.1 Purpose 

The purpose of the sub-base is to permit the building of relatively 
thick pavements at low cost. Thus, the quality of subbases can 
vary within wide limits, as long as the thickness design criteria 
are fulfilled. 
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Density and moisture requirements are determined from the results 
of laboratory or field design tests. 

4.0 LOAD CARRYING CONCEPT 

4.1 General Response of a Pavement 

4.1.1 Traffic Load in a Single Position. A pavement that carries 
a traffic load will be stressed in the general manner shown 
in Visual Aid 6.2. Maximum stresses occur under the center 
of the load shown in Visual Aid 6.2a. Visual aid 6.2b and 
Visual Aid 6.2c show these stresses 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 (i.e., 
below the neutral axis, Visual Aid 6.2c). The distribution 
of temperature, as illustrated in Visual Aid 6.2d, will also 
affect the magnitude of the stresses. 

4.1.2 The Moving Load. In reality, the load is moving. The stresses 
shown in Visual Aid 6.2b and 6.2c can be considered as peak 
values, which occur when the load is directly over the vertical 
dotted line shown in Visual Aid 6.2a. When the load is 
approaching, or leaving, smaller vertical and horizontal 
stresses will occur along that line. This situation can be 
represented by Visual Aid 6.3 for an approaching load. 

Consider an element in the pavement, as shown in Visual Aid 
6.3. It is simultaneously subjected to a buildup in both 
major principal stress, 01, and a minor principal stress, 
0 3 , as the load approaches. In addition, as the stress build 
up (i.e., when the loan approaches position B from Position 
A), a rotation of the axis for these principal stresses occurs. 

5.0 EFFECT OF TIRE PRESSURE AND TOTAL LOAD 

5.1 Variation of Vertical Stress With Depth (Visual Aid 6.4) 

The magnitude of vertical stress at a point due to a load at the 
surface on a pavement will depend on the applied pressure as well 
as the magnitude of the total load. Visual Aid 6.4 and 6.5 represent 
Boussinesq vertical pressures in an ideal soil mass due to various 
combinations of tire pressure and total load. In Visual Aid 6.4 
one curve is for a tire pressure of 100 psi and single load of 
80,000 pounds. Also presented is that for an identical gross wheel 
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load but for the tire pressure of 200 psi. As seen on th- curves 
the effect of the high tire pressure is pronounced in the upper 
layers of the pavement, whereas at a depth of about 36 inches the 
stresses are about equal for both cases. 

High tire pressures, thus, necessitate high-quality materials in the 
upper layers of the pavement, but the required total depth of pave
ment is not affected appreciably by tire pressures. On the other 
hand, for a constant tire pressure an increase in total load in
creases the vertical stress for all depths. 

5.2 Effect of Number of Wheels (Viusal Aid 6.5) 

Visual Aid 6.5 shows the effect of dual wheels on stresses for 
constant tire pressure. Calculated stresses at the surface are 
not affected by the wheel configuration and are equal to the applied 
tire pressure. Dual wheels, however, result in increased stresses 
at greater depths as do tandem axles when the pressure bulbs of the 
tires overlap. Notes for Visual Aid 6.5 are as follows: 

(a) All tires have 100 psi inflation. 

(b) Depth at which interaction of dual wheels is significant is 
about equal to one-half the clear distance between tires. 

(c) Depth at which dual tires will act as a single tire is about 
two times the c-c spacing of the tires. 
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PAVEMENT LOAD CARRYING CONCEPTS 

VISUAL AID TITLE 

Visual Aid 6.1. Physical states of soil-aggregate mixtures. 

Visual Aid 6.2. Typical stress and temperature distributions under a 
wheel load. 

Visual Aid 6.3. Rotation of principal stress axis of an element as a vehicle 
moves over the surface. 

Visual Aid 6.4. Variation of vertical stress with depth. 

Visual Aid 6.5. Effect of number of wheels on vertical stress. 
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Visual Aid 6.1. Physical states of soil-aggregate mixturLs. 

(a) (b} (c} 

Little or No Fines Sufficient Fines A Great Amount of Fines 
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Visual Aid 6.3. Rotation of principal stress axis of an element as a 
ve~icle moves over the surface. 

Position A 
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Visual Aid 6.4. Variation of vertical stress with depth. 
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Visual Aid 6.5. Effect of number of wheels on vertical stress. 
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LESSON OUTLINE 
PAVEMENT DESIGN VARIABLES 

Instructional Objectives 

1. To demonstrate that the most difficult aspect of solving complex problems 
(i.e., engineering problems) is often properly defining the problem itself. 
The number of variables in a seemingly simple problem can often be large 
once the problem is properly defined. 

2. The instructor should emphasize in his summary that engineering judgment 
is the key ingredient in determining which variables should be included 
in the analysis or ignored. 

Performance Objectives 

1. The student should understand the complexity of pavement design problems 
and the simplifications and assumptions that are in applying the various 
design theories, 

Abbreviated Summary 

1. Both Pavement Types 

2. Flexible Pavement 

3. Rigid Pavement 

Reading Assignment 

1. AASHTO Interim Guide - Introduction, Chapter 1 

2. Haas & Hudson - Chapter 12 

3. Yoder & Witczak - Chapter 1 
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LESSON OUTLINE 
PAVEMENT DESIGN VARIABLES 

1.0 PAVE1'fENT OBJECTIVES 

Before we can design pavements we need to clearly see the objectives of 
a pavement (Visual Aid 7.1). 

(a) Maximum 
costs). 

(b) Maximum 
(c) Maximum 
(d) Maximum 
(e) Minimum 

traffic 
(f) Minimum 
(g) Minimum 
(h) Maximum 

or reasonable economy (in terms of agency costs and user 

or adequate safety. 
or reasonable pavement serviceability over the design period. 
or adequate load-carrying capacity (magnitude and repetitions). 
or limited physical deterioration due to environmental and 
influences. 
or limited noise and air pollution during construction. 
or limited disruption of adjoining land use. 
or good aesthetics. 

2.0 DESIGN OBJECTIVES 

It is also necessary to fully understand what the objectives of "design" 
are (Visual Aid 7.2). 

(a) Development of a design strategy of maximum (or "reasonable") 
economy, safety, and serviceability. 

(b) Consideration of all possible design alternatives, 
(c) Recognition of the variational nature of the design factors. 
(d) Maximization of the accuracy of prediction of serviceability, 

safety, and physical deterioration for the alternatives considered. 
(e) Maximization of the accuracy of estimating costs and benefits. 
(f) Minimization of the costs of design (materials, testing, computer 

time, personnel time, etc.). 
(g) Maximization of information transfer and exchange between construction 

and maintenance people. 
(h) Maximum use of local materials and labor materials and labor in the 

design strategies considered. 

3.0 DESIGN CONSTRAINTS 

Design constraints must also be recognized within any good design approach 
(Visual Aid 7.3). 

(a) Availability of time and funds (for construction, and for conducting 
the design itself). 

(b) Minimum level of serviceability allowed for the pavement before 
rehabilitation of materials. 
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(c) Availability of materials. 
(d) Minimum or maximum layer thickness. 
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(e) Minimum time between overlays or seal coats. 
(f) Capabilities of construction and maintenance processes. 
(g) Testing capabilities. 
(h) Capabilities of the structural and economic models available. 
(i) "Quality" and extent of the design information available. 

4.0 TRAFFIC AND LOAD VARIABLES 

4.1 

4.2 

Load Factors 

(a) magnitude, 
(b) repetitions, and 
(c) sequence. 

Placement 

(a) distribution and 
(b) coverage. 

4.3 Representative Contact Area 

(a) Configuration of area 

(1) shape and 
(2) proximity of loaded area. 

(b) Contact pressure-tires to pavement. 

4.4 Type of Load Application with Respect to Rate and Duration 

(a) static and 
(b) dynamic (repeated, impact, vibratory). 

4.5 Tangential Forces 

(a) accelerating, 
(b) braking, and 
(c) cornering. 

5.0 SUBGRADE EVALUATION 

5.1 Strength - Stress - Deformation Characteristics 

(a) with respect to loading 
(b) considering properties influencing 

(1) density with respect to time, 
(2) moisture content with respect to time, 
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(3) texture of soil, 
(4) structure, 
(5) gradation, 
(6) porosity, and 
(7) permeability. 

5.2 Volume Change 
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Volume change is dependent on soil classification and degree of 
confinement of particular interest to the pavement engineer are: 

(a) swelling characteristics, 
(b) shrinkage characteristics, and 
(c) consolidation. 

6.0 CLIMATE - WEATHERING EFFECTS 

6.1 Rainfall 

(a) frequency, 
(b) duration, and 
(c) intensity. 

6.2 Temperature and Humidity 

(a) extremes, 
(b) frequency and duration of cycle, and 
(c) rate of change. 

7.0 LOCATION 

The same soil will behave differen~ly depending on other factors often 
encountered or created by tlie pavement engineer such as: 

(a) 
(b) 
(c) 
(d) 
(e) 

cut and fill, 
proximity of sea water or chemical action, 
water table, 
deep, soft deposits (organic), 
earth movements 

(1) landslides and 
(2) mudflows. 

8.0 THICKNESS AND QUALITY OF PAVEMENT STRUCTURE (Visual Aid 7 . .:,) 

Determination of thickness and quality of the pavement materials with 
respect to vertical position is dependent upon the soil str2ngth and 
expected volumetric changes, degree of confinement, soil c assification, 
and the stress-strain characteristics. 
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8.1 Evaluation of Wearing Surface 

(a) stability, 
(b) durability, and 
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(c) deformation characteristics compatible with the underlying 
layers. 

8.2 Strength of Hearing Surface 

(a) flexural, 
(b) compressive, and 
(c) tensile. 
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VISUAL AID 

Visual Aid 7 .1. 

Visual Aid 7.2. 

Visual Aid 7.3. 

Visual Aid 7.4. 

Visual Aid 7 .5. 
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LESSON OUTLINE 
PAVEMENT DESIGN VARIABLES 

TITLE 

Pavement objectives. 

Design objectives. 

Design constraints. 

Traffic and load variables. 

Major pavement dsign components. 
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VISUAL AID 7.1. PAVEMENT OBJECTIVES 

1. MAXIMUM OR REASONABLE ECONOMY 
(IN TERMS OF AGENCY COSTS AND USER COSTS) 

2. MAXIMUM OR ADEQUATE SAFETY 

3. MAXIMUM OR REASONABLE PAVEMENT 
SERVICEABILITY OVER THE DESIGN PERIOD 

4. MAXIMU~ OR ADEQUATE LOAD-CARRYING CAPACITY 
(MAGNITUDE AND REPETITIONS) 

5. MINIMUM OR LIMITED PHYSICAL DETERIORATION 
DUE TO ENVIRONMENTAL AND TRAFFIC INFLUENCES 

6, MINIMUM OR LIMITED NOISE AND AIR POLLUTION 
DURING CONSTRUCTION 

7. MINIMUM OR LIMITED DISRUPTION OF ADJOINING 
LAND USE 

8. MAXIMUM OR GOOD AESTHETICS 
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VISUAL AID 7.2. DESIGN OBJECTIVES 

1. DEVELOPMENT OF A DESIGN STRATEGY OF MAXIMUM 
(OR "REASOMABLE") ECONOMY., SAFETY., AND 
SERVICEABILITY 

2. CONSIDERATION OF ALL POSSIBLE DESIGN ALTERNATIVES. 

3. RECOGNITION OF THE VARIATIONAL NATURE OF THE 
DESIGN FACTORS 

4. MAXIMIZATION OF THE ACCURACY OF PREDICTION OF 
SERVICEABILITY., SAFETY., AND PHYSICAL DETERIORATION 
FOR THE ALTERNATIVES CONSIDERED 

5. MAXIMIZATION OF THE ACCURACY OF ESTIMATING COSTS 
AND BENEFITS 

6. MINIMIZATION OF THE COSTS OF DESIGN 
(MATERIALS., TESTING., COMPUTER TIME., PERSONNEL 
TIME., ETC,) 

7. MAXIMIZATION OF INFORMATION TRANSFER AND EXCHANGE 
BETWEEN CONSTRUCTION AND MAINTENANCE PEOPLE 

8. MAXIMUM USE OF LOCAL MATERIALS AND LABOR IN THE 
DESIGN STRATEGIES CONSIDERED 

7-8 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Revised WRH/lg 12/8/83 
Lesson 7 

VISUAL AID 7.3. DESIGN CONSTRAINTS 

AVAILABILITY OF TIME AND FUNDS 
(FOR CONSTRUCTJON, AND FOR CONDUCTING THE 
DESIGN ITSELF 

MINIMUM LEVEL OF SERVICEABILITY ALLOWED FOR THE 
PAVEMENT BEFORE REHABILITATION 

AVAILABILITY OF MATERIALS 

MHlIMUM OR MAXIMUM LAYER THICKNESSES 

MINIMUM TIME BETWEEN OVERLAYS OR SEAL COATS 

CAPABILITIES OF CONSTRUCTION AND MAINTENANCE 
PROCESSES 

TESTING CAPABILITIES 

CAPABILITIES OF THE STRUCTURAL AND ECONOMIC 
MODELS AVAi LAB LE 

"QUALITY" AND EXTENT OF THE DESIGN INFORMATION 
AVAILABLE 

ADMINISTRATIVE AND POLITICAL CONTROL 
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VISUAL AID 7.4. TRAFFIC AND LOAD VARIABLES 

1. WHEEL LOADJ AXLE LOADJ AND TOTAL VEHICLE LOAD 

2. NUMBER OF LOAD APPLICATIONSJ AND THEIR SEQUENCE 

3. VEHICLE SPEED 

4, LATERAL AND LANE DISTRIBUTION OF LOADS 

5. TIRE PRESSURES 

6. WHEEL OR GEAR CONFIGURATIONS 
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LESSON OUTLINE 
INTRODUCTION TO THE AASHO ROAD TEST 

A MOVIE 

Instructional Objectives 

1. To illustrate the complexities involved in pavement testing and to intro
duce the Road Test as the foundation for the Serviceability Performance 
concept and the AASHTO Interim Design Guides. 

Performance Objectives 

1. The student will obtain background information pertaining to the history 
of the AASHO Road Test as well as an understanding of the magnitude of the 
problems associated with the scale of experimental testing. 

Abbreviateci Summary 

1. Introduction 

2. AASHO Movie 

Reading Assignment 

1. Instructional Text 
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Time Allocation, min. 

15 

35 

50 



1.0 INTRODUCTION 
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LESSON OUTLINE 
INTRODUCTION TO THE AA.SRO ROAD TEST 

A MOVIE 

1.1. History of Road Tests 

The AASHO Road Test was the third full-scale test of pavement 
behavior under controlled truck traffic to be administered by the 
Highway Research Board of the National Academy of Sciences--National 
Research Council. The first such project, Road Test One-MD, was 
conducted on an existing portland cement concrete pavement in 
Maryland. A complete report on this project, Special Report 4, was 
published by the Board in 1952. The second such project, the WASHO 
Road Test, was conducted on two specially-built test loops of 
asphaltic concrete pavement in Idaho. Two reports on this project 
were published by the Board as Special Report 18 (1954) and Special 
Report 22 (1955). 

1.2. AASHO Road Test 

The AASHO Road Test was conceived and sponsored by the American 
Association of State Highway Officials as a study of the performance 
of highway pavement structures of known thickness under moving loads 
of known magnitude and frequency. 

2.0 TEST DESCRIPTION 

The project was considerably larger and more comprehensive than the 
previous studies, and the design of the experiment contained features not 
incorporated in the other two tests. Both portland cement and asphaltic 
concrete pavements, as well as certain types of bridges, were included 
in the test facility. 

3.0 AASHO REPORTS 

The AASHO Road Test was completed in 1960 and the results comprise 
five major reports. A subsequent large volume of special papers was 
presented at a conference in St. Louis, Missouri and published as TRB 
Special Report 73. Since that time, the AA.SRO Road Test data has been 
used hundreds of times to test theories, to develop pavement performance 
methodology. As ~overed elsewhere in this course, the AA.SRO Road Test 
forms the basis for the AASHTO Interim Design Guides, the most widely used 
pavement design manual in the world. 
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4.0 AASHO ROAD TEST MOVIE 
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The AASHO Road Test Movie was produced by the then Bureau of Public 
Roads and released widely in the division offices and regional office of 
the BPR throughout the United States. Approximately 20 or 30 copies 
were shown hundreds of times. However, since 1970, there has been little 
use of the movie. The movie demonstrates the massive nature and complicat
ed aspects of the road test better than any report alone can do. 
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INTRODUCTION TO THE AASHO ROAD TEST 

A MOVIE 

THE AASHO ROAD TEST 
Report 5 

Pavement Research 

Highway Research Board 
Special Report 61E 

National Academy of Sciences 
National Research Council 

Publication No. 954 
Washington, D.C. 

1962 
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THE AASHO ROAD TEST 
Report 5 

Pavement Research 

Chapter 1 

General Information 

1.1 BACKGROUND AND OBJECTIVES 

1.1.1 History 
The events leading to the three most recent 

large-scale highway research projects, Road 
Test I-MD, the W ASHO Road Test and the 
AASHO Road Test, are described in detail in 
AASHO Road Test Report 1, "History and De
scription of the Project" (HRB Special Report 
61A). The following is a summary of these 
events and the activities of the AASHO Road 
Test. 

For many years the member states of the 
American Association of State Highway Offi
cials had been confronted with the dual problem 
of constructing pavements to carry a growing 
traffic load and establishing an equitable policy 
for vehicle sizes and weights. The Association 
recognized the common need for factual data 
for use in resolving the problem. Therefore, in 
September 1948, it set up a procedure for initi
ating and administering research projects to 
be jointly financed by two or more states. 

In December of the following year a meeting 
was held at Columbus, at the request of the 
Governor of Ohio, to consider the problem of 
vehicle weight and its effect upon existing and 
future pavements. The conference was attended 
by representatives of the Council of State Gov
ernments and highway officials of 14 eastern 
and midwestern states. The need for more 
factual data concerning the effect of axle loads 
of various magnitudes on pavements was con
firmed. 

As a result, Road Test 1-MD was conducted 
in 1950. An existing concrete pavement in 
Maryland was tested under repeated applica
tion of two single- and two tandem-axle loads. 
The Highway Research Board administered the 

8-5 

test and puulished the results as HR B Special 
Report 4. 

Concurrently, the Committee on Highwa.v 
Transport of the American Association of State 
Highway Ofricials recommended that additional 
road tests be initiated by the regional membel'S 
of the Association. As a result, the \V es tern 
Association of State II ig·h way Officials s pon
sored the W ASHO Road Test, consisting of a 
number of specially-built flexible pavements in 
Idaho tPsted in 19f>!~-G4 under the same loads 
used in the Maryland test. The n)sults of this 
test, also conducted by the Highway Research 
Boani, were published as Special Repods 18 
and 22. 

In March 1951, the Missis;:;ippi Valley Con
ference of State Highway Engineers had 
started planning a third regional project. How
ever, the idea of another regional project of 
limited extent was abandoned in favor of a 
more comprehensive road test to be sponsored 
by the entire Association. In October, comply
ing with a request by the Association, a High
way Research Board task committee submitted 
a report, "Proposal for Road Tests," after 
which the Association appointed a working 
committee to prepare a prospectus on the proj
ect. By December it had been decided to in
clude bridges in the research. 

In June 1952, the Working Committee pro
duced a report, "AASHO Road Test Prnject 
Statement." In July it selected a site for the 
project near Ottawa, Ill. In .January 19G:\ it 
submitted a second report, "AASHO Road Test 
Project Program," and in August 1954, a third 
entitled "Project Program Supplement." In 
May 1955, this committee produced its fourth 
and final report "Statement of Fundamental 
Principles, Project Elements and Specific Di
rections." 
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Meanwhile, in March 1953, AASHO had 
formulated a plan for proratihg the cost of the 
project among its member departments and, 
later, had received assurances of participation 
from the States, the Automobile Manufacturers 
Association, the Bureau of Public Roads and 
the American Petroleum Institute, while the 
Department of Defense had agreed to furnish 
military personnel for driving the vehicles. 

On February 22, 1955, the Highway Re
search Board with the approval of its parent 
organization, the National Academy of Sciences 
-National Research Council, accepted from 
the Association the responsibility to administer 
and direct the new project. The Board opened 
a field office at Ottawa, Ill., in July 1955; and 
in August a task force of the Illinois Division 
of Highways move<l to the site to un<lertake the 
preparation of plans and to prepare for the 
construction of the test facilities. 

In March 1956, the Board appointe<l the Na
tional A<lvisory Committee as its senior ad
visory group and in April s~lected a project 
<lirector. 

In June 1956, the National A<lvisory Com
mittee passed a resolution recommending that 
the Executive Committee of the Highway Re
search Board consi<ler the inclusion in the 
facility of a fifth test loop to be suh.iected to 
light axle loa<ls. This resolution, recommended 
by the Bureau of Public Roads, was based on 
the pending enactment of the Federal Aid 
Highway Act of l!Hi6. In July, the Executive 
Committee of the Board approved this change 
and made additional changes involving special 
studies areas. The final lavout of the test facili
ties is described in Section 1.2.2. 

Construction of the test facilities began in 
August 1956, and test traffic was inaugurated 
on October 15, 1958. Test traffic was operated 
until Novemher 30, 1960, at which time 1,114,-
000 axle loads had been applied to the pave
ment and the bridges. 

A special studies program was conducted in 
the spring and early summer of 1 !)61 over some 
of the remaining test sections. Strains, deflec
tions and pressures were measured in these 
studies under a wide variety of vehicle types, 
load suspensions, tires and tire pressures. 
Special military vehicles, included at the re
quest of the Army, as well as highway con
struction equipment, were included in these 
tests. The results of the studies are presented 
in Road Test Report 6. 

During 1961, the research staff concentrated 
on analysis of the test data and the preparation 
of reports. Each of the major reports was ap
proved by a review subcommittee of the Na
tional Advisory Committee and later submitted 
to the entire National Advisory Committee and 
the Regional Advisory Committees prior to its 
publication by the Highway Research Board. 
All reports were completed by the project staff, 

reviewed by the various committees, and sub
mitted to the Board. 

The field office for the project was closed in 
January 1962. However, the Highway Re
search Board agreed to continue certain studies 
associated with the Road Test pavement per
formance analyses in its '"' ashington office. The 
results of these studies will be reported by the 
Highway Research Board. 

1.1.2 Intent of the AASHO Road Trst 

The following formal statement of the intent 
of the Road Test was approved by the Execu
tive Committee of tlw Highway Research Board 
January 13, 1961: 

The AASHO Road Test plays a role in the 
total engineering and eC'onomi<' prnC'ess of provid
ing highways for the nation. It is important that 
this role be unden,tood. 

The Hoad Test is ('omposed of separate major 
experiments, 01w relating to asphalt concrete 
pavement, one relating to port!and cement con
crete pavement, and one to short span bridges. 
There are numerous secondary experinwnts. In 
each of the major experiments, the objeC'tiH' is 
to relate design to performance under controlled 
loading conditions. 

In the asphalt concrete and portland ('ement 
con<Tete experiments some of the pavement test 
sedions are undPrdesigned and othPrs ovPrdP
sig-nPd. E:wh expPrinwnt rPquirps sPparate 
analvsis. Eventuallv the collE'ction and analvsis 
of a;lditional eng-in,;Pring and economic data· for 
a local environment are necessary in order to 
de,·elop final and meaningful rel,;tions bf'tween 
pavement typPs. 

A II of th<' short span bridges are uncknle
signed. Each is a separate case study. 

Failun's and distress of the pan,ment tE>st 
sections and the be:1 ms of the short span h,·iog-p,c; 
are important to the success of E>ach of th,! ex
pNiments. 

The Highway R('s<'arch Board of the National 
AcadPmy of Sciences-National R<'sE>an·h ('ouncil 
has the responsibility of administering the proj
ect for the sponsor, the American Ass,wiation 
of State Highway Officials, within the bounrls of 
the objPctives of the test. The Board is also 
responsible for collecting E'ngin,,ering data. dP
velnping mctho(!s of analysis and presentation of 
data, preparing comprehensive reports describ
ing the tests, and drawing valid findings an<l con
clusions. rt is h<'re that the role of the Highway 
Research Board Pnds. 

As the total Pngirn~ering and economic process 
of providing highways for the nation is denloped. 
engineering data from the AASHO Road Test 
and engineering and economir data from manr 
other sourcPs will flow to the sponsor and its 
member departments. It is here that stu<liN, will 
be ma(!P and final conclusions drawn that will hp 
lwlpful to tlw ('X<'<"llli\·p and IPgislaliYe hranrhes 
of our se,·eral levels of government and to the 
highway administrator ancl engineer. 

1.1.S Objrctfrrs 

The objectives of the AASHO Road Test :i.~ 
stated bv the National Advisorv Committee 
were as follows: · 

1. To determine the significant relationships 
between the number of repetitions of specified 
axle loa<ls of diJTerE'nt magnitude and arrange
ment and the performance of different thick-
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rwssc·s of uniformly cl<'sigr11'cl and ,·onst!'uctecl 
asphaltic concrete, plain portland eemPnt con
Cl'Pte, aw1 l'einforced portland cement eoncrete 
surfaces en diffel'ent thicknpsses of bases and 
suhhases when on a basement soil of known 
characteristics. 

i. To determine the significant pffects of speci
fied vehicle axle loads and gross vehicle loads 
when applied at known frequency on bridges of 
known design and characteristics. 

:{. To make special studies dt'aling with such 
suhjeds as paved shoulders, base types, pave
ment fatigue, tire size and pressul'es, and. heavy 
militarv vehieles and to c·orTPlate thP findmgs of 
thPse s·pecial stu;lies with the results of the basic 
rcseareh. 

4. To provide a record of the type and extent 
of f'ffol't and materials requi reel to ket'p Pach of 
thP test sections or portions thneof in a sutis
f:tetory condition until discontinued for test pur-
JH)~Ps. 

;,. To <fp,·elop instl'umentation, tPst prn1·Pdt11·1•s, 
dHta, eharts, graphs, and formulas, which will 
reflect the capabilities of the various test sec
tions· and which will be helpful in future high
way :1esign, in the evaluation of the load~carrying 
capahilitif's of existing .h!ghways and Ill df'ter
rnining the most prorn1smg areas fo1· furthel' 
highway research. 

This report deals primarily with work done 
in connc>ction with Objectives 1 and 5 and \\:ith 
some of the special studies mentioned in Ob.iec
tive :L Material relating to Objective 2 wiII be 
found in Road Test Report 4 and Objc>ctive 4 
is discussed in Report :3. Other special studies 
suggested in Objective 3 are discussed in Re
port 6. 

1.1.4 Objl'cti1·ity of Findinus 

Discussion of the results given in this report 
has generalJy been limited to sper·ifie rPlation
ships derived from the data. Restraint has 
lwen exercised in expressing opinions, conjec
tures, and speculations. Conclusions have l~een 
drawn only when supported by data acqmred 
during the tests. 

At the n•quest of the National Acaden:y of 
Sciences a panel of statisticians was appomted 
in 19G5 so that professional advice was avail
able for both the designs of the Road Tt:st ex
perimPnts and for thP procpdurcs by which the 
experimental data wou_ld be analyzed. It w,~s 
not the function of this group to select van
ables nor levels for variablt>s to he included in 
the Road Test. This was tlw responsibility of 
the National Advisory Committee, acting upon 
the r<>commendations of the original AASHO 
Transport Committt>e's \\'orkin.g CommiUt>e. 
The Statistical Panel playl'd an 1mporbnt role 
in influencing the experimental layout through 
its recommendations for complete factorial de
signs, randomization, and replication. lts. rec
ommendations accepted by the .Advisory 
Committee, m~de possible effective ~tudies of 
the relationships sought by the objectives. 

Within the space, time and funds avail
able only a few variables could be studied 
tho;oughly. The experiment was designed and 
the test facilities built specifically for the study 

of these variables. In ~:eneral, mathematical 
models were used to represent associations 
among experimental va1·iables, then statistical 
methods were employed to determine constants 
for the models as well as to describe the relia
bility of the evaluated models. Th us experi
mental designs and analytical procedures were 
developed in order to obtain unbiased estimates 
of the effects ( and the statistical significance 
of manv of the effects) of controlled experi
mental · factors. The designs and procedures 
did not, however, make it possible to obtain 
effects for other factors that were either held 
constant or that varied in an uncontrolled 
fashion, for example, embankment soil, 
strength of materials, and environmental con
ditions. Although estimates were obtained for 
the effects of axle load and axle configuration, 
it was not possible to determine the statistical 
significance of these effects becaust> replication 
of load or configuration was not provid<'d. 
N C'VerthelPss, particularily in the cases of load 
effect on both pavement types and axle con
figuration effect on rigid pavement the differ
ences observed were so great as to !(•a\"P 
practically no doubt that the effects were sig
nificantly greater than zero. 

Bas;c data wiII be made available to other 
grnups equipped to perform independPnt anal
n;es. Further analvses are to be encouraged hy 
the Highway Rese'arch Board in the expecta
tion that the over-aIJ usefulness of the prnject 
will be enhanced. 

1.1.5 Applirnhility of Findin.r1s 

The findings of the AASHO Road Test, as 
stated in the relationships shown by formulas, 
graphs, and tables throughout this report, re
late s1wcifically to the ph~·sical environmPnt of 
the project, to the materials used in the pan·
ments, to the range of thicknesses and loads 
and number of load applications included in 
the experiments, to the construction techniques 
employerl, to the specific times and rn~es <?f 
application of test traffic, and to the climatic 
cycles thi1t occurred during construction and 
testing of the experimental pavements. More 
specific limitations on certain of the findings 
are given in the discussion of results in various 
sections of this report. Gl'neralizations and 
rxtrapolations of thrse findinf/8 to ronditions 
other than thosr that nisted at thr Road Trst 
should be based upon ('Xperinu'ntal or other 
ecidenN of thr rffects on 7m1·ement JJ('1fonn
anre of rnriations in tlimatr, soil type, ma
terials, ronstruction pmctices and traffic. 

1.2 FACILITIES AND OPERATIONS 

1.2.1 Site Loration 

The location of the AASHO Road Test was 
near Ottawa, Ill., in LaSaIJe County, about 80 
mi southwest of Chicago (Fig. 1). The test 
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Figure 1. 

facility was constructed along the alignment of 
Interstate Route 80. The site was chosen be
cause the soil within the area was uniform and 
of a type representative of that found in large 
areas of the country, because the climate was 
typical of that found throughout much of the 
northern United States, and because much of 
the earthwork and pavement construction could 
ultimately be utilized in the construction of a 
section o·f the National System of Interstate 
and Defense Highways. 

1.2.2 Test Facilities 

The test facilities consisted of four large 
loops, numbered 3 through 6, and two smaller 
loops. 1 and 2. Test bridges were at four loca
tions in two of the large loops. The la:,;out of 
the six test loops, the administration area and 
the Army barracks is shown in Figure 2. 

Each loop was a segment of a four-lane 
divided highway whose parallel roadways, or 
tangents, were connected by a turnaround at 
each end. Tangent lengths were 6,800 ft in 
Loops 3 through 6, 4,400 ft in Loop 2 and 2,000 
ft in Loop 1. Turnarounds in the ma.ior loops 
had 200-ft radii and were superelevated so that 
the traffic could operate over them at 2!5 mph 
with little or no side thrust. Loop 2 had super-

Site location. 

elevated turnarounds with 42-ft radii. Center
lines divided the pavements into inner and 
outer lanes, called lane 1 and lane 2 respec
tively. 

All vehicles assigned to any one traffic lane 
of LooJ)S 2 through 6 ha<l the same axle 
arrangement-axle load combinations. No traffic 
operated over Loop 1. In all loops, thC' north 
tangents were surfaced with asphaltic concrete 
and south tangents with portlan<l cement con
crete. All variables for pavement stu<lies were 
concerned with pavement designs and loads 
within each of the 12 tangents. Each tangent 
was constructe<l as a succession of pa\·emC'nt 
sections called structural sections. Pavement 
designs, as a rule, varied from section to sec
tion. The minimum length of a section was 
100 ft in Loops 2 through fi, and 1 G ft in Loop 
1. Sections were separated by short transition 
pavements. Each structural section was sepa
rated into two pavement test sections by the 
centerline of the pavemt'nt. Figure 3 sho\\'s 
the layout of two trpical test loops and !ora
tions of the test bridges. 

Details of the experiment designs are gin'n 
in Report 1 and arc summarized in Sect ions 
2.1.1 and 3.1.1 of this report. Details concern
ing all features of bridge r<'search are givC'n in 
Roa<l TC'st Rt>port 1. 
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Figure 2. Layout of AASHO Road Test. 
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Figure 3. Location of test bridges. 
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Fig-Ur<' 4. Arlminist rat ion huilrling-. 
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Fi)!ure 6. :\rmy driv<•r quart <'rs (Wallact• Barracks). 
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An administrative area was located at the 
center of the pro.iect. Laboratol'ivs and of-lices 
were located in the building shuwn in Fig;ure 4. 
Shop faci Ii ti f's for veh ic!P ma i ntr•nan(·c• \\'ere 
prn\·i<h·d in the building sho\\'n in Fig·urP :) A 
militarv installation called \\';illace Bal'!'acks 
( Fig. 6) was provided hy the ".\ ational Acad
emy of SciencPs to house the Al'm:,· TrnnsJJOl'
tation Corps Hoad Test Supp,nt Acti\·ity. 

1.2.3 Construction 
A comprd1ensive dl'scription of the construc

tion of the AASHO Road Test facilities is gi\·en 
in Road Test Report 2. Constrndinu was super
\'isl'd lJ\' the task fon.:l' of llw Illinois Division 
of Highways. On-sitP materials control and 
testing WPrl' pl'o\·irkd by tlw Hig!t,,·a:-· Rese,1rch 
Board Staff on the project. Con\'entional tech
niques fol' constn1ction \\'l'l'l' usPd except that 
extrnordinary effort was put fm-th to insure 
uniformity of all pa,·pment compon0nts. For 
Pxampk, no construction l·quipnwnt othPr than 
that npccssary for compaction was permittrrl to 
operate in the center 2-1-ft width of the road
way, and all turning operations on the grade 
were limited to spPciall.v dc·siirnah-d tl'ansition 
:,n,as. S1wcifications fol' densit:; of compacted 
('rnl>:rnknwnt soil, suhbas(• :rnd has(' materials 
ineluded stipulations of maximum dt>nsities as 
\\'ell as tlH· conventional minimums. 

Construction was perfornwd undt>r contracts 
negotiated through iwl'mal lllinois contractual 
channels. It was startt,d in late summer 1956 
and completed in time fo1· test traffic to begin 
in th<' fall of 19G~. S. J. Gro\'('S and Sons was 
the principal contractor in a joint venture with 
Arcole -:\Iidwest, Inc., in the embankment con
stn1ction and \\·ith Rock Roads, Inc., as a sub
contractor fol' asphaltic concrete surfacing. 
\'alley Builders, Inc., built the bridges. 

1.:!.4 Tl'st Trnffi_c 

A detailed description of the operation of the 
tPst traflk is presentl'd in Road Test Report 3. 
As previously stated, Loop 1 was not subjected 
to test traffic. One lane of this loop was used 
for subsurface and special load studies, the 
other for observing the eff Pct of environment 
on pavements not subjected to traffic. The re
maining the loops, 2 through {i, wen' subjected 
to traffic for slightly more than two years. 
Everv vehicle in anv one of the ten traffic lanes 
had the same axle ioad and axk configuration. 
The assignment of axle loads and vehicle types 
to the various lanes is shown in Figure 7. 

The vehicles were loaded with concrete blocks 
that were anchored down with stl'el bands and 
chains. Although the traffic phase was inaugu
rated on October lG, 1958, early operation 
indicated the need to read.iust the test loads. 
This delayed full-scale traffic until November 
5 1958. From November 1958 to January 1960 
c~ntrolled test traffic consisted of six vehicles 
in each Jane of Loops 3 through 6, four vehicles 
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WEIGHT IN KIPS 
FRONT LOAD GROSS 
AXLE AXLE WEIGHT 

2 2 4 

2 6 8 

4 12 28 

6 24 54 

( CDk---1-1 
@ ,< F~!NT LOAD LOAD 

t_ ® k--...... -, 
FRONT LOAD LOAD 

( (Dk:---..... , 
©~ 

l ,oc,, ... - -~ ... ~~ ... 6 18 42 

32 9 73 

11 6 22.4 51 

••• 9 40 89 

•' 9 30 69 

• •• 12 48 108 

Figure 7. Typical test vehicle axle loadings. 

in lane 1 of Loop 2 and eight vehicles in lane 2 
of Loop 2. In January 1960, the traffic was 
increased to ten vehicles in each lane of Loops 
3 through (i, six in Jane 1 and 12 in lane 2 of 
Loop 2. These vehicle distributions were se
lected in o!'der that axle load applications could 
be accumulated at the same rate in each of the 
ten traffic lanes. 

All lanes had identical specifications for 
transverse placement, speed, and rate of axle 
load accumulation. Tire pressure and steering 
axle loads were representative of normal prac
tice. Some of the vehicles were gasoline and 
others diesel powered. Further information 
concerning- the vehicles is contained in Road 
Test Rc'J)~llts 1 and 8. 

\\"lwne\'er possible, traffic was operated at 
3G mph on the tL!St tangents. Traffic was sched
uled to operate over an 18-hr, 40-min period 
each day, 6 days a week, except that during the 
first 6 months of 1960 the schedule was ex
tended to 7 days a week. The schedule w~ts 
maintained ('Xcept when pavement distress, 
truck breakdowns, bad weather and certain 
other causes made it impossible. A total accu
mulation of 1,114,000 axle load applications was 
attained during the 25-month traffic testing 
period. To accomplish this, soldiers of the U. S. 
Army Transportation Corps Road Test Support 
Activity drove more than 17 million miles. 
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1.2.5 Measurement Programs 
Each measurement program was designed to 

accomplish one or more of the following pur
poses: (1) to furnish information at regular 
and frequent intervals concerning the rou~h
ness and visible deterioration of the surfacing 
of each section; (2) to record early in the life 
of each section transient load effects that might 
be directly correlated with the ultimate per
formance of the section; and (3) to furnish a 
limited amount of additional information which 
might contribute to a better understanding of 
pavement mechanics. 

Programs falling in the first category were 
concerned with measurements of permanent 
changes in the pavement profile along and 
across the wheelpaths, as well as the extent of 
cracking and patching of the surfacing. These 
measurements were given major emphasis since 
they were used to define the performance of 
each section as required by the first Road Test 
objective. 

Programs falling in the second category in
cluded the measurement of strains and deflec
tions which became the basis for estimating 
pavement capability, as required by the fifth 
objective. 

Finally, programs of the third category ~n
compassed such measurements as the seven~y 
of pumping of rigid pavements, changes m 
layer thickness in flexible pavements, pavement 
temperatures, subsurface conditions, and nu
merous other measurements. 

In general, measurements were restricted to 
thos(' variables that had been demonstrated by 
previous research to be related significantly to 
pavement performance. A further res~riction, 
applying especially to subsurface studies, was 
imposed by the overriding necessity to keep the 
test traffic moving. 

In spite of these restrictions, a formidable 
amount of data was accumulated, and special 
electronic systems were evolved to facilitate the 
storage and initial processing of the data. For 
example, in the case of some programs, ~eans 
were provided to record automatically m the 
field the desired information directly on per
forated paper tape, thus eliminating the task 
of the manual reading of analog records. In 
another case, an electronic device was used to 
read field analog records and to punch the in
formation on paper tape for immediate trans
ference to an electronic computer. In general, 
automatic data handling was used wherever 
possible and the majority of the data were 
stored on IBM cards. 

Data from the various measurement systems 
were classified into data systems, and a particu
lar system was identified by a four digit code. 
Appendix I lists major Road Test data systems 
concerned with pavement research and notes 
how the systems may be obtained from the 
Highway Research Board. Major data systems 

from the bridge rcseard1 are listcu in Appen<lix 
A, Roa<l Test Hnort 4. 

The text of 1.L;::; report contains many refer
ences to data :,terns whose cont,mts are per
tinent to the d ,, w,siorL These rt ierences are 
explained in A ,,i,cndix 1. For example, a rPfer
ence to Data :3.n:tem GJ 21, 01· simply DS 5121, 
is explained in Apr,en<lix I as containing all 
routine Benkt0 lman beam <lf'fl0ction data for 
flexible pav,·ment sediorn; on the tl'atnc loops 
with an IBI\1 printout of the data available on 
request. 

Specific measurement programs are de
scribi~d in the appropriate sections of Parts 2 
and 3. 

1.2.6 Pnl'rml'nf MainfnH1111'1' 

Detailed dt·S(Tiptiolls of maintenance criteria 
and procedures arc giwn in Road Test Report 
3. Complete maintenance histories of each test 
section an· ,n-ailalik in DS f>~100. 

The objecti \'es of the Road Test were con
cerne<l with the performance of the test 
sections as constructed. ConsPquentl~·. mainh'
nance operations \\'ITC held to a minimum in 
anv section that was still rnnsidere<l under 
sttidv. \Vhen the "pn's,·nl sen·in·abilit.v" ( see 
Section 1.:1) of any sc>ction dropped to a speci
fied level the section ,vas con.siden·<l to be out 
of test and maintenance or reconstruction \\'as 
performed as needed. 

Since the prime ob.iectiw of the maintenance 
work was to keep test traffic operating as much 
as possible, minor n·pairs were made ,rhen n·
quir('d regardh•ss of' \\'('atlwr or timP of day. 
The use of pierced steel landing mats permitted 
traffic to operate through a complete dri\'ing 
perio<l so that more con\'entional repairs coul<l 
be made <luring the dail.\· ;i-hr, 20-min traffic 
break. 

All rcp;tirs were made \\'ith flexihle-tnie 
pav<>ment m,tfl•rial l kqi patches and n•con
struction con.sistPd oC com1rncted crushed stone 
base material surfacerl \\ ith hot-mixed as
phaltic concn•te. (h-,Tla\·s consisted of asphal
tic concrete. Thin patdies were made eitlwr 
with hot-mix or cold-mix materials. Crushed 
stone base material and cold-mix surfacing 
were stockpiled at se\'f·ral locations on the proj
ect, and hot-mix asphaltic concrete was gen
erally purchasPd from a nParh.v contractor. 

As a /!<'ll(T;ll rnk, p:\\'CllH'l\l mainlt•riarn·e 
was done b.\' prn.in:t forces with project-owned 
equipment. Howe\er, in the critical spring 
p('riods of 1 fl!"J:l and 1 !HiO, it \\·as nPccssar.v to 
augment the project maintenance forces with 
ad<litional nw11 and (•quiprn<'nt. 

1.2.7 En 1•ironn1n1lol Conditions 

The topography of th,: Road Test area is 
level to gently und11lating with elevations vary
ing from f>OS to G~i) ft. Drainag<· is provided 
by several small crl'l·ks \1 hich are tributaries 
of the Illinois Ri'.'er. Surface drainage, how-

8-12 
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Figure 8. Average monthly air tem1>erature at project. 

evff, is gt'nerally slow. GPologic information 
indicates that the area was covered by ice 
during se\'ernl gfacial periods and that the 
suhsurfau.• soils were deposited 01· modified 
du1·ing Uwse pPriods. Surface soils were sub
Sl'(Jt1<•ntly <h-ri\'Pd from a thin mantle of loess 
:lt•posikd during a post-glacial Jwriod and were 
!'Pasonably uniform in the area of the project. 
Soil ch-ainage is generally poor. Bed rock is 
found 10 to :;o ft helow the surface. 

Tlw uppl'r layer of soil was from I to 2 ft 
thick and consisted generally of A-6 or A-7-6 
soil with similar characteristics. The adjacent 
un,krlying stratum was usually from 1 to 2 ft 
thick and most of this material was fairly 
plastic A-7-G soil. Substratum layprs were 
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usually represented by samples exhibiting A-15 
characteristics. 

In the interest of uniformity, soil making up 
the top 3 ft of embankment directly under the 
test pavements was taken from borrow areas 
near the project. This soil, underlying the sur
face stratum, was shown by tests to have a 
plasticity index from 11 to 15, a liquid limit 
from 27 to 32, and a grain size distribution of 
80 to 8G percent finer than the 200 mesh sieve, 
G8-70 percent finer than 0.02 mm ancl !11-10 
percent finer than 0.005 mm. Maximum dry 
densities were in the range 114 to 118 lb per 
cu ft and optimum moisture contents in the 
range of 14 to Hi percent when compacted in 
accordance with standard procedure, AASHO 
T99-49. 
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Figure 9. Precipitation at project. 
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The climate of the Road Test area is temper
ate with an average annual precipitation of 
about 34 in. of which about 2.5 in. occurs as 
2G in. of snow. The average mean summer 
temperature is 76 F and the average mean 
winter temperature is 27 F. The soil usually 
remains frozen during the winter with alter
nate thawing and freezing of the immediate 
surface. Normally the average depth of frost 
penetration in the area is about 28 in. 

Summaries of climatological data observed at 
weather stations on the project are given in 
Figures 8 through 10 and frost depth informa
tion in Figure 1 1. Depth of frost under the 
test pavements was obtained by means of 
special instrumentation involving the measure
ment of electrical resistance of the soil as de
scribed in High1Nly Research Abstracts, Vol. 
27, No. 4. More detailed climatological and frost 
information is available in the form of IBM 
listings in Data Systems 3300, 3301, 3140 and 
3240. Figure 12 summarizes the observations 
made at the project on the elevation of the 
water table under the test pavements and adja
cent natural ground. 

1.3 PAVEMENT SERVICEABILITY AND 
PERFORMANCE 

1.3.1 Relation to Objectives 
The first objective of the Road Test (see 

Section 1.1.3) asks for relationships between 
the performance of the pavement and the pave
ment design variables for various loads. In 
order to define performance, a new concept was 
evolved founded on the principle that the prime 

t. 
.,: 

6 eo----4.:"',----+-----
i 
::, 
::c 
w 
~ 40t------+-----+-----+---, ._ 
< 
..J 
w 
er: 

function of a pavement is to serve the traveling 
public. Briefly, it was considerect that a pave
ment which maintained a high level of abilitv 
to serve traffic over a period of time wa·s 
superior in performance to one whose riding 
qualities ;.i.nd general condition deterioratl'd at 
a more rapid rate under the same traffic. The 
term "present serviceability" was adopte<l to 
represent the momentary ability of a pavement 
to serve traffic, and the performance of the 
pavement was represented by its serviceahilit~· 
history in conjunction with its load application 
history. 

Though the serviceability of a pavement is 
patently a matter to be determined sub.iectivel~·, 
a method for converting it to a quantit~· bast'd 
on objective measurements is gi\·en in the next 
two sections. Since the Road Test was con
cerned only with the structural features of the 
pavement, such items as grade. alignment, ac
cess, condition of shoulders, slipperiness and 
glare were excluded from consideration in 
arriving at a value for pavement serviceability. 

The serviceability of each tC'st section was 
determined every two weeks during the traffic 
testing phase, and performance analysps W<'l'C 

based on the trend of serviceability with in
creasing number of load applications. The 
serviceability-performance concept is descrilwd 
in detail in Appendix F. 

1.3.2 Rating of Pavements in Srrn'rr 

Servicf'abilitv was found to IH' i11flt1<'lll'<'d h_v 
longitudinal a~d transverse prnfile as well as 
the extent of cracking and patching. The 
amount of weight to assign to each element in 

o----+----------+--------,6...----------1---------....,.---....1 I 1gs9 19515 1957 1958 1961 
DATE 

f--- TRAf'F'IC PtRIOD 

Figure 10. Relative humidity, weather station at Peoria, Ill. 
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Figure 12. Water table data. 

the determination of the over-all serviceability 
is a matter of subjective opinion. Furthermore, 
the degree of serviceability loss to be associated 
with a given change in any one of these ele
ments depends on subjective judgment. To ob
tain a good estimate of the opinion of the 
traveling public in these subjective matters a 
l'avemPnt Serviceability Rating Panel was ap
pointed. This panel included highway designers, 
highway maintenance men, highway adminis
trators, men with materials interests, trucking 
interests, automobile manufaduring interests 
and others. These men mad<' independent rat
ings of the ability of 1:18 sections of pavement, 
located in three statl'S, to se1'V(' high speed, 
mixed truck and passenger traffic. Both rigid 
and flexible pavements were included, and cer
tain sections \\·er0 selected for rating in each of 
five categories ranging from very poor to very 
good. The members were instn1eted to use 
whatever system thC'y ,Yish0d in rating each 
pavement and to indicate their opinions of the 
ability of the pavement to serve traffic at the 
time of rating on a scale ranging from O to 5 
with adjective designations of V('ry poor (0-1), 
poor (1-2), fair (2-3), good (!1-4), and very 
good ( 4-5). For each section the mean of the 
independent ratings of the individual panel 

members was taken as the section's present 
serviceability rating. Some of the st•dions \\'el'e 

rated more than once in order to determine the 
ability of the panel to repeat itself. Road Test 
field crews then measured variations in longi
tudinal and transverse profi!t.'.'-, as "·cll as t lw 
amount of cracking and patching of t.'ach sec
tion. 

1 . .J .. I Prrscnt Snrirrnhility /mfrx 

Through a conventional statistical procedure 
(multiple regression analysis) it was pos,-ihll' 
to corrdatl' the present serviel'ahilit.v rating 
with tlw objcctiw mPasurcnwnts pf long·it udi
nal profile variations, the amount of cracking 
and patching and, in the case of flexible pavP
ments, transv('rse J)l'Ofile variations ( rntting). 
For either type of pavement this anal,\·sis re
sulted in a formula that used pa\"l'ment 
measurements to compute a ''present service
ability index" which closely approximatPd the 
mean rating of the panel.* The nec<'c\sar,\· 
measurements and serviceability index compu-

* A <lf'tailcd di.scussion of the \\·ork of the Rating 
Panel, inclu<ling tlH' rating-s, the data obtained in the 
measurements of the sections that were rated, and the 
<leri,·ation of the present servic<'ahility indexes is pre
sente<l in Appen<lix F. 

0 ,r 
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Figure 13. Longitudinal profilometer. 

tations were made for each Road Test section 
at two-week intervals throughout the traffic 
phase. 

Formulas for the present serviceability in
dex, together with descriptions of the measure
ments entering into them, will be found in 
Chapters 2 and 3 for flexible and rigid pave
ment, respectively. The method of measuring 
longitudinal profile variations was the same for 
both pavement types an<l is described below. 

The instrument used for recording longitudi
nal profile variations was the longitudinal pro
filomefrr pietured in Figure 13 and shown 
schematically in Figure 14. This instrument, 
moving at a speed of 5 mph, recorded continu
ously the angle, A, formed by the line of the 
support wheels G and H, and the line CD that 
connects the centers of two small (8-in. diam
rter) har<l-rubber tired wheels, E, arranged in 
tandem. One pair of these wheels traveled in 
the center of each wheelpath. 

Since the distance between the centers of the 
wheels, E, was small (9 in.) the line, CD,. was 
assumed to be approximately parallel to the 
tangent to the road surface at the point, F, 
midway between the wheels. 

The distance between the supports, G and H, 
of the tongue being relatively large (25.5 ft), 
the line GH was regarded as being approxi
mately parallel to the pavement surface had it 
been perfectly smooth. Thus, the angle, A, be
tween CD and GH represents a departure from 
a smooth pavement surface and variations in A. 
represent · variations in the longitudinal profile. 
It was this angle that the instrument was de
signed to measure. The effect of vibration of 
the tires and springs at G and H was held to a 
low level by restricting- the operating speed and 
bv electrically filtering out high frequencies so 
that they did not appear on the record. 

lt was recogniZl'd that line GH was not a 
stable reference an<l that as a consequence the 

DIRECTION or TRAVEL-

25.5' ----

8 

[ - - - - - A 

PAVEMENT 
SURFACE 

Figure 14. Schematic of longitudinal profilometer. 

instrument could not respond correctly to 
gradual changes in the true pavement slope oc
curring over relatively long distances. There
fore, considerable cff ort was expended to 
develop a means to detect and correct for rota
tions of the line GH with respect to a hori
zontal reference. An inertial reference system 
was devised that would accomplish this purpose 
for short runs (that is, 2,000 ft). But tests of 
the effectiveness of the instrument with and 
without the reference indicated that the incon
venience of operation with the reference far 
outweighed the small increases in the over-all 
system effectiveness. Consequently, the inertial 
reference was abandoned. 

The angle A rarely exceeded 3 deg even on 
rough pavements. Within the range of -+-3 deg, 
the tangent of an angle is virtually equal to the 
radian measure of the angle, and thus the 
record of angle A could be interpreted as the 
slope of the pavement. In this report the pro
filometer output will be referred to as the pave
ment slope. 

The instrument output on paper tape was a 
continuous analog of the slope of the pavement 
in each wheelpath, together with 1-ft distance 
marks along the margin of the tape (Fig. 15). 
The tapes were fed into an automatic electronic 
chart reader (Fig. 16) which measured the 
ordinate of the chart at intervals equivalent to 

0 1 7 
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For Rough Pavement 

For Smooth Pavement 

Figure 15. Typical longitudinal profilometer record. 

1 ft on the pavement, digitized this information 
and punched it on perforated paper tape suit
able for use as an input to the project's digital 
computer. 

To correlate profile variation with service
ability ratings made by the panel the hundreds 
of slope measurements taken in each section 
were reduced to a single statistic intended to 
represent the roughness of the section. Investi
gation of several alternative statistics led to the 
choice of the variance of the slope measure
ments computed from: 

sv = 

in which 

SV = slope variance; 
Xi = the i"' slope measurement; and 

n = total number of measurements. 

(1) 

The slope variance for each section was cal
culated by the digital computer directly from 
the tape output of the chart reader. For use by 
other agencies, the Road Test staff has devel
oped a simplified profilomcter (Fig. 17), 
designated the CHLOE Profilometer, whose 

Figure 16. Electronic analog chart reader. 
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Figure 17. CHLOE profilometer. 

output is slope variance. Thus, neither a chart 
reader nor a digital computer is required when 
the CHLOE Profilometer is used. 

It was found that of the several types of 
measurements used in the serviceability index 
formulas, longitudinal profile variation of a 
R<'dion of pavement when represented by the 
logarithm of the slope variance correlated most 
highly with the rating of that section by the 
panel. 

1.3.4 Pm·rmrnt Performance Data 
As stated in Section 1.3.1, pavement per

formance analyses were based on the trend of 
the serviceability index ( determined at inter
vals of two weeks, or more often when re
quired) with increasing axle applications. 
Prior to use in the analyses, performance data 
W<'l'C i<lcntific<l and processed. 

Each 2-week period was termed an "index 
period", and the last day of each period was 
called an "index day". Index days were num
bered sequentially from 1 to 55, the first oc
curring on November 3,- 1958, and the fifty-fifth 
on November 30, 1960. Because all sections had 
been subjected to almost the same number of 
applications of axle loads on any given date, 
the pairing of an index value with an index day 
\\'as equivalent to specifying the serviceability 
inclex corresponding to a given number of axle 
applications. The symbol p,' was used to repre
sent the serviceability index of any section as 
determined by measurements made on the t•h 
index day, and the plot of p,' versus time was 
termed the "serviceability history" of a section. 
( Usually the last three days of an index period 

were required to make the measurements on all 
sections for determining p,'.) 

The serviceability history of each section was 
converted to a "smoothed serviceability his
tory" by a moving average that included at 
least three (generally five) successive index 
values except that the end values for the 
history were sometimes taken as end values for 
the smoothed history. Typical serviceability 
data and smoothed serviceability histories are 
shown in Figure 18. 

The number of .axle applications applied 
during the t'" index period, averaged over the 
ten traffic lanes, was represented by n,, and the 
total number accumulated through that period 
by N,; thus, 

Ni = n, + n2 + ... + n, (2) 

It was observed early in the traffic phase of 
the Road Test, confirming experience else
where, that for sections of insufficient design 
relative to load, the rate at which pavement 
damage accumulated with applications of load 
was affected by seasonal changes, especially in 
the case of flexible pavements. The design of 
the Road Test experiment did not pe1·mit a 
clearcut comparison of the damage rate in the 
various seasons since sections which failed in 
one season were not available for observation 
during subsequent seasons. Nevertheless Table 
1, giving the percentage of failures occurring in 
each season for each type of pavement, sug
gests that the damage rate was relatively low 
in winter for both types of pavement and 
relatively high in spring for flexible pavements. 

Changes in the effect of load with seasons 
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Figure 18. Typical serviceability histories. 

TABLE 1 
PAVEMENT FAILURE, BY SEASONS 

Seasonal 
Axle Load Distribution 

Season Applications Section Failure' 
( X 10") ( %} 

Rigid Flexible 

Fall 
1958 Oct., Nov. 9 0 3 
1959 Sept., Oct., 

Nov. 109 28 1 
1960 Sept., Oct., 

Nov. 173 12 1 
All 291 40 5 

Wintn 
1958-59 Dec., Jan., 

Feb. 64 0 4 
1959-60 Dec., Jan., 

Feb. 167 11 5 
All 231 11 9 

Spring 
1959 March, April, 

May 59 0 57 
1960 March, April, 

May 215 22 23 
All 274 22 80 

Summer 
1959 June, July, 

Aug. 109 3 3 
1960 June, July, 

Aug. 209 24 3 
All 318 27 6 

Total 1,114 100 100 

• A section was considered to have failed when its 
serviceability index dropped to 1.5. Table includes only 
factorial sectlons (first replicates) in Design 1. 

suggested the use of a "seasonal weighting 
function," Qi, to be multiplied by the number of 
load applications made during each index 
period, with the value of qt depending on some 
measurement designed to reflect the general 
variation above and below a "normal" value in 
the strength of the test sections. The function 
qt presumably would take on values greater 
than unity during periods when the pavement 
was weaker than normal, and between O and 1 
when stronger than normal. The product, q,n,, 
would then yield "weighted applications," 11•,, 

corresponding to the actual application, n,. 
made on each test section during an indC"x 
period. The total number of weighted ap
plications, Wt, would be given by 

W, '--" q1n1 + q2n2 + ... + q,n, (3) 

Weighted application, Wt, could then he sub
stituted for actual applications, N,, in the pPr
formance analyses. (Hereafter W will be used 
to repre1,ent either weighted or unweighted 
axle applications, the meaning of the symbol 
being specified wherever used.) 

A seasonal weighting function, dependent on 
the periodic measurement of flexible pavement 
deflections in Loop 1, was developed and used 
in an analysis of flexible pavement performance 
described in Section 2.2. In the case of rigid 
pavements, although all rigid pavement distress 
was associated with pumping and although 
pumping must be associated with periods of 
high rainfall, the seasonal variations in damage 
rate were less pronounced, and no effective 
function was developed. 
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For the analyses of pavement performance it 
was assumed that the trend of servict!ability, p, 
with increasing axle application, W, could be 
satisfactorily represented by five pairs of co
ordinates. For sections that failed during the 
test period, simultaneous values of JJ and W 
were taken at JJ == 3.5, 3.0, 2.fi, 2.0 and 1.5. For 
sections that survived the traffic trsting period, 
the coordinates were chosen from the smoothed 
serviceability history at 11, 22, 33, 4-1 and 55 
index days. Sets of coordinates from the serv
iceability trend, that is, performance data, for 
each Road Test section are given in Appendix 
A. 

1.8.5 Procedures for Analysis 

The analyses of performance resulted in 
empirical formulas wherein performance was 
associated with load and pavement dC'sign vari
ables. To use mathematical procedures for the 
analyses it was necessary to assume some 
analytical form or model for these associations. 
In addition to the experimc'ntal variables the 
models include constants whose values were 
either to be specified or to be estimated from 
the data. Thus the analytical procedures were 
for the estimation of constants whose values 
were unspecified in the model-constants that 
indicate the effects of design and load variables 
upon performance. The procedures also in
cluded methods for estimating the precision 
with which the data fit the assumed model. The 
procedures used in the Road Test analyses are 
set forth in detail in Appendix G. 

There are many different mathematical 
forms that could be used as models for service
ability trends, and several of these may fit the 
data with more or less the same precision. 
Different models were tested for goodness of 
fit to the Road Test performance data. Pref
erence for one model over another was gov
erned mainly by relative goodness of fit, but 
consideration was also given to relative agree
ment with highway design practice and experi
ence for traffic conditions beyond the Road 
Test. 

The mathematical model ultimately chosen 
for both the flexible and rigid pavement anal
yses is of the form 

- ( H' )/3 p - Co - ( Co - C1) p (4) 

in which 

C1 ~ p < Co; 

p = the serviceability trend value; 

c
0 
= the initial serviceability trend value 

(for the Road Test Co ::-_c 4.5 for rigid 
pavements, and 4.2 for flexible pave
ments-these values were the means 
of the initial serviceability of test 
sections); 

1\.eV isea WKH/1-g 
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c, = the serviceability level at which a 
test section was considered out of 
test and no Jon ger observed ( for the 
Road Test c, - 1.5); 

W cc- the accumulated axle load applica
tions at the time when p is to be ob
served and may represent either 
\Yeighted or unweighted applications. 

r and /3 are functions of design and load to be 
discussed later. Rearranging Eq. 1 in loga
rithmic form, and defining G, a function of 
serviceability loss, as log (c\-p)/(c0 ---c 1 ) 

gives -

G = (J ( log W -- log p) (5) 

Plotting r; against log W for Eq. 5 gives a 
straight line whose slope is (3 and whose inter
cept on the log H' axis is log fl· For each Road 
Test SC'ction the performance data gi vcn in 
Appendix A were converted into values for G 
and log W and a straight line was fitted to the 
G. log W points. From these straight lines, 
estimates of (3 and log 1, were obtained for each 
test :section. For the cases where the service
ability loss was very small over the traffic test
ing period (3 may be nearly zero and log p 
extremely large. Special rules were applied for 
these cases in order to obtain logical values of 
(3 aTJd log p (see Appendix G). 

The assumed relationship between (3 and the 
design and load variables ,vas 

/3 
n R" ( L, + L,) Fl, 

== 1'
0 + (a,l), D D ) I 1 + a, , + a" " + a, n1 ,, s1 

(6) 
in which 

/3 0 = a minimum value assigned 
to (3; 

L, c-== the nominal load axle 
weight in kips (r.,q .. for 
18,000-lb single axle load, 
L, = 18; for 32,000-lb tan
dem axle load, L 1 =--" 32); 

L 2 = 1 for single axle vehicles, 
2 for tandem axle vehicles; 

D1, D, and D3 = the three pavement design 
factors surfacing, base 
and subbase thickness for 
flexible pavement and re
inforcement, slab thick
ness and subbase thickness 
for rigid pavement. 

The remaining symbols of Eq. 6 are positive 
constants whose values were either to be as
signed as ,vas done for (3 0 or to be estimated by 
means of the analysis. 

Equations in this same form were deter
minE~ from analysis of the rigid pavement data 
and the flexible pavement data, respectively. 
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The analysis rationale assumes that estimates 
for (3 from the equation are better than esti
mates based only on the individual section per
formance data. Consequently, the values of (3 
estimated from the equ-ation were used in con
junction with the data to obtain new estimates 
of log fl for every test section. 

The algebraic form assumed for the associa
tion of p with the design and load variables is 

(' == 
Ao (D --f- a.) A, L2A' 

(L, + L,) ,, (7) 

where /J (. a,n, + aJJ, + a,DJ represents a 
"thickness index" of the pavt•ment, L, and /,, 
are as defined for Eq. 6, and the remaining 
symbols are constants whose values are either 
to be assume(! or to be Pstimated from the 
analysis. 

Evaluation of the constants in Eqs. G and 7 
is reporte<l in Section 2.2.2 for flexible and 3.2.2 
for rigid pavements. 

Eqs. G and 7 when evaluated and used in 
conjunction with Eq. 5 thus represent the first 
goal of the Road Test-to associate perform
ance with design and load variables. 

At various stages in the development of the 
equations, tests were made for the significance 
of pavement design factors, and statistics were 
computed to express the d('gree of correlation 
bet ween observations and corresponding pre
dictions from the equations. Finally, average 
residuals were used to indicate the extent to 
which observations were scattered from the 
corresponding calculated values of 71 and log TV. 
Average residuals, correlation indexes, and in
ferences from the significance tests are sum
marized after presentation of derived equations 
in Sections 2.2.2 and 3.2.2. 

.Many different models and fitting procPdures 
were studied and one sPlccted from which the 
performance equations fit the Road Test data 
with satisfactory precision. T n time, othPr 
models may be found that also fit the data satis
factorily and which may prove equally or more 
useful. 

1.1 NEEDED RESEARCH-GENERAL 

1.4.1 Modification of Pnf onnana Rela.tion
ships 

Any further effort by the Highway Research 
Board to fit a mathematical m0<fol to the Road 
Test performance data will likely involve modi
fications either in the basic models for JJ, (3, and 
r, or in the fitting procedures, or in both. It is 
the purpose of this section to mention several 
possibilities for both types of modification that 
are contemplated in further work with the per
formance data. 

Even if no changes are made in Eq. 4, it is 
possible to modify the formulas for /3 and p. 

For exampk, it might be assumed that (3 1s r 
constant, 

(8) 

or that ,Risa simph, function of fl, for example, 

bi 
/3_clJ 0 +··- (9) 

fl /J 2 

The concept of a thick1wss indPx for fl('xible 
pavements might be µ-Pneralized after furtlwr 
research to a "structural in<kx," S. wlwre S 
would an·ount for all pannwnt layers (their 
thick1wsses and strengths) as well as the ('m

bankment soil. A single index for vehicle load, 
/,, might h(' introduced so that /, ('Ould account 
for all axle lnads (including steering axles) and 
their spacing. ThP11 it might he assum<'d that 

/l (·- s -) t 

\'L 
( 10) 

so that thP strnct11ral in(1<'X is squared rPlative 
to the load index. 1t mav be notPd that thP ratio 
of A, to A, in Eqs. rn ;~11d 21 <see Section 2.2) 
is aln•ady of thP ordf'l' two to onP, so that Eq. 
10 ap1wars to he a reasonable assumption at 
least fnr flexible pa\'ements. 

As is explained in Ap1wndix G, performance 
equations d<'velopPd for the present report re
sult from a step-by-step fitting p roced me where 
the results of one step an' uscrl as input for the 
rn'"t step. l\lodification of the fitting proeP<hir('s 
will likely take the form of an o\'er-all pro
eedurc tint ddennin<'s all unassigned constants 
simultaneous!)· as a particular residual cri
ll>rion is minimized. On('(' UH· owr-all fitting 
p1·occdun, is rl<!\'Ploped, the residual criterion 
can inelude both rPsiduals from log W estimates 
and residuals from 71 estimates. :Moreover, per
formance data from ex1wrirn,,nts that have 
been analyzed separately in Lhis report may be 
cumbincrl in an effort to obtain a morp gPneral 
anal~·sis. 

Although it was not possible to investigate 
modifications of the type just described in time 
for inclusion in this report, the Highway Re
S<'arch Board will undertake thPse studies. It 
is ho1wd that further effort will produce modi
fied equations that can represent all the Road 
Test performance data with at least the same 
prPcision as giv<'n in this report and that 
simplifications can be introduc1"'1't with little 
saerific<' in precision o\·cr the equations re
ported herein. 

1.4.2 Grneralizafion and Exten..c;ion of Rela
tionship:; 

Discussion in the preceding subsection re
lates to the need for additional study of the 
data obtained in the Road Test. A larger area 
for future research. involves the extension of· 
the performance equations to include para
meters that were not varied ir, the project. It 



is important to know, for example, the effects 
on pavc>mPnt performance of variations in the 
charad(•ristics of the soil and the materials 
used in the pavement structure. The effects 
of environment 1wed study. Not only the dif
ferences in performance associated with the 
existence of heavy rainfall, desert conditions, 
frost, etc., must be considered, but also the 
differences that may be associated with dif
ferent rates of traffic application and distribu
tion of axle loads in the traffic stream. ( For 
example, at the Road Test a million axle loads 
of one weight were applied in two years to 
each sPction. What would have lwen the situa
tion had these loads, accompanied by several 
million lighter loads, been applied in 20 years?) 

Studies designed to fill these gaps may fall 
in four categories: ( 1) theoretical studies, (;~) 
major satdlik ~.tudies, (~~) fi<.,Jd tests, and (-1) 
laboratorv tests. 

There ·should be continuing encouragement 
of rpsearch into the mechanical and physical 
Jaws involved in pavement performancP. Only 
throug-h such theoretical work will there be 
develo1wd rational mathematiral models by 
which performance can be n'lakd to the funda
mental properties of materials and to the 
dvnamic characteristics of the loading. 

· Since the completion of srn.:h theo.retic~d work 
ap1wars to he yPars away, imm('diatl' attention 
should also be given to means for extending the 
empirical modL·ls developed at the Road Test 
to include additional important parameters. A 
most effective device for this purpose is the 
so-called satellite study. These studies have 
bel'll cJ,,scrilwd* as n•l,1tiwlv small road tests 
in different parts of the ct>untry (and other 
countries) involving conside1·ation of variables 
most of which wne not included in the AASHO 
Road Test. A very important finding of the 
Road Test was that, within the range of p n·
cision of measurements systems and estimation 
techniques available, no significant interacti()ns 
,Yere found among the design variables. There
fore, in the design of satellite experiments 
\\'here the variables are like those in the Road 
Test (structure thickness, base type, etc.) 
halance in the experiment can be attained 
through the use of partial rather than full 
factorials.** This means that to test a given 
number of variables any satellite experiment 
will require only a small fraction of thP test 
sections that would have bet•n required had 
the AASHO Road Test shown that sig-nificant 
interactions existed. 

Such satellite experiments an• also different 
from the Road Test in that traffic is not a vari
able. The test sections would be constructed as 
part of the regular highway system and their 

-. -;:f:xten<ling the Findings of the AASHO Road 1'Pst" 
before the D("sign Committee, AASHO, at the AASHO 
meeting in Denver, Colo., Oc\ober 1961... . 

u See Hain, R. C., an<l Irick, P. E., Fractional Fac
torial Analysis," HRB Road Test Conference, May 1962. 
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serviceability trends observed under the normal 
traffic u.,ing tlw facility. A careful record of 
the nurnlwr and ma~.mitU<]":-, of axie loads over 
the frst S<'(:tions would be n·qnired. 

Thes<· expe1inwnts would prnvid for verifi<'a
tilm of tlw cof'flkients· in th,:• Ifoad Test per
formance l'(JUations and f<11· the inclusion of 
terms int he ('(jllati()ni'. relating tn variables thnt 
were not undn stll(lv in thi• AA::-'.HO Road T(:st. 
1'Ion• specific'. an•as i"or stud.1,· i11 the sat .. Jlitc <·X· 
periments are discussed at the ends of Chapters 
2 and 3. 

Field tests \\'()U]d he simpl;; p:1vrnw11t Jwr
fnrmam·e ex1wrinw11t.,, with '.2 or :3 test sections 
each, cnnstrueted as pa1t qf normal hiµ:hwa:v 
construction in a JargP I1urnbu of locations 
where onlv one ur two variations from normal 
pavement ·design would he obsen·ecl along with 
the normal design. Thes<~ studil'S would prnw 
very u;;pful to engineers who must use .i udg
ment in the applit'ation <,f Road Test findings 
and in their attempts to evaluate 1ww designs 
and new materials. However, the Jield tests 
would not be designed in such a way as to per
mit analyses that wnuld result in important 
modification of the Road Test equations them
selves. 1\fany stat\'.;; have cnnstruct<:_•d test ])a\'(!

nwnts in the field test catPgory in the past. If 
trafftc n•cords an, availabll', further study of 
these p:lV('nwnh would bio extrem('ly llSL'l\1!. 

Laboratorv t(•sts are those needed in the 
study of matPrials characteristics as the:v might 
affoct pavt>nwnt performance. Hert' again more 
detailed recommendations are 1-dven at the ends 
of Chapters:~ and :1. 

1.4.3 S1·r1-in-rihi/ity of l'a1·,·n11nls 

It is believed that the serviceability-perform
ance concept developed at th(' Road Test has 
added a new tedrniquc of value in thl' design 
and maintenancP of highway pavement. 1t is 
emphasized, ho,,·<'n'r, that the specific: service
ability indeX('S developed for the Road Test, 
were based on very small sam1iles of the Anwri
can highwa~· network by a very small group of 
hig-hwa~· engim•f•rs. There is no rpason to think 
that more PXtPnsive sampling -will result in 
major modification of these indexes, but if the 
system is to receive widespread use, it is im
perative that other groups, working m1der the 
same rules as the Road Test Rating P:mcl, 
makr> suh.iecti\·p ratin).('s of many sections of 
paveml'nt over the Pntire country cont:,i:1ing 
many t~·1ws nf distress h·ading to loss of S<'n'
iceability. Accompanying these rating sessi()ns 
should be objective measurements of th<,S(' cle
ments that mav be involved in s,•niceahilitv 
such as, slopl· v~H"iance (roughness), rut depth, 
cracking, faulting, patehing, and slipperiness. 
Regression analysC's of the ratings in tel'ms of 
the objective measurement data will produce 
new more generally applicable serviceal)ility 
indexes. 

P.-23 
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TRAFFIC AND TRUCK LOADING DATA 

Instructional Objectives 

1. To outline the basic type and uses of traffic data and its relation to 
highway engineering. 

2. To familiarize the student with the weigh-in-motion equipment and 
capabilities. 

Performance Objectives 

1. The student should develop a feel for the various types of traffic data 
that can be collected and the relative importance of each variable in the 
different highway engineering phases. 

2. The student should understand the use of weigh-in-motion equipment and 
how to incorporate this equipment in his or her agencies data collection 
scheme. 

Abbreviated Summary 

1. Vehicle and Traffic Considerations 

2. Traffic Variables 

4. Traffic Data Collection 

Reading Assignment 

Time Allocation, min. 

15 

15 

20 

50 

1. Haas and Hudson - Chapter 13.1, 13.3, 14.1, 14.2 

2. RTAC - Canadian Guide - Part 4 

3. Yoder & Witczak, Chapter 4 

Additional Readi~ 

1. Lin, Han-Jei, Clyde E. Lee, and Randy Machemehl, "Texas Traffic Data 
Acquisition Program, 11 Research Report 245-lF, Center for Transporta·
tion Research, The University of Texas at Austin, February 1980. 
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TRAFFIC AND TRUCK LOADING DATA 

1,0 VEHICLE AND TRAFFIC CONSIDERATIONS 

Traffic data is essential for investment progranuning, structural and 
geometric design, certain aspects of construction, and maintenance 
functions. Volumes, loads, and vehicle classification needs to be 
known for: 

1.1 Investment Progranuning 

Traffic data is used in benefit-cost analysis and project economic 
evaluation. 

1.2 Structural and Geometric Design 

The prediction of performance is directly linked to vehicle type, 
traffic volume, and mode of operation of the vehicle. 

1.2.1 Vehicle Types. To insure adequate structural and geometric 
design, all types of vehicles expected to be encountered in 
design life must be considered. 

1.2.2 Vehicle Movements. The volume of specific movements per 
vehicle type including lateral and/or longitudinal variation 
of vehicular load must be counted or approximated as 
accurately as possible. 

1.3 Maintenance 

Traffic volume is of special concern when maintenance work must be 
carried out during peak demand times. The type of loads is again 
a critical item in determining the optimum maintenance strategy 
from a structural standpoint. 

2.0 TRAFFIC VARIABLES 

Traffic loading and variation comprises one of the most difficult classes 
of variables confronting the pavement engineer. Actual values can vary 
markedly from design estimates and thus result in actual performance 
that may be significantly different from that originally predicted. 
There are several potentially important traffic variables, including 
the following (Ref 1): 
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(a) Wheel load, axle load, and total vehicle load. 
(~) Number of load applications, and their sequence. 
(c) Vehicle speed. 
(d) Lateral and lane distribution of loads. 
(e) Tire pressures. 
(f) Wheel arid gear configurations 
(g) Environmental factors. 

For design purposes, the variation ;i.n axle loads is usually handled 
through reducing to an "equivalent axle load" basis, as discussed more in 
a later lesson. 

2.1 Allowable Wheel Loads and Configurations 

When calculating the effect of wheel loads to the pavement structure, 
particular concern must be placed on the duration of the load, how 
the load is distributed to the pavement, and the magnitude of the 
load (wheel/axle/gross) pf~;i.nlity 9{ wheel lo~d, and the number of 
re~etitions of load. 

2.1.1 Allowable Loads in the Interstate System. The legal limits 
for axle loads, and gross vehicle weight in most states are as 
follows: 

Maximum load (gross) 
Single Axle load 
Tandem Axle load 

= 80,000 lbs 
= 20,000 lbs 
= 34,000 lbs 

2.1.2 Wheel Configuration. The common arrangement of axles is on 
either a single or a tandem basis, A typical example of the wheel 
configuration is shown in the Visual Aid 9.1. 

2.1.3 Proximity of Wheel Load. By distributing the load to tandem 
wheels the area of the overlap from the two loads creates less 
stress than the maximum allowable single load (Visual Aid 9.2). 

2 .1. 4 Bridge Formula (V;isual Aid 9. 3). 
can be carried on a group of two or more 
h;ighway bridges can be obtained from the 

w = ( LN ) SOO N - 1 + 12N + 36 

The maximum weight that 
axles without overstressing 
equation below: 



where 
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L = spacing in feet between the outer axles of any two or more 
consecutive axles 

N = number of axles being considered 

Spreding the load according to this formula also has beneficial effects in 
preventing overloading of highway pavements. 

4.0 TRAFFIC DATA COLLECTION 

4.1. Common Methods 

Most agencies have well established procedures for obtaining traffic 
volumes and vehicle classification counts and for measuring axle 
loads at selected sites. 

4.1.1 Speed. Usually obtained by radar at selected locations. 
Automatic speed monitoring devices using loop detectors 
are also used. 

4.1.2 Vehicle Type and Lane Distribution. Many states utilize 
human observers at roadside stations in conjunctions with 
automatic traffic counters to get percentage truck figures 
and lanewise truck volume counts. 

4.1.3 Vehicle Weight (Truck Weight). 

(a) Conventional Weigh Station. The conventional weigh 
station utilized a full time crew, say six employees, 
for static weight detrminations and for vehicle size 
measurements. A typical site consists of a paved 
roadway section parallel to the existing traffic lane 
on both sides of the highway. A level weighing area 
is located adjacent to a small recessed metal-lined 
pit in which a static wheel-load weigher is placed 
during survey operations. Surveying is done at select 
locations throughout the state on a routine schedule. 

(b) In Motion Vehicle Weighing. This system has the 
capability of measuring vehicle wheel weights while 
vehicles move in a normal traffic lane at highway 
speeds. The system determines and records dynamic 
wheel forces in each wheel path of the traffic lane, 
axle spacings, vehicle speed, number of axles per 
vehicle, and time of day. From these measurements, 
summary statistics including axle weights, gross 
vehicle weight, and wheel base are automatically 
computed. More advanced systems can measure up to 
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four lanes at one time, give i.rnmediate computation of 
wheel weight, axle weight, gross weight, axle spacing, 
vehicle length, vehicle type, and speed. Suspected 
violations of weight limits, including, bridge 
formula, can be indicated automatically and tabulated 
in statistical summaries. 

(c) WIM Experience (Visual Aid 9 .Lr). The first successful 
WIM system in the US was developed in Texas between 
1964 and 1969 for collecting statistical data. The 
commercial version of this system was marketed by 
UNITECH, Inc. of Austin, Texai; until RADIAN Corporation, 
also of Austin, Texas, bought UNITECH and began marketing 
under their name. Visual Aid 9.4 shows the application 
of Radian systems in statistical data collection, 
enforcement-aid, and research applic'.ation.--;. Other 
manufacturers including PAT U,iemens-Allis) from 
Germany, Golden River Corporation from Great Britain, 
C:MI-Dearborn with a Canadian design, Streeter .A.met, 
and Bridge Weighing Systems now offer commercial 
weigh-in-motion systems of various types. Their 
experience like Radian's is djverse and is continually 
changing as WIM is recognized as a feasible technique 
for obtaining truck weight information. 
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VISUAL AID 

Visual Aid 9.1. 

Visual Aid 9.2. 

Visual Aid 9.3. 

Visual Aid 9.4. 

LESSON OUTLINE 
TRAFFIC AND TRUCK LOADING 

TITLE 

Wheel configuration. 

Proximity of wheel load. 

Bridge formula. 

Radian WIM experience. 
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'° I 
'-J 

l 

10-12ft 
Lane 

Overall 
W1dth 
8.5 ft 

~ Overall Vehicle Length 
55 - 65 ft 

4' 
Tandem Axle 

Dual Tires 

I I 
30

11

:!: I 

Single Axle 
Dual Ti res 

Visual Aid 9.1. Wheel configuration. 

1 

Steering 
Axle Tires 



Visual Aid 9.2. Proximity of wheel load. 

® 
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Visual Aid 9.3. Bridge Formula. 

Permissible gross loads for vehicles in regular operation 

Based on weight formula W = 500 ( LN ) modified 
N - 1 + 12N + 36 

Distance in feet 
between the ex
tremes of any 
group of 2 or 
more consecutive 
axles 

4 •.••••.•••••.••.••••.• 

3 axles 4 axles 

Tandem Axle 5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

2 axles 

34,000 
34,000 
34,000 
34,000 
34,000 
39,000 
40,000 

. . . . . . . . . . . . . . ~ . . . 
(by definition) 

19 
20 
21 
22 
23 
24 
25 

34,000 
42,500 
43,500 
44,000 
45,000 
45,500 
46,500 
47,000 
48,000 
48,500 
49,500 

................................ 50,000 
51,000 
51,500 
52,500 
53,000 
54,000 
54,500 

....... 

....... 

....... 

....... 
50,000 
50,500 
51,500 
52,000 
52,500 
53,500 
54,000 
54,500 
55,500 
56,000 
56,500 
57,500 
58,000 
58,500 

The permissible loads are computed to the mearest 500 pounds. The modification 
consists in limiting the maximum load on any single axle to 20,000 pounds. 

W = the maximum weight in pounds that can be carried on a group of two 
or more axles to the nearest 500 pounds 

L = spacing in feet between the outer axles of any two or more 
consecutive axles 

N = number of axles being considered 
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Visual Aid 9.4. Radian WIM Experience, Circa 1983. 

Customer 

Domestic 
Texas Highway Department 

Florida Dept. of Transportation 

Louisiana Dept. of Highways 

New Mexico Highway Department 

Nevada Highway Department 

Georgia Dept. of Transportation 

Alabama Highway Department 

Idaho Dept. of Law Enforcement 

Virginia Dept. of Transportation 

Mississippi Dept. of Transportation 

Wyoming State Highway Dept. 

Total Sites 

Foreign 
Brazil-UN DP 

Argentina-DNV 

P = Portable 
F= Fixed 

Weighing 
Sites 

3 

18 

1 

12 

15 

8 

11 

4 

2 

2 

2 

78 

1 

1 
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Type 

p 

p 

p 

p 

p 

F 

p 

F 

F 

F 

F 

Since 

71 

73 

74 

74 

78 

78 

79 

80 

80 

81 

82 

75 

79 

Application 

Planning 

Planning 

Research 

Planning 

Enforcement/ Planning 

Enforcement 

Enforcement/Planning 

Enforcement 

Enforcement 

Enforcement 

Enforcement 

Research 

Enforcement 
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NATIONAL WEIGH-IN-MOTION CONFERENCE 

Denver, Colorado, July 11-15, 1983 

WIM Technology Session, Wednesday, July 13, 1983 

CONCEPTS OF WEIGH-IN-MOTION SYSTEMS 

by 

Clyde E. Lee 
Phil M. Ferguson Professor in Civil Engineering 

The University of Texas at Austin 

In order to understand the complex technical requirements for a highway 

vehicle in-motion weighing system, it will be instructive to review some basic 

principles of physics and to define a few terms that are used in engineering 

mechanics to describe the static and dynamic behavior of objects which exist 

in the earth's gravitational field. 

Weight is the force with which an object is attracted toward the 
earth by gravitation; it is equal to the product of the mass 
of the object and the local value of gravitational accele
ration. For practical purposes in weighing highway vehicles, 
gravitational acceleration can be considered constant at 32.2 
ft/sec2 for all locations. 

Mass is the measure of the resistance of an object to acceleration, 
or its inertia. Mass is conunonly taken as a measure of the 
amount of material which makes up an object and causes it to 
have weight in a gravitational field. 

Acceleration is the time rate of change of velocity. 

Velocity is the time rate of change of displacement. 

Force is that which changes, or tends to change, the state of 
motion of an object. 

Newton's Laws are applicable in defining the state of motion of a highway 

vehicle ~t any given instant of time. 

1. There is no change in the motion of an object unless an unbalanced 
force acts upon it. 

2. Whenever an unbalanced force acts on an object, it produces an 
acceleration in the direction of the force; an acceleration that 
is directly proportional to the force and inversely proportional 
to the mass of the object. 
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These concepts can be applied to weighing highway vehicles and intE,Li-,_et:ed 

first for the static (no-motion) case and then for the dynamic (in-motion) 

case. A highway vehicle is made up of several interconnected components, each 

with its own mass. The connectors, which also have mass, can be viewed as 

springs, hinges, and motion dampers. A force applied to any component will 

be transferred to the others through the connectors. (See Fig 1) 

STATIC WEIGHING 

To weigh a vehicle, a total upward force exactly equal to the downward 

force of gravity is applied through the motionless (in the vertical direction) 

tires of the vehicle and measured simultaneously by scales (force transducers) 

or a balance. This is known as static, single-draft weighing and is the most 

accurate means of determining gross vehic 11~ weight. 

Gross weight can also be determined accurately by successively measuring 

the downward force on the tires with all the vehicle components motionless and 

in exactly the same relative position to each other throughout the entire . 
weighing sequence. This condition of juxtaposition can be approximated in 

practice, but rarely achieved. The center of oscillation of the composite 

vehicle mass usually changes when the vehicle is moved; therefore, the distri

bution of the total downward force among the ti.res changes. Some sacrifice in 

weighing accuracy can thus be expected if the vehicle is moved between succes

sive tire force measurements as is the case when using axle load or wheel load 

weighers. This is especially true when the vehicle is moved several times and 

the weighing surface of the scales is not in the same horizontal plane as the 

surrounding surfaces supporting the tires which are not being weighed at the 

time. 

A typical spring rate for a rear truck wheel suspension is about 3,500 to 

4,000 pounds per inch of displacement and each tire also has a rate of about 

4,000 pounds per inch. The front suspension generally has a spring rate of 

about 500 pounds per inch. Thus," if one wheel of a vehicle is raised or low

ered with respect to the others during weighing, the wheel force on the scale, 

or weigher, will be considerably different than when the wheel is not displaced. 

Particular attention must be given to this concept when weighing the wheels of 

tandem or triple axles if reasonable accuracy is to be achieved with wheel load 

weighers. The same principles also apply to weighing axles and axle groups 
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with sets of wheel load weighers or with axle scales. The only way to weigh 

a highway vehicle accurately by successive positioning of wheels on a scale, 

or a series of scales, is to maintain all wheels of the vehicle in a hori

zontal plane (a smooth level surface) and have no redistribut ion of weight 

during the weighing process. This means that the deflec tion of the scale 

itself must be considered and that the friction in the vehicle suspension, 

drive, and braking systems must be accounted for . A considerable amount of 

weight transfer among axles occurs during acceleration and stopping of a 

vehicle, and the weight distribution at the time of weighing depends on the 

frictional forces in the suspension system at that time. In practice , efforts 

must be made to minimize the effects of weight transfer during successive 

weighings in order to make measurements within acceptable tolerances. 

IN-MOTION WEIGHING 

By definit ion, and by common usage, the tenn weight means that only 

gravitational force is acting on an object at rest. In-motion weighing of 

a highway vehicle attempts to approximate the weight of the vehicle, a wheel, 

an axle, or a group of axles on the vehicle by measuring instantaneously, or 

during a short period of time, the vertical component of dynamic (con tinually 

changing) force that is applied to a smooth, level road surface by the tires 

of the moving vehicle. The weight of the vehicle does not change when it 

moves over the road, but the dynamic force applied to the roadway surface by 

a rolling tire of the vehicle varies from more than double its static weight 

when it runs up on a bump, thereby exerting a large unbalanced force on the 

wheel mass, to zero when the tire bounces off the road. Figure 2 illustrates 

the pattern and magnitude of variability in dynamic wheel force for the left 

rear wheel (dual tires) of an empty dump truck driven at 30 mph over the 

relatively smooth road profile shown in the figure. A sheet of 3/8-inch thick 

plywood was placed on the first pair of the nine wheel force transducers that 

were arrayed in the road surface as shown in Fig 3 for exper imental measure

ments. Measured wheel forces for three successive runs of the truck are 

plotted in Fig 2 along with output from a vehicle simulation model called 

DYMOL. Fig 4 is a similar graph for the loaded vehicle. Several important 

concepts of dynamic vehicular behavior are illustrated by these figures. 

First, the pattern of wheel force for a given vehicle traveling over the same 
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roadway surface at the same speed is consistent as seen from the small sca t t er 

in the experimental measurements. Next, the mass of the vehicle components 

affects the magnitude and frequency of dynamic wheel forces and their varia

tion from static weight as illustrated for the loaded and unloaded vehicle. 

Different vehicles will react differently to road roughness. The wheels 

(unsprung masses) oscillate typically in the range of about 8 to 12 Hz when 

displaced suddenly , and oscillations damp rather quickly. Finally, the dynamic 

wheel force is sometimes less than static weight , and sometimes greater. A 

characteristic behavior of trucks that is not illustrated by these figures , 

but which is known from actual observation and from computer simulation, is 

that the sprung mass (body and payload) typically oscillates at about 0.5 to 

3 or 4 Hz depending on many factors which include mass. An out-of-round or 

out-of-balance tire or wheel can also apply vertical forces to the rota ting 

mass and cause large variations in dynamic wheel force. 

Accurate in-motion vehicle weighing is possible only when the vertical 

acceleration of all vehicle components is zero. The sum of the vertical forces 

exerted on a smooth, level surface by the perfectly round and dynamically 

balanced, rolling wheels of a vehicle at constant speed in a vacuum are equal 

to the weight of the .vehicle. None of the vehicle components will be accele

rating vertically under these ideal conditions. But, such conditions never 

exist in practice. Some of the factors which affect the tire forces of a 

moving vehicle are shown in the table below. 

FACTORS THAT AFFECT WHEEL LOADS OF A MOVING VEHICLE 

Roadway Factors Vehicle Factors Environment Fac tors 

• Longitudinal Profile • Speed , Acceleration • Wind 

• Transverse Profile • Axle Configuration • Temperature 

• Grade • Body Type • Ice 

• Cross Slope • Suspension System 

• Curvature • Tires 

• Load, Load Shift 

• Aerodynamic 
Characteristics 

• Center of Gravity 
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No road surface is perfectly smooth and level, no vehicle i s perfec t, and the 

existence of the atmosphere cannot be ignored. The nearer actual cond i t ion s 

approach ideal conditions, the better the approximation of vehicle weight t ha t 

can be made by measuring the vertical forces applied to the roadway surface 

by the tires of a moving vehicle. 

In practice, the adverse effects of the roadway factors can be mad e quit e 

small by careful site selection and proper installa tion and maintenance of 

in-motion weighing equipment. Undesirable environmental effects can be recog

nized or perhaps avoided by scheduling weighing operations . The vehicle 

factors, except for possibly speed and acceleration, are lar gely uncontrol

lable at a weighing location. Legal and safety regulations restrict the range 

within which certain other vehicle factors occur, and economic considerations 

influence the vehicle operating conditions that drivers and owners are willing 

to tolerate. Perhaps the most significant uncontrolled vehicle f actor that 

affects in-motion weighing is tire condition. Unbalanced or out-of-round 

tires rotating at high speed can cause large variations in t he v ertical com

ponent of force acting on the wheel mass and can therefore produce vertical 

acceleration of this mass. Tire inflation pressure also con tr ibutes signif i

cantly to the dynamic behavior of the tire and wheel mass. Even though the 

tire-condition variable cannot be controlled in in-motion wei ghing, observa

tion and experience indicate that the tires on most over- t he-r oad vehicles are 

maintained in reasonably good condition; therefore, the results of this poten

tially adverse effect might also fall within tolerable limits for most vehicles 

and for certain types of in-motion weighing operations. Several years of 

experience have demonstrated that in-motion weighing is prac ticable. Properly 

designed and maintained equipment is a basic requirement. Appropriate use of 

the equipment and interpretation of the measurements is equally important if 

satisfactory results are to be achieved with the techniqu es. 

WIM SYSTEMS 

A basic in-motion vehicle weighing system consists of one or more wheel 

force transducers plus the associated signal processing instruments. Supple

mentary vehicle presence sensors (e.g., inductance loop detec tors) or axle 

passage detectors may also accompany the weighing system to measu r e speed, 

axle spacing , overall vehicle length, and lateral placemen t as the vehicle 

passes over the system. 
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Wheel Force Transducer 

The key component of any WIM system is the wheel force transducer, which 

converts the vertical component of force applied to its surface through the 

tires of a moving vehicle into a proportional signal that can be measured and 

recorded. In order to measure the total vertical force imposed on the tr3.r'S· 

ducer by a selected tire, or by a group of tires, on a vehicle, the full tire 

contact area/s of interest must be supported completely and simultaneously by 

the transducer. The transducer must then produce a signal which is exactly 

proportional to the vertical force applied. This signal must not be affected 

by (1) tire contact area, stiffness, inflation pressure, nor position on the 

sensing surface of the transducer, (2) tractive forces, (3) temperature, nor 

(4) moisture. 

An ideal force vs. time signal from a wheel force transducer is shown in 

the sketch below. 

1.. L .1. W ___ __,"'"""'"' 

•••••••••••••••••••••••••••••• 

••••••••••••••••••••••••••••••• 

1 

I. J 
Time .. 
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As the tire contact length, L, moves onto the transducer, force increases 

until the full tire contact area is supported by the transducer. Force does 

not change (assuming no vertical movement of the velucle components) during 

the time L_ while the tire contact patch continues to be supported only by 
W-L 

the transducer. Th is is the time when wheel force me,1surcments are ,ioss ib le. 

Typically, L_ is about 0,006 seconds fo.c a loaded truck traveling at 
W-L 

60 mph over a transducer 1.5 feet long with a tire contact length of 1.0 foot. 

The surface of the wheel force transducer must be exactly even with the 

surface of the level roadway into which it is installed in order not to create 

an unbalanced force on the wheel/tire mass as the tire passes over the trans

ducer. This unbalanced force will act upward to displace the mass if the 

transducer stands above the road surface, or it will cause the spring force of 

the vehicle suspension and the pneumatic tire to act downward on the mass as 

an unbalanced force if the transducer is below the surface. The inertia of 

the wheel/tire mass will affect the wheel force and thus the force measurements 

made by the transducer under either of these conditions. It is not possible 

to calibrate the signal from the transducer to compensate exactly for differ

ences in elevation of the force-sensing transducer surface with respect to the 

surrounding road surface as each vehicle will respond differently to the 

surface irregularity. Such factors as speed, tire stiffness and inflation 

pressure, and mass of the various unsprung vehicle components are particularly 

affected, even by small surface irregularities. 

Ideally, the transducer should deflect under load the same amount as the 

road surface. If the transducer is very stiff as compared with the pavement, 

the net effect upon force measurements will be like that of the wheel running 

up on a bump. Similarly, if the transducer deflects more than the road 

surface under load, the wheel will be affected as if it runs into a shallow 

hole. The transducer should deflect a small amount under load in order to 

behave like the surrounding road surface. 

The mass of the transducer should be small in relation to the dynamic 

forces that are to be measured. In principle, a force transducer usually 

measures the displacement in an elastic body that is subjected to an applied 

force. This displacement is a function of the magnitude and duration of the 

force as well as the mass of the displaced body. To illustrate, think of your 

hand as an elastic spring supporting a mass and your nerves as a displacement 

measuring system. Place your palm upwards on the table and set a 10-pound 
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steel block in your hand. Close your eyes. Have a friend strike the weight a 

sharp blow with a hammer. Gage and remember your s ensation t o the f orce 

applied by the hammer. Open your eyes and replace the steel block with a 

penny and close your eyes again. Have your friend strike the penny a s imilar 

sharp blow with the hammer. Was the applied force the s ame? Yes, the app lied 

force~ the same, but the displacement in your hand was much more in the 

second experiment leading you to an erroneous conclusion (i f you really let 

your "friend" hit the penny). The 01ass of n whee 1 force transducer must be 

relatively small if dynamic forces of a few thousand pounds applied for a few 

miUiseconds are to be measured accurately by sensing the displacement of the 

elastic element of the transducer. The inertia of the transducer mass affects 

its ,displacement with respect to time under an applied unbalanced force. 

Closely associated with the mass of the transducer is its resonant, or 

natural, frequency of oscillation. The elastic transducer mass that is dis

placed downwards by an appli ed force .. , · J:; r ebound when the force is removed 

and move upw;.; r ds under i-l1P ' 'H J. !JL', ;core~ l ' i.l' ,· .l ,isL i. c body until a restrain-

ing fo rco= . .i. n tl1<.o opposi te cl :i r c· c i' .i 011 (g ra\· ,i u , v, 1 , , ~' t he movement. This · 

pattern of .unbalanced forces acting on the transducer mass will cause it to 

oscillate until some form of damping dissipates the energy stored in the 

elastic system. The period of oscillation is a function of mass. Generally, 

the greater the mass, the slower the period of oscillation and the more the 

ener~y required for damping. 

A w~eel force transducer measures the relative displacement of an elastic , 

mass in response to the applied forces. If the transducer mass is being dis

placed from its reference position by an unbalanced force at the time a wheel 

force is applied, the net displacement under the wheel will result from the 

algebraic sum of the unbalanced force associated with the initial displacement 

plus the unbalanced force from the applied wheel force. If the transducer 

ma s s happens to be moving downwurd due to a previously applied unbalanced 

force when the tire appl :. , .. an :,~;Ji t ion.:1 1 ,.'8wuwa r,: i: c. r cc, the mass will move 

further downward due to the SJ '! _, ::._ ~b , t , . uaba :• .-, · , c·tcd f orces both acting 

downwards. I f , on the other hand, the transducer mass i. s moving upwards due 

to a previously applied unbalanced force, the f inal displacement of the trans

ducer mass with respect to its rest position will result from a force equal to 

the difference in the upward inertial forc e and the downward wheel force. 
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An effective wheel force transducer must be at rest when the wheel force 

to be measured is applied. A low mass transducer tends to oscillate at high 

frequency and damp to a rest position relatively quickly; therefore, a low 

mass, critically damped transducer is generally preferred. Since the time 

between tandem axles (approximately 4 feet apart) on a vehicle moving at 

60 mph is about 4/88 = 0.045 seconds, the transducer should cease oscillation 

within this short time in order to be ready to measure the wheel forces of 

such closely spaced axles. To assure that the transducer mass is at rest when 

an unknown tire force is to be measured, an oscilloscope should be used to 

examine the signal with respect to time. The force vs. time trace shown in 

the previous sketch should be closely approximated, particularly in the time 

just before the tire goes onto the transducer. The transducer should indicate 

no force except that of gravity when it is not loaded externally. 

A wheel force transducer must be designed and constructed with adequate 

capacity to handle the wheel loads that will occur in practice. Legal axle 

load limits and possible overloads must be considered. Also, the fact that 

dynamic wheel force can sometimes be double the s:a.ti.::: ·pheel ,.1,:1.ght should be 

allowed for. The general relationship between fatigue life of the transducer 

elements and the expected number of repetitions of various stress levels 

should also be recognized. Wheel force transdGcers operate in an extremely 

hostile environment of impact loading, vibratio!-:.. c li:.:r.a. :1 c extremes, and 

sometimes intentional abuse. Wear and tear are expect2d; therefore, good 

design must be complemented by proper inspection and maintenance if satis

factory service is to be realized from wheel force transducers. 

A partial check list of wheel force transducer features is shown in the 

table below. This might be useful for assessing the adequacy of the trans

ducer design and the potential performance of this important part of a WIM 

system. 
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WHEEL FORCE TRANSDUCER FEATURES 

Feature 

• Insensitive to: Tire contact area (single/dual) 

Tire stiffness 

Tire inflation pressure 

Tire positio~ (edge-to-edge) 

Temperat:.1
• "' 

Moistun 

• Ins::- 1 ·, ( ,, cve11 with roadw,;1 ,:urface 

• Signal directly proportional to applied vertical force 

• Small de,.•,ect.i.0r: under load 

• Low mass I Hi ,_:h :-:mr;-; l i.1::J('(' 

• High natural fn,,-.1-.!ncv / Critical damping 

• Capacity 

• Durability / Maintaim,.bili ty 

WIM Signal Processing Instruments 

Analog signals from the wheel force transducers must be interpreted and 

recorded by appropriate electronic instruments to yield samples of dynamic 

wheel forces which serve as estimates of wheel, axle, and vehicle weight. 

Analog-to-digit:'l conversion of signals is now routine; therefore, most WIM 

systems are based around digital data processors. The wheel force signal 

sketched in the previous section is digitized at a typical rate of about 

1,000 Hz. The resulting digital array is evaluated rapidly and effectively to 

isolate the pertinent information and display a measured wheel force in appro

priate units. This information is stored for further use in computing esti

mated axle weights and gross vehicle weights. All data, or only selected 

items, can be recorded for subsequent recovery and further processing. Proper 

software must be provided to utilize the hardware capabilities of any WIM 

system. There are few limitations today on the availability of quality WIM 

instrumentation systems. Almost any reasonable signal processing specification 

can be met by qualified and experienced vendors of such services. 
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ACCURACY OF WIM SYSTEMS 

Highway vehicles are normally weighed for one or more of the following 

purposes: (1) connnerce (buying and selling by weight); (2) statistical data 

(needed for planning, financing, designing, constructing, operating, and main

taining the road system); or (3) enforcement (assuring that design loading is 

not abused). The need for accurate (correct; without error; deviating only 

slightly or within acceptable limits from a standard) weighing varies somewhat 

for each of these purposes because the consequences of using inaccurate weight 

infonnation involve different degrees of risk to the users. Tolerances, or 

pennitted variations from a correct value, can be set to reflect the relative 

importance of accuracy in view of both the use of the infonnation and the cost 

and feasibility of obtaining it. Setting of such tolerances involves the 

specification of the magnitude of allowable variations as well as the proba

bility that any given measurement will lie within the stated limits. Consid

erable judgment must be exercised in developing these specifications, and the 

need for nationwide uniformity must be recognized. 

From the previous discussion of in-motion weighing, it should be apparent 

that the dynamic interaction of an imperfect vehicle with an imperfect road 

surface in the earth's atmosphere makes highly accurate estimates of vehicle 

weight impossible by this technique. But the practical question remains, can 

samples of dynamic wheel force be used to estimate vehicle, axle, and wheel 

weights within acceptable tolerances for specific purposes? The demonstrated 

answer to this question is yes. The state-of-the-art in in-motion weighing 

now permits efficient, safe, economical measurements of vehicle weights and 

dimensions to be made for statistical data purposes. Properly designed, 

installed, and maintained WIM equipment is capable of making unbiased measure

ments of dynamic wheel forces that represent adequately the loading patterns 

to which our roads and bridges are being subjected. The fact that some of t!:'~ 

sampled forces are greater than the true static weight and some areless is 

important; this is what the road surface actually experiences. As long as our 

structural design procedures and materials testing procedures are based on 

static loading, an estimate of the static loading pattern is a useful sta

tistic. When these procedures can utilize a more sophisticated description of 

dynamic loading, the WIM technique can be adapted for providing such infor

mation. For now, however, a WIM system which can measure and record the 

9-26 



applied wheel force within about l percent tc l.erance c 0 . ·, '-

with confidence to cullect large samples of data for statisci.:.:al applir.:atlons. 

Tolerance needed for commercial vehicle weighing applications are iong 

established and well recognized. In·-motion weighing at higb speeds cannot: n(;\/ 

satisfy these small tolerances> but this application should Doc be overlooked 

in future WIM development. 

Enforcement applications of in-motion weighing currently utilize the 

technique mostly as a screening device to identify suspected weight violators 

for subsequent checking on static scales certified to the required tolerances. 

Weight threshold limits on the WIM system can be adjusted to allow for expec

ted differences in dynamic force measuremebts and static weight and thereby 

select only those vehicles that are quite likely to be overweight. Some com

pensation can be made in the WIM system thresholds for site-specific charac

teristics such as local surface roughness or grade by comparing WIM measure

ments with actual static weights, but this will not be perfect as each vehicle 

will behave differently. The overall efficiency of enforcement weighing is 

considerably enhanced by the WIM technique as static weighing is necessary 

only for the vehicles which approach or exceed the various legal limits. 

It is recognized that axle-by-axle static weighing of a vehicle on an 

axle-load scale that is certified to small tolerances (e.g., 0.2 percent) does 

not necessarily yield vehicle or axle weights which all fall within these 

tolerances. The probability is high that in-motion weighing of successive 

axles at slow speeds can give very good estimates of such weights; perhaps as 

good as static axle-by-axle weighing. A series of experiments is now being 

conducted in Texas by the State Department of Highways and Public Transpor

tation, the Department of Public Safety, and the Center for Transportation 

Research at The University of Texas at Austin in cooperation with the Federal 

Highway Administration to obtain a comprehensive data set for comparing the 

accuracy of WIM at high, intermediate, and slow speeds with that of a static 

axle-load scale, a semi-portable axle scalei, and wheel-load weighers. This 

experiment should be completed in about a year. 
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Slide 9.1. Conventional weighing 
of truck. 

Slide 9.2. Conventional weighing 
of truck (continued). 

Slide 9.3. Arrangement of traffic . 
control. 



Slide 9.4, Utilization of a large 
crew in conventional 
weighing. 

Slide 9.5. Use of two scales and 
an officer for conven
tional weighing. 

Slide 9.6, Conventional weighing 
(continued), 



> 

Slide 9.7, Factors considered in a 
vehicle weighing system. 

Slide 9.8, Layout of a weigh-in
motion system. 

Slide 9.9. Truck approaching at a 
normal speed. 



Slide 9.10, Truck passing at 
normal speed. 

Slide 9.11. Oscilloscope trace of 
a 3-axle vehicle. 

Slide 9.12. Accuracy in high speed 
and low speed weigh-in
motion. 



Slide 9. 13 . Axle l oad versus 
equivalent number of 
axles. 

Slide 9,14 . Installation of WIM 
system. 

Sl i de 9.15, Schematic of a site 
where WIM system 
is installed. 



Sl i de 9.16. Schematic of WIM site 
(continued). 

Slide 9.17. HSWIM non-suspect 
System . 

Slide 9.18. Illustration of 
signal S-2 (to resume 
speed). 



Slide 9.19. Sign to resume speed. 

Slide 9.20. Signals for WSWIM 
suspect. 

Slide 9.21. Sign to reduce speed 
for HSWIM suspect. 



Slide 9.22. Sign for non-vilator. 

Slide 9.23. Signal for LSWIM 
violator. 



Revised WRH/ lg 1? / ',; ,':: ·, 
Lesson 10 

1. To provide the studento 1:itlt a i)dcJlc rnet.ti,.,,, rc,_:cr.1n,E,•,c'.· '., 

converting mixed traffic loads to equivalent 18-kip single-axle loads. 

Performance Obj~ctives 

l. The student should be able to identify the data needed to conv1:::rc rllLXdl 

traffic into equivalent 18-kip single-axle loads. 

2. The student should be able to perform the conversion using the A,'\SHTU 

method. 

1 d Introduction 

2. Method for Flexible F•avements 

3. Method for Rigid Pavements 

Reading Assignment 

1. Yoder & Witczak - Chapter 4, pages 162-172 

2. AASHTO Interim Guide - pages 62-69 and 107-110 
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1.0 INTRODUCTION 

LESSON OUTLINE 
AASHTO LOAD EQUIVALENCIES 

1.1 Procedures for Conversion 

Revised WRH/lg 6/9/84 
Lesson 10 

1.1.1 WASHO Road Test and Maryland Road Test. (Visual Aid 10.1) Both 
the WASHO and the Maryland road tests used similar vehicles. 
These consisted of single unit trucks with dual and tandem 
wheel configurations. The WASHO Road Test involved a wider 
load range than the Maryland test. 

1.1.2 AASHO Road Test. (Visual Aid 10.2) The AASHO Road Test 
included three truck types. These included 2 axle, 3 axle 
(code 2-51) and 5 axle trucks (code 3-52) configurations. 
The 2-51 and 3-52 are tractor-trailer combinations. All 
trucks were fully loaded during the tests. 

1.1.3 Asphalt Institute. For pavement design purpose, the 
cumulative effects of the number of vehicles and the 
weight on each wheel are reduced to a cormnon denominator 
of equivalent 18,000 lbs single axle loads (Visual Aid 10.3). 
Visual Aid 10.4 is based on the analysis of extensive 
loadometer studies. 

1.2 Flexible versus Rigid Pavement 

1.2.1 Flexible based on: 

(a) terminal serviceability, 
(b) structural number, and 
(c) number of axles. 

1.2.2 Rigid based on: 

(a) terminal serviceability, 
(b) slab thickness, and 
(c) number of axles. 

2.0 METHOD FOR FLEXIBLE PAVEMENTS 

2.1 Derivation of Equivalence Load Factors (Visual Aids 10.5, 10.6, 10.7 
and 10. 8) 

log W 
t 

5.93 + 9.36 log (SN+ 1) - 4.79 log (1
1 

+ 1
2

) 

+ 4.331 log 12 + Gt/S 
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where 

Revised WRH/lg 6/9/84 
Lesson 10 

W = axle load applications of end of time t 
t 

SN 

= 

structural number 

load on one single or one tandem axle set, kips 

axle code (1 for single and 2 for tandem axle) 

a function (the logarithm) of the ratio of loss in 
serviceability at time "t" to the potential loss 
taken to a point where pt = 1.5. 

a function of design and load variables that influence 
the shape of the p-versus-W serviceability curve. 

Rearrange terms and substitute appropriate values for 1
1 

and 12 : 
(Visual Aid 10.9) 

[ (L. + n)4.79] 
[ lOG/8 18 l e. = 

(1~ + 1)4.79 ( 10G/Bi ) ( n 4. 33) l 

e. = traffic equivalence factor for load group i 
l 

L. = axle load, kips 
l 

n = number of axles 

0.081 (L. + n)3.23 
B. 0.4 + l = 

l (SN+ l)5.19n3.23 

log ( 
4.2 - pt ) G. = 

l 4.2 - 1.5 

(e.g., single axle, L. 
l 

+ n 20 + l· 
' 

tandem axle, L. + n = 20 + 2) 
l 

tabulated values of e. are shown in Visual Aids 10.10 and 10.11. 
l 
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Revised WRH/lg 12/10/83 
Lesson 10 

2. 2 Conversion of Mixed __ Traf fie_ to _Egui.valenr _Traffic 

w == N 
tl8 t 

where 

n 
E 

ice=]_ 

p. e ., 
l 1 

equivalent number of 18-kip single axle loads for 
flexible pavement 

= total number of axles 

P. percent of 2xles in load group i 
l 

2.3 Lane Distribution Considerations 

The number of equivalent axle loads derived represents the total 
for all lanes and both direction of travel. Lane distribution 
considerations are: 

(a) usually assign 50 percent of W to each direction, 
tl8 

(b) usually assign 100 percent of traffic in each direction to the 
design lane, and 

(c) possibly use lane distribution factors. (Visual Aid 10.12) 

3.0 METHOD FOR RIGID PAVEMENT 

3.1 Derivation of Equivalence Load Factors (Visual Aids 10.13, 10.14 
and 10.15) 

log wt 
18 

where D 

5.85 + 7.35 (log D + 1) - 4.62 log (1
1 

+ 1
2

) 

thickness of slab, inches. 
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Rearrange terms and substitute appropriate values for 11 and L~: 
(Visual Aid 10.9) L 

e. = 
1 

(L. + 
1 

(18 + 

1.00 + 

3.28 
n 

G. = log 
1 

4.5 - pt 

4-5 - 1.5 

Tabulated values of e. are shown in Visual Aid 10.16. 
1 

3.2 Conversion of Mixed Traffic to Equivalent Traffic 

where 

P. e. 
1 1 

W = equivalent number of 18-kip single axle loads for 
tl8 rigid pavement 

N = total number of axles 
t 

P. = percent of axles in load group i. 
1 
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4.0 EXAMPLE - LOADOMETER STATION DATA (Visual Aid 10.17) 

The example in Appendix C of the AASHTO Interim Guide will be covered 
in class or a lab session. 

10-6 



Revised WRH/lg 6/9i84 

LESSON OUTLINE 
AASHTO LOAD EQUIVALENCIES 

VISUAL AID TITLE 

Visual Aid 10.1. WASHO and Maryland Road Tests. 

Visual Aid 10.2. The Asphalt Institute's equivalency factors. 

",-. ':'"' ., ~" 

Visual Aid 10.3. Nomograph method for estimating EAL
18 

for flexible pavements. 

Visual Aid 10.4. Main factorial experiment, relationship between design and 
axle load applicaitons at p 1.5 (from Road Test 
equations). 

Visual Aid 10.5. Derivation of equivalency load factors - flexible. 

Visual Aid 10.6. Derivation of equivalency load factors - flexible. 

Visual Aid 10.7. Traffic equivalency factors. 

Visual Aid 10.8. Fatigue/Damage and load relationships. 

Visual Aid 10.9. Traffic equivalency factors. 

Visual Aid 10.10. Flexible pavement traffic equivalency factors (pt= 2.0). 

Visual Aid 10.11. Flexible pavement traffic equivalency factors (pt 2,5). 

Visual Aid 10.12. Lane distribution factors on multilane roads. 

Visual Aid 10.13. Derivation of equivalency load factors - rigid. 

Visual Aid 10.14. Derivation of equivalency load factors - rigid. 

Visual Aid 10.15. Derivation of equivalency load factors - rigid. 

Visual Aid 10.16. Rigid pavement traffic equivalency factors (pt= 2.5). 

Visual Aid 10.17. Example of determination of equivalent 18-kip (80kN) 
single axle loads from Loadometer station data. 
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Visual Aid 10.1. WASHO and Maryland Road tests. 

* (a) WASHO Road Test, Equivalent Axle Loads, Flexible Pavement 

Equivalent Tandem-Axle 
Load 

Single-Axle Based on Based on 
Load Deflection Distress 

Surfacing (kip) (kip) (kip) 

2-inch asphaltic concrete 18,0 35.0 28.3 

22.4 44.0 36.4 

4-inch asphaltic concrete 18.0 30.5 28.0 

22.4 40.9 33,6 

~'(From liighway Research Board Special Report 22. 

(b) Maryland Test Road, Tandem-axle Loads Equivalent to 18,000 
Pound Single-Axle Rigid Pavement* 

Equivalent Tandem Axle 

Subgrade 
Type 

Average of four tests 
on gravel 

Clay (pumping) 

Average Clay 

Corner 
Stress 

(kip) 

31. 4 

27.4 

27.7 

23.0 

30.9 

29.75 

Corner 
Deflection 

(kip) 

29.3 

24.4 

24.1 

26.2 

27.0 

25.4 

*From Highway Research Board Special Report 4. 
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Free Edge 
Deflection 

(kip) 

24.3 

19.4 

18.9 

19.2 



Visual Aid 10.2. The Asphalt Institute's load equivalency factors. 
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Visual Aid 10.3, Nomograph method for estimating EAL
18 

for flexible pavements. 
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)C 
Ill 
0 
z 
.,, .,, .., 
z 
~ 
(.) -% .... 

Visual Aid 10.4. Main factorial experiment, relationship between design 
and axle load applications at p = 1.5 (from road 
test equations). 

THICKNESS INDEX= 0.44 01 0.1402 0.11 03 
01 = SURFACING THICKNESS, INCHES (21N. MINIMUM) 

6 D2 = BASE THICKNESS, INCHES (3 IN. MINIMUM)-+-<l,,,,,f.4...f..+.----+-
03 = SUBBASE THICKNESS, INCHES 

5 
(AAS HO ROAD TEST MATERIALS) 

4 

3 

2 

0 .__ ............................... _ ..... _... ...................... __ .._ ........................... _ ..... ____ _ 

I 10 100 1,000 10,000 

WEIGHTED AXLE LOAD APPLICATION IN THOUSANDS 
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Visual Aid 10.5. Derivation of equivalency load factors - flexible, 

Where: 

= 5.93 + 9.36 Log (SN+ 1) - 4.79 log (L + L) 
1 2 

+ 4,331 Log 1
2 

+ Gt /S 

Wt = axle load applications at end of time t 

SN = 

= 

= 

8 

structural number 

load on one single or one tandem axle set, kips 

axle code (1 for single and 2 for tandem axle) 

a function (the logarithm of the ratio of loss 
in serviceability at time t to the potential 
loss taken to a point where pt = 1.5. 

a function of design and load variables that 
influence the shape of the (p versus w) 
serviceability curve. 
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Visual Aid 10.6. Derivation of equivalency load factors - flexible. 

If 1
1 

equals 18 kips, and 1
2 

equals 1 for single axles, 

Log W 
t18 

5.93 + 9.36 Log (SN+ 1) - 4.79 Log(l8 + 1) 

For any other axle load 1
1

, equal to X, 

Log W 
tl8 

Subtracting: 

5.93 + 9.36Log(SN +1) - 4.79 Log(Lx + L2) 

+ 4.33Log 1
2 

+ G IS 
t X 

4. 79 Log(l8 + 1) - 4. 79 Log(Lx + 1 2) 

+ 4.33 Log L~ + G /S - G /S18 ,_ t X t 
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Visual Aid 10.7. Traffic equivalency factors. 

For single axles (L
2 

= 1) 

Log W /Wt = 4.79 Log(18 + 1) - 4.79 Log (L + 1) 
tX 18 X 

+ G IS - G /S18 t X t 

or, for tandem axles, (L
2 

= 2), to: 

= 4.79 Log (18 + 1) - 4.79 Log (L + 2) 
X 

+ 4.33 Log 2 + G IS - G /S
18 t X t 
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Visual Aid 10.8. Fatigue/Damage and load relationships, 

100 

70 
I 

Fatigue 

50 -- --·---- -- - - - --~--r--------------------

Cf) 

20 300 

Number of Repetitions 

300 R50 = 20 R7o= IR100 

Damage 

Load A 

150,000 

Log I APPS 

150 A= 600 B 
A= 4 B 
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Visual Aid 10.9. Traffic equivalency factors. 

wl = Nl 
. el = Nt • pl . el 

w2 = N2 
. e2 = Nt 

. p2 . e2 

w. = N. . e. = Nt . P. . e . 
1 1 1 1 1 

w = N . e = N . p . e 
n n n n n n 

where: 

wl = equivalent 18-kip (80kN) single-axle loads 
for load group i. 

N. = number of axles expected for load group i. 
1 

N = t total number of axles. 

P. = percent of axles in load group i. 
1 

ei = traffic equivalence factor for load group i. 
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Visual Aid 10.10. Flexible pavement traffic equivalency factors (pt= 2.0). 

Traffic Equivalence Factors, Flexible Pavement 

Single Axles, Pt = 2.0 

Axle Load Structural Number, SN 

Kips kN 2 3 4 5 6 

2 8.9 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 
4 17 .8 0.002 0.003 0.002 0.002 0.002 0.002 
6 26.7 0.01 0.01 0.01 0.01 0.01 0.01 
8 35.6 0.03 0.04 0.04 0.03 0.03 0.03 

10 44.5 0.08 0.08 0.09 0.08 0.08 0.08 
12 53.4 0.16 0.18 0.19 0.18 0.17 0.17 
14 62.3 0 32 0.34 0.35 0.35 0.34 0.33 
16 71.2 0.59 0.60 0.61 0.61 0.60 0.60 
18 80.l 1.00 1.00 1.00 1.00 1.00 1.00 
20 89.1 1.61 1.59 1.56 1.55 1.57 1.60 
22 97.9 2.49 2.44 2.35 2.31 2.35 2.41 
24 106.8 3.71 3.62 3.43 3.33 3.40 3.51 
26 115.7 5.36 5.21 4.88 4.68 4.77 4.96 
28 124.6 7.54 7.31 6.78 6.42 6.52 6.83 
30 133.4 10.38 10.Q3 9.24 8.65 8.73 9.17 
32 142.3 14.00 13.51 12.37 11.46 11.48 12.07 
34 151.2 18.55 17 87 16.30 14.97 14.87 15.63 
36 160.1 24.20 23.30 21.16 19.28 19.02 19.93 
38 169.0 3Ll4 29.95 27.12 24.55 24.03 25.10 
40 177.9 39.57 38.02 34.34 30.92 30.04 31.25 

Traffic Equivalence Factors, Flexible Pavement 

Tandem Axles, Pt = 2.0 

Axle Load Structural Number, SN 

Kips kN 2 3 4 5 6 

10 44.5 0.01 0.01 0.01 0.01 0.01 O.Ql 
12 53.4 0.01 0.02 0.02 O.Ql 0.01 0.01 
14 62.3 0.02 0.03 0.03 0.03 0.02 0.02 
16 71.2 0.04 0.05 0.05 0.05 0.04 0.04 
18 80.1 O.Q7 0.08 0.08 0.08 O.Q7 0.07 
20 89.0 0.10 0.12 0.12 0.12 0.11 0.10 
22 97.9 0.16 0.17 0.18 0.17 0.16 0.16 
24 106.8 0.23 0.24 0.26 0.25 0.24 0.23 
26 115.7 0.32 0.34 0.36 0.35 0.34 0.33 
28 124.6 0.45 0.46 0.49 0.48 0.47 0.46 
30 133.4 0.61 0.62 0.65 0.64 0.63 0.62 
32 142.3 0.81 0.82 0.84 0.84 0.83 0.82 
34 151.2 1.06 1.07 1.08 1.08 1.08 1.07 
36 160.1 1.38 1.38 1.38 1.38 1.38 1.38 
38 169.0 1.76 1.75 1.73 1.72 1.73 1.74 
40 177.9 2.22 2.19 2.15 2.13 2.16 2.18 
42 186.8 2.77 2.73 2.64 2.62 2.66 2.70 
44 195.7 3.42 3.36 3.23 3.18 3.24 3.31 
46 204.6 4.20 4.11 3.92 3.83 3.91 4.02 
48 213.5 5.10 4.98 4 72 4.58 4.68 4.83 
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Visual Aid 10.11. Flexible pavement traffic equivalence factors (pt = 2.5). 

Traffic Equivalence Factors. Flexible Pavement 

Single Axles, Pt = 2.5 

Axle Load Structural Number, SN 

Kips kN 2 3 4 5 6 

2 8.9 0.0004 0.0004 0.0003 0.0002 0.0002 0.0002 
4 17.8 0.003 0.004 0.004 0.003 0.003 0.002 
6 26.7 0.01 0.02 0,02 O.Ql 0.01 0.01 
8 35.6 0.03 0.05 0.05 0.04 0.03 0.03 

10 44.5 0.08 0.10 0.12 0.10 0.09 0.08 
12 53.4 0.17 0.20 0.23 0.21 0.19 0.18 
14 62.3 0.33 0.36 0.40 0.39 0.36 0.34 
16 71.2 0.59 0.61 0.65 0.65 0.62 0.61 
18 80.1 1.00 1.00 1.00 1.00 1.00 1.00 
20 89.0 1.61 1.57 1.49 1.47 1.51 1.55 
22 97.9 2.48 2.38 2.17 2.09 2.1~ 2.30 
24 106.8 3.69 3.49 3.09 2.89 3.03 3.27 
26 115.7 5.33 4.99 4.31 3.91 4.09 4.48 
28 124.6 7.49 6.98 5.90 S.21 5.39 5.98 
30 133.4 10.31 9.55 7.94 6.83 6.97 7.79 
32 142.3 13.90 12.82 10.52 8.8S 8.88 9.9S 
34 151 .2 18.41 16.94 13.74 11.34 11.18 12.51 
36 160.1 24.02 22.04 17.73 14.38 13.93 IS.SO 
38 169.0 30.90 28.30 22.61 18.06 17 .20 18.98 
40 177.9 39.26 35.89 28.51 22.SO 21.08 23.04 

Traffic Equivalence Factors, Flexible Pavement 

Tandem Axles, Pt = 2.5 

Axle Load Structural Number, SN 

Kips kN 2 3 4 s 6 

10 44.5 0.01 0.01 0.01 0.01 0.01 0.01 
12 53.4 0.02 0.02 0.02 0.02 O.Ql o.oi 
14 62.3 0.03 0.04 0.04 0.03 0.03 0.02 
16 71.2 0.04 0.07 0.o7 0.06 0.05 0.04 
18 80.l 0.07 0.10 0.11 0.09 0.08 0.07 
20 89.0 0.11 0.14 0.16 0.14 0.12 0.11 
22 97.9 0.16 0.20 0.23 0.21 0.18 0.17 
24 106.8 0.23 0.27 0.31 0.29 0.26 0.24 
26 115.7 0.33 0.37 0.42 0.40 0.36 0.34 
28 124.6 0.4S 0.49 0.55 0.53 o.so 0.47 
30 133.4 0.61 0.6S 0.70 0.70 0.66 0.63 
32 142.3 0.81 0.84 0.89 0.89 0.86 0.83 
34 151.2 1.06 1.08 1.11 1.11 1.09 1.08 
36 160.1 1.38 1.38 1.38 1.38 1.38 1.38 
38 169.0 l.7S 1.73 1.69 1.68 1.70 1.73 
40 177.9 2.21 2.16 2.06 2.03 2.08 2.14 
42 186.8 2.76 2.67 2.49 2.43 2.51 2.61 
44 19S.7 3.41 3.27 2.99 2.88 3.00 3.16 
46 204.6 4.18 3.98 3.58 3.40 3.55 3.79 
48 213.S 5.08 4.80 4.25 3.98 4.17 4.49 
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Visual Aid 10.12. Lane distribution factors on multilane roads. 

Number of Lanes 
in Both Directions 

2 

4 

6 

10-19 

Percent of W 
tl8 

in Design Lane 

100 

80 - 100 

60 - 80 



Visual Aid 10.13. Derivation of equivalency load factors - rigid. 

= 5.85 + 7.35 (Log D + 1) - 4.62 (Log 11 + L2) 

+ 3.28 Log 1 2 Gt/S 
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Visual Aid 10.14. Derivation of equivalency load factors - rigid. 

If L
1 

equals 18 kips and L
2 

equals 1, for single axles, 

Log W = 5.85 + 7.35 Log(D + 1) - 462 Log (18 + 1) 
t18 

For any other axle load L
1 

equal to X, 

Subtracting: 

5.85 + 7.35 Log (D + 1) - 4.62 Log (Lx + L2) 

+ 3.28 Log L2 + G /B 
t X 

= 4.62 Log (18 + 1) - 4.62 Log (Lx + L2) 

+ 3.28 Log L2 + G /S - G /S 
t X t X 
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Visual Aid 10.15. Derivation of equivalency load factors - rigid. 

For single axles (12 1)' 

4.62 Log (18 + 1) - 4.62 Log(L + 1) 
X 

+ G IS - G /S18 t X t 

or, for tandem axles (12 
= 2), to: 

4.62 Log (18 + 1) - 4.62 Log (L + 2) 
X 

+ 3.28 Log 2 + G /S - G /S18 t X t 

10-22 



Visual Aid 10.16. Rigid pavement traffic equivalence factors (pt= 2.5). 

Traffic Equivalence Factors, Rigid Pavement 

Single Axles, p1 = 2.5 

Axle Load D - Slab Thickness - inches 

Kips kN 6 7 8 9 IO II 12 

2 8.9 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 
4 17.8 0.003 0.002 0.002 0.002 0.002 0.002 0.002 
6 26.7 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
8 35.6 0.04 0.04 0.03 0.03 0.03 0.03 0.03 

10 44.5 0. 10 0.09 0.08 0.08 0.08 0.08 0.08 
12 53.4 0.20 0. 19 0. 18 0.18 0.18 0.17 0.17 
14 62.3 0.J8 0.36 0.35 0.34 0.34 0.34 0.34 
16 71.2 0.63 0.62 0.61 0.60 0.60 0.60 0.60 
18 80. 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
20 89.0 I.SI 1.52 1.55 1.57 1.58 1.58 1.59 
22 97.9 2.21 2.20 2.28 2.34 2.38 2.40 2.4 1 
24 106.8 3. 16 3.10 J.23 3.36 3.45 3.50 3.53 
26 11 5. 7 4.41 4.26 4.42 4.67 4.85 4.95 5.01 
28 124.6 6.05 S.76 5.92 6.29 6.61 6.81 6.92 
JO 1.33 . 4 8. 16 7.67 7.79 8.28 8. 79 9. 14 9.34 
32 142.3 10.81 10.06 I0.10 10.70 11.43 11. 99 12.35 
34 151.2 14.12 13.04 12.34 13.62 14.59 15.43 16. 01 
36 I hO. I 18.20 l t>.69 16.41 17. 12 18.33 19.52 20.39 
38 169.0 23 .15 21. 14 20.61 21..11 22 .74 24.JI 25.58 
40 177.9 29. 11 26.49 25.65 26.29 27.91 29.90 31.64 

Table D.2-2 

Traffic Equivalence Factors, Rigid Pavement 

Tandem Axles , p1 = 2.5 

Axle Load D - Slab Thickness - inches 

Kips kN 6 7 8 9 10 II 12 

10 44.5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
12 53.4 0.03 O.OJ 0.03 0.03 0.03 0.03 0.03 
14 62 .3 0.06 0.05 0.05 0.05 0.05 0.05 0.05 
16 71.2 0.10 0.09 0.08 0.08 0.08 0.08 0.08 
18 80.1 0.16 0. 14 0. 14 0. 13 0.13 0. 13 0. 13 
20 89.0 0.23 0.22 0.21 0.21 0.20 0.20 0.20 
22 97.9 0.34 0.32 0.31 O.JI 0.30 0.30 O.JO 
24 106.8 0.48 0.46 0.45 0.44 0.44 0.44 0.44 
26 11 5. 7 O.M O.M 0.6J 0.h2 0.62 0.62 0.62 
28 124.6 0.85 0.8.5 0.85 0.85 0.85 0.85 0.85 
30 1.33. 4 1.11 1.12 l. lJ l. 14 1.14 1.14 1.14 
32 142.3 1.43 1.44 1.47 1.49 I.SO I.SI I.SI 
34 151.2 1.82 1.82 1.87 1.92 I. 95 1.96 1.97 
36 160.1 2.29 2.27 2.35 2.43 2.48 2.51 2.52 
38 169.0 2.85 2.80 2.91 J .04 3. 12 3.16 J.18 
40 177.9 J .52 3.42 J .55 3. 74 J .87 3.94 3.98 
42 186.8 4.32 4. 16 4.JO 4.55 4. 74 4.86 4.91 
44 195.7 5.26 5.01 5. 16 5.48 5. 75 5.92 6.01 
46 204 .6 6.36 6.01 6.14 6.53 6.90 7. 14 7.28 
48 213.5 7.64 7. 16 7.27 7. 73 8.21 8.55 8.75 
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Visual Aid 10.17. Example of determination of equivalent 18-kip (80kN) 
single axle loads from Loadometer station data, 

Axle Load Representative Equiv. No. of Equiv. 18-kip 
Groups, lbs Axle Load, lbs Factor' Axles' Single Axles 

Single Axles 

Under 3,000 2,000 0.0003 512 0.2 
3 ,000-6 ,999 5,000 0.012 536 6.4 
7,000-7,999 7.500 0.0425 239 10.2 

8,000-11,999 10.000 0.12 1,453 174.4 
12,000-15,999 14,000 0.40 279 111.6 
16.000-18,000 17,000 0.8l5 106 87.S 
18,001-20,000 19,000 1.245 43 53.5 
20,001-21,999 21,000 1.83 4 7.3 
22,000-23,999 23,000 2.63 3 7.9 
24,000 and over 0 

Subtotal 459.0 

Tandem Axles 
-----

Under 6,000 4,000 0.01 9 
6,000-11,999 9,000 0.008 337 2.7 

I 2 ,000-1 7,999 15.000 0.055 396 21.8 
18,000-23,999 21,000 0.195 457 89.1 
24,000-29,999 27,000 0.485 815 395.3 
30,000-32,000 31,000 0.795 342 271.9 
32,001-33,999 33,000 1.00 243 243.0 
34,000-35,999 35,000 1.245 173 215.4 
36,000-37,999 37.000 1.535 71 109.0 
38.000-39,999 39,000 1.875 9 16.9 
40,000-41,999 41,000 2.275 0 
42,000-43,999 43.000 2.74 I 2.7 
44,000 and over 0 

Subtotal 1,367.8 

Total 1,826.8 

Total, aU trucks= 3,146 

' For Pc = 2.5, and SN= 3.0 
' 1.oadometer station data for 3.146 trucks 
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Lesson 11 

RIGID PAVEMENT THEORY - STRESSES AND DEFLECTIONS 

Instructional Objectives 

1. To introduce the student to rigid pavement theory and the assump
tions that are made in its analysis. 

2. To familiarize the student with the stresses that are developed in 
rigid pavement and factors affecting the stresses. 

Performance Objectives 

1. The student should understand the concepts and complexity 
of rigid pavement analysis. 

2. The student should be able to calculate the stresses covered and 
explain under what conditions a particular stress phenomenon can 
lead to failure. 

Abbreviated Outline 

Introduction 

Assumptions 

Stresses due to bonding 

Relative stiffness of slabs 

Stresses due to warping 

Stresses due to friction 

Reading Assignment 

1. Instructional Text 

2. Yoder & Witczak - Chapter 3, pp. 81-110 

3. RTAC - Part 5.4 
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Time, minutes 

10 

10 

25 

20 

25 

20 
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LESSON OUTLINE 

Revised WRH/lg 12/7/83 
Lesson 11 

RIGID PAVEMENT THEORY - STRESSES AND DEFLECTIONS 

1.0 INTRODUCTION 

A rigid pavement consists of a relatively thin slab placed upon subgrade 
foundation or base course. Since the modulus of elasticity of the concrete 
slab is much greater than that of the foundation material, a major portion 
of the load carrying capacity is derived from the bending in the slab it
self. This has often been referred to as "beam or slab" action. (Ref. 1) 

1.1 Causes of Stresses 

Stres.se$ result from a variety qf c;ms.es, including wheel loads, 
cyclic changes in temperature (warping and shrinkage or expansion), 
changes in moisture, and volumetric changes in the subgrade or base course. 

1.2 Magnitude of Stresses 

The magnitude of the stresses depends upon continuity of the subgrade 
support. Complete continuity can be destroyed by pumping or plastic 
deformation of the subgrade. In addition, slab deformation itself, 
causes stresses of widely varying intensity. 

2. 0 ASSUMPTIONS 

It is evident that the stress inducing factors are extremely varied and 
complex; in some cases they cannot be evaluated except by making certain 
simplifying assumptions. Thus, in the mathematical analysis certain assump
tions are made regarding continuity and elasticity. 

2.1 Conditions not Handled 

- Permanent deformation of the supporting medium 
- Badly cracked slabs (cannot resist bending) 

3.0 STRESSES DUE TO BENDING (Visual Aid 11.1) 

Consider a beam fully supported on an elastic foundation. Assume the 
reactive pressure is proportional to the deflection, that is: 

p kw 

where, k is the modulus 
pis the pressure 
w is the vertical deflection 
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3.2 Radius of Curvature (R) 

For beams: 

1/R = M/EI 
M = Bending Movement 
E = Modulus of Elasticity 
I= Moment of Inertia 

Revised WRH/lg 6/9/84 
Lesson 11 

This implies that stiffer subgrades result in higher stresses in con
crete pavements, than do those of lesser stiffness. 

3.3 Deflection - Curvature Relationships 

where, 

-k 
z 

x = horizontal distance 

+ q 

w = vertical deflection 
Others are previously defined 

This is the differential equation defining deflection curvature of a 
beam supported on an elastic medium. 

4.0 RELATIVE STIFFNESS OF SLABS 

Slab deformations are deoendent on the position. magnitude and area 
of "contact" of the load.on the pavement surface. The resistance to 
deformation depends upon the stiffness of the supporting medium, as 
well as upon the flexural stiffness of the slab. 

M EI d2
w = 

dx
2 

M = Eh3 iw 
X 

2 
dx

2 
12 (1- 11 ) 

If Slab Stiffness D 

Then, 
M 

X 

2 
= D d w 

dx
2 

Eh3 

12 (1- V) 

The relative stiffness of the slab and subgrade according to Wester
gaard is: (Westergaard will be covered in subsequent sections.) 
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2 
12 (1 - 1J) k 
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where 

R, radius of relative stiffness (in.) 
E = modulus of elasticity of the pavement (psi) 
h = thickness of the pavement (in.) 
1J = Poisson's ratio of the pavement 
k modulus of subgrade reaction (pci) 

Visual Aid 11.2 shows calculated values of II R, 11 

5.0 STRESSES DUE TO WARPING (Visual Aid 11.3) 

If a pavement is subjected to a temperature gradient through its depth, 
the surface will tend to warp. The tendency to warp is restrained by 
the weight of the slab itself. The analysis of st!esses in rigid slabs 
is based upon work done by Westergaard and others. 

a2 w 12 
(M - µMy)+ 

e:t tit 
= 

Eh3 ox2 X h 

a2 w 12 e:t fit 

ayz = 
(My - ]JM ) + 

h 
Eh3 X 

a2 w 12 (1 + µ) M - -- = 
oxoy 

Eh3 
xy 

where new variables are 

M = movement in X direction 
X 

M = movement in y direction y 

M = torsional movement xy 

E = t 
coefficient of expansion 

fit = temperature differential 

,az = 2nd partial differential 

11-4 



5.1 Weste·3aard Equations 

Revised WRH/lg 6/9/84 
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Considering warping stresses caused by temperature differential 
through the slab, Dr. Westergaard developed equations for three cases. 
For case 1, the slab is assumed to be infinite in both "x" and "y" 
directions, for case 2 the slab is assumed to be infinite in the plus 
"y" and the plus and or minus "x" direction, and for case 3 the 
slab is assumed to be infinite in both the plus "x" and the plus "y" 
direction. Stresses for cases 2 and 3 are expressed in terms of the 
results for case 1. The derivation of the three cases is in Yoder and 
Witczak p. 85-87. 

5.2 Bradbury Coefficients (Visual Aid 11.4) 

Bradbury used Westergaard's concepts to develop coefficients fo~ 
solution of the problem. The coefficient c

1 
is in the desired 

direction, whereas c
2 

is for the direction -perpendicular to this 
direction (e.g. C and C) L and L are the free length and width 
respectively. x Y x Y 

5.2.1 Edge Stresses. 

CE M 
t 

a = --2--

5.2.2 Interior Stresses. 

a 
E /1t 

Et 
2 

5.2.3 Example Problem (Yoder & Witczak, p 88). 

Determine the warping stress for a 10-inch concrete pavement 
with 40-foot transverse joints, width of lane is 12 foot. The 
modulus of subgrade reaction is 100 pci, assume temperature 
differential for day conditions to be 3°F per inch. 

Longitudinal Edge Stresses: 

1.05 (4,000,000) (0,000005) (30) 
2 
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Interior Stresses: 

4,000,000 (O. 000005) (30) 

2 

6.0 STRESSES DUE TO FRICTION 

Revised WRH/lg 12/7/83 
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[

. 1. 05 + 0 .15 

1 - (0.15)
2 

(0.25)] • 365 psi 

Stresses can also be set up in rigid pavements as a result of uniform 
temperature changes that cause the slab to contract or expand. If a 
slab cools uniformly, a crack will generally occur at about the center 
of the slab. Shrinkage of the concrete also causes cracks to form. 
Excessive expansion may cause "blowups" to occur. 

6.1 Friction Between Slab and Subgrade (Visual Aid 11.5) 

For equilibrium conditions, the summation of the friction forces 
from the center of the slab to the free end must be equal to the 
total tension in the concrete. 

6.1.1 Displacement. Friction forces imply movement. It has been 
shown that the minimum amount of displacement required for 
friction to be fully developed is 0.06 in. 

6;1.2 Distribution of Stress. A contracting shrinking slab will 
move more at its free end than in the center, with the 
result that frictional resistance varies along the slab 
from the center to the free edge. 

6.2 Shearing Resistance of Soil or Base Course 

If a concrete slab is poured on subgrade or base course, the bottom 
face of the slab is rough and in intimate contact with the subgrade. 
As contraction takes place, shearing stresses are transmitted down 
through the subgrade until they are dissipated at some depth. Thus, 
it is seen that rough concrete sliding over soil will have a 
coefficient of resistance which is dependent, in part upon the 
shearing resistance of the soil or base course, 

6.2.l Balanced Forces. 

CJ 
C 

= W L f 
24h 
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where 

o unit stress in the concrete (psi) 
C 

W = weight of slab (psf) 

L = length of slab (ft) 

Revised WRH/lg 12/7 /83 
Les:,,cn .1.1 

f average coefficient of subgrade resistance 

h depth of slab (in.) 

6.2.2 Average Subgrade Coefficient (Visual Aid 11.5). For "x" less 
than 1/2 L 

2 
f f 

X = (1 - - ) 
a m 3L 

For "x" greater than 1/2 L 

f = 2/3 fm ~ a 

The value off is generally taken to be 1.5. 
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LESSON OUTLINE 
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RIGID PAVEMENT THEORY - STRESSES AND DEFLECTIONS 

VISUAL AID TITLE 

Visual Aid 11.1. Deflected beam on elastic foundation. 

Visual Aid 11.2. Radius of relative stiffness. 

Visual Aid 11.3. Curvature of elastic surface due to temperature warping. 

Visual Aid 11. 4. Warping stress coefficients. 

Visual Aid 11.5. Stress resulting from contraction. 
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Visual Aid 11.1. ~eflected beam on elastic foundation. 

External load, q pounds /inch 

p=k x deflection 
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h(in.) K = 50 

9.0 47.22 

9.5 49.17 

10.0 51.10 

10.5 53.01 

11.0 54.89 

11.5 56.75 

12.0 58.59 

12.5 60.41 

13.0 62.22 

14.0 65. 77 

15.0 69.27 

16.0 72. 70 

17.0 76.08 

18.0 79.41 

19.0 82.70 

20.0 85.95 

21.0 89.15 

22.0 92.31 

23.0 95.44 

24.0 98.54 

Revised WRH/lg 11/1/83 
Lesson 11 

Visual Aid 11.2. Radius of relative stiffness. 

K = 100 k = 200 K = 300 K = 400 K = 500 

39.71 33.39 30.17 28.08 26.55 

41.35 34. 77 31.42 29.24 27.65 

42.97 36.14 32.65 30.39 28.74 

44.57 37.48 33.87 31.52 29.81 

46.16 38.81 35.07 32.64 30.87 

47. 72 40.13 36.26 33.74 31.91 

49.27 41.43 37.44 34.84 32.95 

50.80 42. 72 38.60 35.92 33.97 

52.32 43.99 39.75 36.99 34.99 

55.31 46.51 42.02 39.11 36.99 

58.25 48.98 44.26 41.19 38.95 

61.13 51.41 46.45 43.23 40.88 

63.98 53.80 48.61 45.24 42.78 

66.78 56.16 50. 74 47.22 44.66 

69.54 58.48 52.84 49.17 46.51 

72.27 60. 77 54.92 51.10 48.33 

74.97 63.04 56.96 53.01 50.13 

77 .63 65.28 58.98 54.89 51.91 

80.26 67.49 60.98 56.75 53.67 

82.86 69.68 62.96 58.59 55.41 
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Visual Aid 11.3. Curvature of elastic surface due to 
temperature ,mrµing. 

I 
I 

I 

y OXIS --./ 

I / 
II 

I 
I 

I ,,z 

I 

I 
I 

OXIS 

I 

I 

11-11 



>-u 
-0 
C 
C 

)( 

u 
~ 

0 

fl) 
Q) 
::::, -C 
> 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

Revised WRH/lg 12/8/83 
Lesson 11 

Visual Aid 11.4. Warping stress coefficients. 

o-----'-----'----J..--__,_ __ __._ __ ~--'""" 
0 2 4 6 8 10 12 14 

Values of Lx/L and Ly/L 
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Visual Aid 11. 5. Stresses resulting from contraction. 

~ L/2 ~ 
I ~ • 

~ Ac 

+- .- +-- +-- +- +- +- 4-- +-
Friction 

(
Center of 

~--F_r_e_e_E_n_d___________ SI Ob 

.__ ___________ _ 
x= 1000 

~t 
L/2~~-------... 

~ t = Temperature Drop ( degrees F) 
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CHAPTER !1 INTRODUCTIOB 

The Problem 

REVISED WRH/lg 12/7/83 
Lesson 11 

Pavement designers must know the stress conditions in rigid slabs 

in order to rationally design structural concrete pavements. Such stresses 

are caused either by the external loads imposed upon the slab or by volume 

changes inherent in the concrete. External loads are those such as traf

fic loads, shrinkage and swelling of the subgrade, subgrade friction, and 

other restraining forces acting externally on the slab. Volume changes 

in the slab are caused by the shrinkage during hardening and changes are 

often referred to as "internal stresses" or "secondary stresses." 

Design equations and charts have been developed experimentally 

through the years for several conditions of loading. Beet known are the 

equations developed by Dr. H. M. Westergaard in 1926 for analyzing stresses 

in slabs of uniform thickness for three conditions of loading: corner, 

edge, and interior. (Ref. 31) Since that time , others have made important 

contributions to the development of design of concrete pavements--especially 

design of external loading conditions. The extent of those stresses caused 

by volume change in slabs, however, are more difficult to define and a 

great deal of research is still needed in this area. 

Of particular interest in this thesis are those volume changes 

caused by differential temperature and moisture. Differential temperature 

occurs when the temperature of the top surface of a slab is different from 
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the temperature at the bo.ttom surface, the 1!18.tPli tude being tha difference. 

Differential moisture is when the moisture content between the top and the 

bottom surface is different, the magnitude also being the difference. 

rrhis condition is often referred tu as "curling" anJ. the resulting stresses 

are usually accounted for in the design procedure by using a factor of 

safety. 

9urling and Warping Defined 

The words "curling" and "warping" are often used interchangeably. 

The meaning of the two words, however, should not be confused. Curling is 

defined as "the distortion of a pavement slab from its proper plane caused 

by differential expansion or contraction resulting from a difference in 

moisture content or in temperature between the top and bottom of the slab." 

(4) Warping is defined as "the distortion or displacement of a pavement 

slab from its proper plane caused by external forces, other than loads." 

(4, 21) For example, the volumetric changes in the suograde cause warping, 

while a differential gradient of moisture or of temperature within the slab 

causes curling. 

Descri12tion of the Curling Phenomenon 

Temperatures in a pavement slab are seldom uniform. 1 AASHO Road Test 

curling studies showed that points on the upper surface of pavement slabs 

were usually in continuous vertical motion during periods of changing air 

1. The AASHO Road Test was a comprehensive highway research study 
of the performance of pavement and bridge structures of known character
istics under moving loads of known magnitude a.nd frequency. It was 
administered by the Highway Research Board of the National Academy of 
Sciences--National Research Council. 
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tively slow conductor of heao, and a temperature differential was created 

by the lag in time required. for heat to transfer through the slab. 

In a typical dai1y cycle a pavement slab will curl both upward 

and downward, especially in the spring and fall when there ure e-reater 

ranges in daily temperatureE.. At night I when the surface of the slab iE 

cooling, the surface lengt.'rl decreases and the c,lab curls up\Jard.; this tend'-: 

to lift the corners and edges off the base. The c0rners and e1ges norm

ally reach their maximum elevation early in the morninr. 'I1he reverse 

occurs in the daytime when the surface L:, heated by the warmth of the cie.y 

and the sun's rays. The sur:~ace then expands and curls the slab do·,,rnward. 

Usually in late afternoon the lowest elevation is reached at the corners 

and edges while the center of the slab has risen to its maximum elevation. 

These extremes during the daily curling cycle are illustrated in Figure 

I-1, page 4. rrhe mae,~itude of distortfon due to temperature Gurline in 

the daily cycle is not large in relation to other slab dimencions. For 

example, as early as 1922 Older reported maximum vertical movements at 

the corner of slabs on the Bates Test Road of 0.25" for slabs 18 1 wide. 

(20) More recently at the AASHO Road Test corner displacemencs in a 

range from 0.09" to 0.15" were reported for slabs 12' wide. (2) 

Curling due to moisture differential between the upper and lower 

surfaces of a slab occurs slowly and is not detectable in a daily cycle 

like that resulting from temperature differential. Moisture curling is 

more apparent from seasonal changes. Most pavement slabs in service are 

wet on the bottom surface and probably never dry out or lose appreciable 

moisture under normal conditions. This keeps the bottom surface of the 

slab saturated or nearly saturated and in an expanded condition almost 
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~-I.~ ~ 
Un1upported I I Un1upported 

Areo I l Areo 

A. Slab Curled-up. (Typical of early morninc, about dawn.) 

Un1upported Areo 

B. Slab Curled-down. (Typical of lato afternoon.) 

Ficur~ I-1. Illustration of daily curling extremes 
and chnncinc oupport conditionn duo to temperature 
differential. {scale is exa«gcrated.) 
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constantly. On the other hand, the upper sur:face is usually d.: l\;,: anJ. 

in a contracted state relative to the bottom surface. This vertical dif

ferential of moisture thus tends to curl the slab upward and add to any 

upward curling that is due to temperature differential. However, curl

ing due to moisture differential would compensate downward curling due 

to temperature differential. In the spring, when the subgrade is the 

wettest and the temperature differential is the greatest, the most crit

ical combination of these two types of curling is probably reached. The 

magnitude of the distortion from moisture curling alone is more difficult 
(I) 
\, 

to measure, especially on slabs in service.~ In a controlled experiment 

at Purdue University, Hatt reported corner curling of 0.20" after soakine 

the bottom of the slab for 110 days. (11) This indicates that curling 

due to moisture differential may have effects on the slab of equal mag

nitude to those from temperature differential. 

Effects of Curling 

The effects of curling on the performance of rigid pavements are 

probably much greater than most highway designers suspect. Probably the 

most important effect of curling is that it alters the condition of sup

port. As a slab curls in its daily temperature cycle and in its searnnal 

moisture cycle, some portion of the pavement slab is lifted off the base. 

Not only does this affect the magnitude of the stress that will be pro

duced by wheel loads, but it tends to invalidate any design assumptions 

that the slab is uniformly supported. Even in the absence of wheel loads, 

there are significant curling stresses in the slab caused by the weight 

of the slab. It is also obvious that curling places additional stress in 

load transfer devices, adds to the difficulty of keeping joints sealed, 
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and contribu.tea to the erosion of the base or subgr:ade. All these effects 

allegedly lead to other pavement deficiencies such as surface rvughness, 

joint faulting, cracking, and pumping. (5, 14, 15) 

The effects of curling obviously place important limitations on 

the accuracy of present design procedures. A critical combination of 

stresses from both load and curling can easily exceed the designed modu

lus of rupture and eventually cause pavement failure. (5) In other 

instances the factor of safety used in design may be more than is needed 

for the critical environmental conditions. Any information that would 

help define the effects of curling in such a way as to lead to a more 

sophisticated design procedure would certainly be of value to this field 

of study. 
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Lesson 12 

RIGID PAVEMENT BEHAVIOR - BIHARMONIC EQUATION 

Instructional Objectives 

1. To introduce the student to the physic,H and theoretical assumptions that 
are included in the derivation of the biharmonic equation. 

2. To briefly explain the biharmonic equation as an introduction to the 
various solutions that will be presented in upcoming lectures. 

Performance Objectives 

1. The student should be able to relay the basic assumptions that are 
incorporated in the analyses that are founded on the biharmonic equation. 
In particular the student should be able to recognize field situations 
where the assumptions do not apply. 

Abbreviated Outline 

1. Introduction 

2. Biharmonic Equation 

3. Generalized Hookes Law 

4. Summary 

Reading Assignment 

1. Yoder & Witczak - Pages 81 to 92 
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LESSON OUTLINE 

Revised WRH/lg 11/9/83 
Lesson 12 

RIGID PAVEMENT BEHAVIOR - BIHARMONIC EQUATION 

1.0 INTRODUCTION 

1.1 Categories of Theories 

Pavement slabs on a, foundation can be considered to be plates with 
various support conditions. Three kinds of plates are: 

(a) thin plates - small deflection, 

(b) thin plates - large deflection, and 

(c) thick plates. 

1.2 Small Deflections 

1.2.1 Basic Assumptions. A satisfactory approximate bending 
theory can be obtained by assuming: 

(a) there is no deformation in the center of plate (the 
middle plane of the slab), 

(b) planes of the slab initially lying normal to the middle 
plane of the slab remain normal after bending. In 
other words, there is no slippage between planes. 

(c) Normal stress in the direction transverse to the sl&~ 
can be disregarded. It means that there is no vertical 
deformation. 

2.0 BIHARMONIC EQUATION (VISUAL AID 12.1) 

d
2
w 

-:--z 
dx 

dM 
dx 

= M 

= T 

dT 
~= q 
dx 

The above equations describe the basic relationships between load and 
deflection etc. Structural plates and pavement slabs are normally 
subjected to loads applied perpendicular to their surface, i.e., lateral 
loads. Timoshenko and others have derived a differential equation which 
describes the deflection surface of such plates, the Biharmonic Equation 
(Equation 1). 
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2 
d Myx 
dxdy 

d2
M d

2Mxy +~- -dy dxdy q 

Where: 

Mx = bending moment in X direction 

My = bending moment in y direction 

Mxy = twisting moment about X axis 

Myx = twisting moment about y axis 

q lateral load 

(Visual Aid 12.2) 

Re·,iseJ WRH/ lg 
Lesson 12 

( 1) 

By observing that Myx = Nxy, this allows reduction to 

2 
d

2Mxv 
------"-

dxdy 
q (2) 

In the case of isotropy, 

My 
(3) 

Mxy = My K = D ( 1 - µ) 

Where: 

D bending stiffness of the plate 

µ poisson's ratio 

Substituting Eq. 3 in Eq. 2, we obtain 

(4) 

6/9/84 

It is seen that the problem of bending of plates by a lateral load q 
reduces to the integration of Eq. 4. 
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3.1 Concepts 
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Elasticity: If the external forces producing deformation do not 
exceed a certain limit, and the bodies undergoing the action of 
external forces are assumed to be elastic, then they resume their 
initial form completely after removal of the forces. Linear 
relations between the components of stress and the components of 
strain are known generally as (Visual Aid 12.3). 

3.2 Three Planes of Symmetry 

a 
X 

E: = 
X E 

This extention of the element in the x direction is accompanied by 
lateral strain components (contractions). 

E: 
y 

= -µ 
a 

X 

E 
£ 

z 
-j.l 

a 
X 

E 

If we superpose the strain components produced by each of three 
stresses, we obtain the equations. 

1 
[ax - JJ Cay + Gz)J £ = 

X E 

1 E - µ (a + a >] e:y -
E y X Z 

1 
~z 

- JJ (cr + c1y)] Ez = E X 

If shearing stresses act on all the sides of an element, as shown 
in Visual Aid 12.4 the distortion of the angle between any two 
intersecting sides depends only on the corresponding shear - stress 
component. We have, 

1 
Yity = G T xy 

1 = - T 
G yz 

Y zx = % Tzx 
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G = Modulus of Elasticity in Shear G 

Reyised WRH/lg 11/9/83 
Lesson 12 

E 

7 (1 + µ) 

These distortions are independent of the elongations. By assuming 
there is no vertical deformation, and the material is isotropic, we 
obtain 

(O:z = 0, Ez = O) 

E 
O:x = (Ex - ]JEy) 1 - µ2 

(Ey - JJEx) 

Txy = G Y,xy 

For isotropic plates, only two independent elastic constants are 
required. (E, G) 

4.0 SUMMARY 

Solutions of pavement slabs, or slab-on-foundation, are of particular 
interest in here. There are two basic theories concerning the behavior 
of such slabs. The first assumes that the intensity of the reaction of 
the foundation on the slab is proportional to the deflection (w) of the 
slab. This intensity is then given by the expression kw. Where the 
constant k, expressed in pounds per square inch per inch of deflection, 
is called the "support modulus of the foundation." The second theory 
considers the foundation of the slab as a semi-infinite elastic half
space. Although a great deal of work has been done on the pavement 
slab problem, probably the most significant work to date was accomplished 
by Westergaard, particularly with reference to the design problems 
encountered in concrete pavement. The Westergaard solutions to the 
biharmonic equation will be discussed in the next lecture. 
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LESSON OUTLINE 

Revised WRH/lg 11/9/83 
Lesson 12 

RIGID PAVEMENT BEHAVIOR - BIHARMONIC EQUATION 

VISUAL AID TITLE 

Visual Aid 12.1. Simple beam configuration. 

Visual Aid 12.2. Bending moments and twisting moments on plate. 

Visual Aid 12.3. Elasticity. 

Visual Aid 12.4. Normal and shearing stresses on a cubic element. 
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Visual Aid 12.1. Simple beam configuration. 

X t 
I 
I 
I 

I 
I 

t X 

I I I 

i~: 
I I 
I : I 
I I I 

~~ 
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Visual Aid 12.2. Bending moments and twisting moments on plate. 

Myx 
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Visual Aid 12.3. Elasticity. 

E 

non-linear elastic 

linear elastic 

Ila-_.,._ __ E = --
ll E 

E 

time 

f,~inear visco-elasticity 
...... I 

~elasticity 

time 
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Visual Aid 12.4. Normal and shearing stresses on a cubic element. 

Tzy/ 

CTz 

Tzx .. 
I 
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LESSOl\ OUTLINE 

Revised DS/lg 1/1/84 
Lesson 13 

RIGID PAVEMENT - WESTERGAARD SOLUTIONS 

Instructional Objectives 

1. To establish the Westergaard solutions to the biharmonic equation for 
rigid slabs. 

2. To introduce the three loading cases and to compare the results in the 
light of slab design. 

Performance Objectives 

1. The student should be aware of the complexity of rigid slab stress 
calculations and the assumptions that must be made for solution to be 
practical using this theoretical approach. 

2. The student should be able to calculate deflections and stresses for all 
three loading cases and relate how to use these answers in a design 
analysis. 

Abbreviated Summary 

1. Background 

2. Solution Development 

3. Comparison of the Three Cases 

4. Deflections 

Reading Assignment 

1. Yoder and Witczak - pp. 110 to 121 

2. Instructional Text 
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1. 0 BACKGROUND 

LESSON OUTLINE 
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Lesson 13 

RIGID PAVEMENT - WESTERGAARD SOLUTIONS 

In 1926 Dr. H. M. Westergaard presented formulas for computing the 
stresses in plain Portland cement concrete pavements. He was an Associate 
Professor of Theoretical and Applied Mechanics at the University of 
Illinois when his analysis was presented before the Highway Research 
Board. 

1.1 Loading Cases (Visual Aid 13.1) 

1.1.1 Corner. Load applied near the corner of the rectangular 
slab. 

1.1. 2 Edge. Load applied near the edge of the slab, but at a 
considerable distance from the corner. 

1.1. 3 Interior. Load applied at the interior of a large slab at 
considerable distance from any edge. 

1. 2 Assumptions 

In developing the formulas Westergaard made the following important 
assumptions. Using the assumptions, he developed solutions for 
the deflected shape of the pavement slab, then, the maximum moments 
and stresses. 

1.2.1 Concrete Slab. The concrete slab acts as a homogeneous, 
isotropic, elastic solid in equilibrium. 

1.2.2 Vertical Reactions of the Subgrade. 
subgrade are vertical only, and they 
the deflections of the $lab. 

The reactions of the 
are proportional to 

1.2.3 Reaction to Subgrade Equal to Modulus of Support Multiplied 
By the Deflection at that Point. The reaction to the sub
grade is equal to the modulus of support multiplied by the 
deflection at that point. K is assumed to be constant at 
every point, independent of the deflection, and to be the 
same at all points within the area of consideration. 

1.2.4 Thickness. The thickness of the slab is uniform. 

1.2.5 Load at the Interior and Near Corner of Slab. For the cases 
of load at the interior and near the corner of the slab, the 
load is distributed uniformly over a circular area of contact. 
For the corner load, the circumference of this circular area 
is tangent to two edges of the slab. 
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1.2.6 Load at Edge of Slab. The load at the edge of the slab is 
distributed uniformly over a semi-circular area of contact; 
the diameter of the semi--circle occurs at the edge of the 
slab. 

1. 2. 7 Slab is Infinite. The slab is infinite in all directions 
away from the load. 

2.0 SOLUTION DEVELOPMENT 

2 .1 Radius of Relative Stiffn~ 

Slab Stiffness (E) 
Q, ex 

Support Stiffness (K) 

E 
cone., Thickness 

K Soil 

16 in. < t < 55 in. 

The stronger the support (K value increases), the smaller~. the 
load P spread less. Generally, oslab ex£; the higher the relative 
stiffness, the higher stress in slab. For example: 

OA glass on mattress 

OB rug on mattress 

OA > OB ; glass has higher stiffness than rug. 

2.2 Corner Equa~ion 

2.2.1 Goldbeck and Older Equation. (Visual Aid 13.2) Assumes that: 

(a) load is concentrated at the corner, and 

(b) there is no support. 

M = p X ( 1) 

M c ( 2) a 
I 

Bh3 2 X h3 
(3) I =~ ---

12 
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Substituting Eq. 1 and Eq. 3 in Eq. 2, we obtain: 

0 = PX h/2 3P 

2 X h3 /12 - 7--
2.2.2 Westergaard Equation (Corner). (Visual Aid 13.3, 13.4 and 13.5) 

M 
M unit length= ~

2
~x-

Max value occurred at Xl = 2 Jai£ and equal to 

Ma~ G-(+-(~ 
I unit length (Moment of Inertia)= h

3
/12 

(Jc a Mr° a ~i G -( ai )°"~ 
Review: 

a1 increase 

P increase 

h increase 

E increase 

ac decrease 

ac increase 

ac decrease 

ac increase 

In 1926, Arlington Road Test led Kelly to change the power 
from 0.6 to 1.2; as a result, stress increases by 25% to 50%. 

2.2.3 Influence of Variables for Corner Load. 

0 based on P = 
C E 

µ = 

From Table: 

10,000 lbs. 
3,000,000 psi 
0.15 

Variation of a is appreciable 
Variation of h is appreciable 
Variation of K is not appreciable 

2.3 Interior Load (Visual Aid 13 .6) 

2.3.1 Westergaard Equation. 

ai = 0.31625 ~2 E. log 
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for 

for 

a < 1. 72.4h 

a > l. 7241:. 
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b = /1.6a2 + h2 - 0.675h 

b == a 

Under the same load, thickness, and contact are.a, the stress 
of interior is smaller than corner. 

2.3.2 Influence of Variables for Interior Load. (Visual Aid 13.7) 

From Table: 

Variation of 
Variation of 
Variation of 

a is appreciable 
h is appreciable 
K is not appreciable 

2.4 ~Load (Visual Aid 13.8) 

2.4.1 Westergaard Equation. 

Oe = 0.57185 -f G log 
h 

(f/b) + 0. 35~ 

Contact area of edge case is the smallest in three cases, 
therefore, the stress of slab is the largest. (Use for 
conservative design). 

2.4.2 Influence of Variables for Edge Load. (Visual Aid 13.9) 

From Table: 

Variation of a 
Variation of h 
Variation of K 

3.0 COMPARISON OF THE THREE CASES 

is appreciable 
is appreciable 
is not appreciable 

From the three tables for P = 10,000 lbs. 

Oc = 262 psi 

K 

319 psi 

50 lb/in. 3 and a = 

Oe = 312 psi 
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This example considers a pavement with the thickness of 7 inches in the 
interior portion, and 9 inches at the edges and corners. In comparing 
three stresses, their different characteristics should be considered. 
The stress, crc, at the corner acts presumably throughout the width of a 
whole cross section, whereas Oi and cre are localized within smaller 
regions. With equal tendency to rupture at the three places, crc then, 
should be, probably, somewhat smaller then cri and cre. 
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LESSON OUTLINE 
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Lesson 13 

RIGID PAVEMENT - WESTERGAARD SOLUTIONS 

VISUAL AID TITLE 

Visual Aid 13.1. Three cases of loading. 

Visual Aid 13.2. Load at the corner of slab. 

Visual Aid 13.3. Modifications of corner equation. 

Visual Aid 13.4. Stresses acting under corner load. 

Visual Aid 13.5. Concrete pavement design. 

Visual Aid 13.6. Influence of variables for corner load. 

Visual Aid 13.7. Deflections produced by a concentrated load at the interior. 

Visual Aid 13.8. Influence of variables for interior load. 

Visual Aid 13.9. Deflections produced by a concentrated load at the edge. 

Visual Aid 13.10. Influence of variables for edge load. 

13-7 



Visual Aid 13.1. Three cases of loading. 

CASE I 
TENSION 0c 
AT THE TOP 

13-8 

CASE:II: 
TENSION 01 

AT THE BOTTOM 

CASE m 
TENSION 0e 

AT THE BOTTOM 

I I 
-la:..... 



Visual Aid 13.2. Load at the corner of slab. 

-· ------ ---
/ 

•. ~ . , . .p C 
' I ,I ' ' t\. ( ]l \ I I \ 

\ \ 
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Visual Aid 13.3. Modifications of corner equation. 

Bradbury (1934): 

Spangler (1942): 

cr 
C 

Pickett (1946): 

Protected 

(J = 
C 

3.36P 
h2 

Unprotected 

<J 
C 

= 4.2P 

~ 

[ra/9, ] 1 - 0,925 + 0.22 a/t 

[ ] 
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Visual Aid 13.4. Stresses acting under corner load. 

INFLUENCE CHARTS 

p p 

13-11 



Visual Aid 13.5. Concrete pavement design. 

0.61----1 

.. f 0.5 f-----+-----4----l",,--~----'--.......,.._..,,, 

0.4 

0.1 o.z 0.3 04 0.5 0.6 0.7 0.6 OQ LO 
"Yl 

LEG!rNID 

3 P [ _ (~-1-)°·6] ~= -,;2- l l 
(1) 

3 p [ (~-j0.6] 
q a= -h,. 1 - ..ji l 

(2) 

3 p [ -(~ )1.2] (3) 
q=- 1 l h2 

3.2 P[1 _ a1J (4) 
qs= h2 l 
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p 10,000 pounds, E = 3,000,000 pounds per square inch,µ 0.15 

Thick- Modulus $tress in slab 
ness of of sub-
slab, h grade a = 0 a= a = a = 

reaction, 2 inches 4 inches b inches 
k 

L n,: lw s Lb./ in. 
3 

Lbs. Lbs. l Lbs. per Lb,:. per per per 
sq. in. sq. in. I sq. in. sc; s in. 

6 50 833 6!.fl 541 1+61 
100 833 619 509 420 
200 833 596 474 

I 
375 

7 50 612 480 Lfl2 357 
1 uo 612 466 390 329 
200 612 450 366 298 

8 50 469 373 325 285 
100 469 363 I 309 265 
200 469 352 291 242 

9 50 370 299 262 233 
lOU 370 291 250 217 
200 370 282 237 201 

10 50 300 245 216 193 
100 300 239 207 182 
200 300 232 197 169 

11 50 248 204 182 164 
100 248 200 175 154 
200 248 194 167 144 

12 50 208 173 155 140 
100 208 169 149 133 
200 208 165 143 124 
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Visual Aid 13.7. 
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Visual Aid 13.8. Influence of variables for interior load. 

P = 10,000 pounds, E = 3,000,000 pounds per square inch,µ= 0.15 

- - -
Thick- Modulus $1;:re$i:, in slab 
ness of of sub-
slab, h grade a= 0 a= a = a = a = 

reaction, 2 inches 4 inches 6 inches 8 inches 
k 

Inches Lb. /in. 3 Lbs. per Lbs. per Lbs. per Lbs. per Lbs. per 
sq. in. sq. in. sq. in. sq. in. sq. in. 

4 50 1,231 1,058 848 693 588 
600 998 845 634 480 367 

1500 919 766 556 401 288 

5 50 763 694 580 487 415 
600 626 557 443 350 279 

1500 576 507 393 300 228 

6 50 523 487 421 361 313 
600 428 393 326 266 218 

1500 393 358 291 232 183 

7 50 380 360 319 279 245 
600 310 290 249 209 175 

1500 285 265 224 184 150 

8 50 288 276 250 222 197 
600 235 223 196 168 144 

1500 215 203 177 149 124 

9 50 226 218 200 180 162 
600 183 176 158 139 120 

1500 168 160 143 123 104 

10 50 181 176 164 149 136 
600 147 142 130 115 101 

1500 135 129 117 103 89 
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Visual Aid 13 .9 • Deflections produced by a concentrated load at the edge. 

p 
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Visual Aid 13.10. Influence of variables for edge load. 

P = 10,000 pounds, E 3,000,000 pounds per square inch,µ= 0.15 

Thick- Modulus 

F.= 
Stress in slab 

ness of of sub-
slab, h grade 0 a= a = a = a = 

reaction, 2 inc.hes 4 inches 6 inches 8 inches 
k --- -

Inches Lb. /in. 3 Lbs. per Lbs. per Lbs. per Lbs. per Lbs. per 
I sq. in. sq. in. sq. in. sq. in. sq. in. 

6 I 50 833 769 649 541 453 
600 tlo'~ 597 477 369 282 

1500 598 534 414 306 219 

7 so 604 568 494 422 360 
600 478 442 368 296 234 

1500 432 396 322 249 188 

8 50 457 436 388 337 293 
600 361 339 292 241 196 

1500 325 304 256 205 161 

9 50 358 344 312 276 243 
600 282 268 236 200 167 

1500 253 240 208 172 138 

10 50 287 278 256 230 204 
I 600 225 2].6 -194 168 143 

1500 203 193 171 145 120 

11 50 235 229 213 194 174 
600 184 178 162 143 123 

1500 166 159 143 124 104 

12 50 196 192 180 165 J~lSO 600 

I 
153 149 137 J23 107 

~----_J 
1500 138 133 122 107 92 

-- I 
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Lesson 13 

COMPUTATION OF STllEHSER IN CONCllETE HOADR 

II. M. \\'1°:K'l'J•:IWA.\ltll 

Urti1•er.~ily of /lliuoi.,, Url1111w, Illi11oi., 

One may obtnin a cor111>11tat:io11 of :,;tr<'HHPH in concret<· rntul:-1 hy as
i,111ming tlw :,;)ah to net a:-1 a ho111og1•tH'OIIH i:,;ol,ropic C'l:t:-1tic solid in <'f!lli
lihriu111, and hy n:-1:,;11111ing tlw 1·<·:wtio11:,; of th<' suhgrnd1• to he vcrtil'nl 
only and to he proportional to the d!'flcetio11s or the slab. With tll<'s<' 
assu111pt,io11s i11trod11ec1l, the analysis is reduced t.o a problcui of nmthe
matical theory of 1•lnsticity. 

The reaction of thP subgnule per unit of area at any given point will 
be cxprcss<'<l as a coefficient k times the defiPction z at the point. This 
coefficient. is a measure of the Htiffncss of the subp;raclc, nnd may be 
stated in pounds per Rqttnre inch of nrC'a pct· inch of <lefkction, that is; 
in Jb./in3. The c0Pfficin1t k will be eall<·d the mod11l1ts of sul>am1i: 
renclion. It cor1·<·:-1po11ds to the "modulus of cfa:,;tirity of rnil s11pport" 
which has h<•en UHC'<l in r1•c1•11t invcstiµ;ations of sl.1·<·sH<'S in rnilrond 
truck.1 The modulus k is ass1m1cd to be co11st:u1t at each point, incJc:.. 
pcmlent of t.hc ddlcctiorn,, and to be the 1-111.nw at all points within the 
area which is under considcmt.ion. It is true tlrnt tests of bearing 
prl'ssurrs on soils huvc indicated a modulus k which varies conRidem.bly 
dcyw11ding upon the urea over which the pres8ur1! iR distributed.~ 

1 l'rol-(rrHs r,•p,,rt of t.lw Hl><'("ial 1•0111111if.t<•e to l"l'port. 011 st1·1•KSr:-1 iu railrond tr:ll'k, 
Am. Hoc. Civil Engim•e1"1<, Trans., v. 82, l\J18, p. 1 WI. 

:l'J'e1-1t.s dealing wit.h this q1w,it ion have lll'en reported hy A. T. Goldbeck, lll'sC'areh<'s 
on the 11tniduml d1•t1ign of highways l,y the l 'nit<'d Sti1tN1 Bur1•1m of Public Hoads, 
Am. Hoc. Civil E11gim't·rs, Trn11~., v. SH, 1!)2;\ p. 20 l, t'Sf!P<·inlly p. 271; hy /\. T. (:old
l>cck nm! M. J. Bus,mrd, The 1mpporting value of ,soil n:-1 infh11•111·ed h.,· t.he hearing 
m1•11, P11hlic ltrnvl~, .Tan. ]!)25; :ind hy A. Hijl,i, in G611ie Civil, v. S2, 1!)23, p. 4!)0. 
A!'eo1·,li11µ; to t.h,•s,• lt•:<ls, in the ,·asp of a 111·,·~sur·,i whiP!i i:-1 dist rilntf Pd 1111if11rrnly ovt'r 
1111 111·<'11, the moduhts k would he npproxirna!(•ly invrrscly proportional to the Hf!llare

root of th• nrm. Thi~ 11•Hult. it! s11pporll'd hy t heorct i,·al considPr:.d io11s. 
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Yet, 1-0 lonµ; UH the lo:uh1 um limited to a p.uticnb1· type•, that of 
wh<'Pl loads on top of the p:w01nc-ut, it ii,; rensonulile to asswne that sonH• 
con:-;t:wt. value or ihe modului,; k, d<"lt•rmi11<>d t•mpil'i<·:dly, will h•nd to u 
:-;ufliei<'nt.ly accmutf' n.1rnlysis of the dPfh•ctions 1uHl tlw str<>:-;sl's. One 
l11ul,..; an urµ;wm•nt in favor of the a.-:su111pt.iun of a constant modulus k 
fol' n µ;iV('ll st1•eich of road by cx:1111i11i11µ; I.he tablc•s which am giV<'n 
!it•low: they i-how thn.t n.n increase of k from 50 lh./in:i. to 200 lh./i111., 
that. i,..;, an incrrasP of the stif'f11c•ss of the subµ;rnde in the rnt.io of four 
lo one, causes only minor chanµ;<'s of the important strt'sst•s. ~Iinor 
variations of k, therefore, can be or no 1,1;rcut consequence, and un ap
proximate single value of k Hhould be sufiicient for a quite accmutt• 
1h·t<"nnination of the important strC'sses within a 1,1;iven 1st.retch of tlw 
road. The moduhrn le enters in the fmmula for tlw deflections of the 
1u1,·1•mcnt.s, nml mtty ll<' d0t0nnin0d e1npiric:11ly, nccm·clingly, for a 
µ;iv<·11 t.ype of s11bgraclC' 1 by eornpnring tlw dc{ll'C'tiow, found by !<·st.-; 
of full-siiccl slabs with the d('fkctio11s giwn by tlw formulas. . 

It. will be assumed for the time bC'ing that the thiclrn01-:s of the slab 
is uniform nnd is cqun.l to h. 

a\ c·Prt.ain qun.11tity which i8 n. mt'ltSlll'<' of UH• stiff11ess of the slab r0la
t ive lo tlutt of the suhgnulc• oct•m·s n·1wnteclly in the analysis. It is 
or I lw 11:it me of a linear dim1•11sion, likc•, for l'Xa1nplP, tht• mdius of 
1,!;yrn(ion. It will b0 callc•d the radius of relative .~li.{f11ess. It is denot.Pd 
by /, and is cxpn•ssed by the formula . 

, y·--1~h:1 -

z = V 12 (1-=- µ 2) k' · · · · · · .. · .... · ..... (l) 

wlwre [,J is the modulus of elasticity of the concrete, anti µ is Poisson's 
ratio of lateral expansion to longitudinal shortening. The stiffer the 
:-hh, n.nd the less stiff the suhp;rnclc•, the greatC'r is l. One 1u:1y observe 
that l rl)lrntiu;; constant when E anti k are multiplied by the same ratio. 
'l'nhll' 1 contains valt10s of l for thi·t•e different. vall1<·s of /; and for clif
f1·1·Pnt thickensses of the slab. In computing this table ns wl'll as thP 
I hn•e tables following, Poi;;son's ratio µ wns assurn<'d to be 0.15; this 
value ap;rees satisfactorily with the results of tests hy A. N .• J ohn,-011. 1 

The values of l given in the table lie between 1G inches and 55 inches; 
about :winches may be considerecl to be a typical avcm1ge. 

T!IltEE CAHEH OF J.OADINC: INVEHTIGATED 

Figme 1 shows thrC'e cases in which it is of particular interest to be 
nhle to co.mputc the critical stresses. In case I, u whcC'l load acts rlo:sc 
to a l'Pctn.np;ular rorner of a lmg<' pand of the slab. This load trnds 
lowar<l prodnciuµ; a conH.'r break. TIH· critical HLrl'SS iH a l('nsion nt 
lh<' top of tlw slah. ·The resultant pressure iH asHmned to be on ti](' 

1A. N. Jolinson, DirC'ct ntC'USUl'C'Jl\cnt of Poisson's r11tio for cllt1erl'lt•, ,\111. Hoc. fur 
Tl'~t ing- l\fatcrinls, Prol'., v. 24, Part II, 19:n, p. 102.J.. 
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CASC II 

TCNSJON 0: 
AT THC BOTTOM 

CASE ii! 
TCNSION 0, 

l AT THC BOTTOM 

~ -----------___., 
I .a-

Figure I-Three cases of loading. Corresponding greatest stresses are.given in 
Tables II, III, and IV 

bisector of the right angle of the comer, at, the small distance a from 
each of the two intersecting Nlgr.s; the distance from the comer, ac
cordingly, is a1=a,v2. In case II, the wheel load is at a considerable 

TABLE I 
l'alucs of the rad ills of r,·lalil>c sll'.ff11es11, I, for ,/ifferenl mlties of the slab thickness, h, and 

of the 1110tllll1U1 of 1111/,grmle rcnrtiun, k, co111p1ded frmn. equation (I) 
E == 3,000,000 poundl4 fK•r K<fUl\re im·h. ,. - o. rn 

Thieknt's.~ of i-lnh 
in inC'hC's h 

4 
5 
l.i 
7 
8 
!) 

IO 
l I 
12 

---------
Httdim1 of "'laltivc stiffness, l, in inches 

k = 50 lh./in. 3 I: ... 100 lb./in. 3 k • 200 lh./in.1 

23. !l1 20. ll 16.92 
28.28 23.78 20 .00 
32.40 27.26 22.92 
36.40 ao.r.o 25.73 
40.23 33.83 28.44 
43.!l4 3G.H5 31.07 
47 J,5 40.00 33 .62 
fit.OS 42.94 36.11 
54 .5:.! 45.84 38.56 

dist nnc<' from the edges.. The pn•ssurc is assumed to be clistribuicd 
uniformly m·c1· the im•n of a small circle with radius a. The critical 
f.Pnsion OC'curs at the bottom of the slab under the center of the circle. 
In <'RSC II I, the w}u•cl load is at the edgP, Lut at a considerable distance 
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irom an~· cor11t•1·. Tlw pn•s:-.tlrr is a:-:st111ird to lw disl1·ib1t!Pd u11ifor111ly 
o\'<'I' the arPa of a small i'\Plllicirele with th<' <'('I\l\'r at tlw Prig<' nnd with 
radi11s a. The niticnl stn•ss i,; a tPnsion at tlw bottom u11d<·1· tlw ce!lt<•r 
of t lw circle. In caeh of tlw thn•e cnsl',; tlH' load mentio1wd is ass11ml'd 
for t hP I ime lwi 111; to he the only load acting. 

For ensP I a computation whid1 may he looked upon a:c; a first approxi-
111111 io11 was proposed by A. T. Gol<lbeck. Further emphasis was ii;iv0n 
to I hici method by Clifford Olcler.1 The load is treatrd n" a forcP con
<'<'11 I rat c•d at !.hr conwr itsdf, that is, 0110 us,;11rnc-,; a= 01 = 0. At small 
dist:1nc<·s from the corner the i11f1u,•nce of the reaetions of tlw sul,grnde 
upon the stresses will hr Hllutll cornpar<'d with thn,t dt1r to tli<' load. 
'l'IH' c·ornc'!' portion 111ay I)(' consid<·n·d, tlwn•fore, loud a.,; n cantil<'V<·r 
of uniform st rc•11gth. :\t tlw dis(nnc'l' .r, 11H·as111·<>d diagonally fro!lt t ht> 
1·m1w1· alo11µ; tlw liis<·clor of t lw right angll' of thP C'Ol'lll't', till' h!'tl(ling 
mo11w11t is - />;r. This h!•11di11g 111011H•11t may lw assum<'d to be dis
t rihut<·<l uniformly nvPr tlw cro,-s-s(•c! ion, thP wiclt h of whieh is 2:r. 
Thus 011<' finds the hcndinµ; motlll'llt per unit of width of c'!'o,-s-s(•rtion 

1' 
l'q11al to - 2, and the tPllsilr• str0si,; nt the top t>qunl to 

3P 
(1 = -} .......... ' ............... (2) 

i-

~inee the wheel load iR di:c;trihut0d over the area of contact hetwPPn 
the tire and the pavement, the distances ct and a1 can not he zero. The 
gn•at(.,-;t stress occurs, tlwn, at sonw distances from the lone!. This di:-
tancP will be sufficiently large to make the reactions of tlw suhgrade 
outside the critical sPction contribute a noticPablc reduction of the 
nunwrical value of the hcnding momPnt. 

An improved approximation has hePn obtui1wd in thP following 
ma111H·1·. The origin of the horizontal n•ctm1gulur coordinutps x and y 

is taken at the corner, the axis of :t· bisecting th<· right angl0 of thr 
eonier. By l!He of Ritz's method of succ·e,.;sive approximation, which i . ..; 
bas1·d 011 the principle of minimum of <'lll'l'P:)', 1 thC' following approxi-
111a!P <'XprcsHion was fo111Jd for the d<·fketions in tlw 1wighhorh<•od of 
t llC' rorner: 

z = :.;/ 1.1 e -1" - a/ 0.88 e -V) ................ (;i) 
Then the reactions of thP subgrade will be <'Xpt·essed with ,mffici<·nt 
cxad1wsi, in terms of thi,; funC'tion as kz. One n1ay compute, tlw11, the 
tot.al h!mcling moment 1'11 in the sPction x = Xt due to t lw co111bi1wd 
influenec of the uppliPcl load all(! the reactions of tlw suhgradP. \Vh!'n 
.rt is 11ot too large, this lwndi11g momt•nt will he approximntPly uniform!~· 

1ClifTord Older, Highway rcseareh in ll!inois, Am. i-,oe. Civil Enginl't'r~. Trnns., v. 
87, !!)~1, J>. 11~(}, CS]H'l'inliy fl. J:.!()(j, 

1W. Ititz, Crclle's ,Journal, V. J:1;'.i, 1non, p. 1. 
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di . ..;t rilntf Pd ow1· t Ii<' \\'idt Ii 2x1 of th<· eross-sl'C'ticm. That is, the hPndi11g 

n1o!lH'lll pn 1111it of widt Ii h<·<~o111<·s Jl = :~l_'. Th<· 11t11m•rically great.Pi-t ::.x, 
vah1t· of Jl wns fo11nd, 111 this 11w111wr, to 01·1·.11r npproxi111alt'ly at 111<' 
dii-t Hll\'C 

:r1 = 2 yn";[ ....................... (·t) 
nltd to hP, approximafrly, 

M = - i [ t - C'z')°"o]. ................. (5) 

Division by the sPction modulus per unit of width, h2/6, leads to the 
rorre;;po11ding greatest tensile stress 

3 p [ {a 1)o.o] . 
<To = ft2 l - \ l ............... , , .. (6) 

This st r<'ss may be statetl also in thr following form which is ck,rivc<l by 
suh,tituting the value of l from equation (1): 

3 p [ ( B 7i:1 )-0.15. o.n] 
<Tc = h2 1 - Ef(1-=--i?nr <11 ••••••••••• (7) 

\Vit.h a,= 0, thP last two Pq 11ntions as~11me the simplN form of equa
l ion (2). 

STHJ•:ss NOT W! 1':ATLY ,\ FFl•:CTIW BY Hl1 B<:!L\ 1)1': CON DITJON 

Table 1I contains numNi<'al values of the critical stress <Te for P = 
l0,000 lb., E'=3,000,000 lb. per sq. in., and µ=0.15. The table shows 
tlH' influc'11ee of three variables: the thickness h, the modulus le of sub
grade reaction, and the distance a from the edges to the center of the 
load. 

An inspection of the tuhle showi, the influence of the variation of the 
distuncc a to be appreciable, umounting easily to a reduction of more 
than 30 per cent as compared with the value found by the first approxi
mation, with a= 0. The infhwncc of the variatiou of the modulus 7c 
from 50 to 200 lh./in3, 011 the ot lwr ha11cl, is not particularly large. 

In case JI, that of n wll('rl-lo:ul nt a point of the interior, complica
l ions nrisP dtH' to tlH' fad, that flit' load is conc1•11t.rat<·d within u rat.lwr 
sniall arm. 'i'h<• tlwory of dnstil'ity of1'1.•rs two lyp<~s of th<'ory of slabs: 
01w t h1•ory lllay hc called "01·di nary tlwory of slabs," the other "special 
thPory." The diffen•ncc may he explained by !Lil analogy with beams. 
In analysis of lwams it is as;;-umed ordinarily that a plane cro8s-scction 
r1.•mains plane and perpendicular to the neutral imrface dltl'inl,!; the. 
be11di11g. For beams of ordinary proportions, this assumption leads to 
satisfactory rrsulb,, un lC'ss one is conccrnrd with the local stresses in the 
immediate neighborhood of a concentrated load. In the latter case the 
assumption of the plane cro;;,;-section must he abandoned, and a special 
theory, which take;; into account the deformations due to the vertical 
st n•s;;P,;, is requirer\. In the ordinary lheory of slabs it is asi-umed, 
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1·111T1·spu11din:.i;l .,·, that n strniµ;ht line clrnw11 thrn11gh the slab J)C' rpcn
clicul:ir to t llf' slab n•mains st raiid1t and 1wr1wndic11lar to the ncutml 
smfa1·1•. With slabs of prnpo1t io11s as found in p:ivc11tP1tls, the t lwory 
I ,:ts<'d on t h1•sc 11ss11111 ptions h•ads to a imtisfaet.ory dPt.Prminat ion of 
,.;trPSSPs al. all points <'X<'P pt i11 the inmt<•diatP 1wighhorhou1l of n cm1ce11-
t raf<,d load, nnd leads to a :;at.isfnct.ory df'l"Pl'llti11atio11 of Ute ddlect.ior1s 
nt all points. At the poin t of upplicntion of a co11centrnted fo rce thiH 
onlinnry theory !Pads t.o a peak in t.ho dingrnms of bending moments, 
\\'ith infinite vah1cs at t he point of the loud itsl'lf (as i11dicuted in Figun·s 

TABLE II 
Str,•s.1r.1 -iii pounds 71cr square inch compu.ted from cqna/iun (7') for lorld cowl-it-ion as in 

Ca.~e I, Fivure 1, for different 1.•alucs of It, k, awl a 

P = 10,000 pounds, g = 3,000,000 pounds J)"r square ineh, µ. = O. l!i 

~I 

Thiekncss 
or ~lah, h 

:\fodulu~ or 
suhgrndc 

reaction , k 

· -----

/ 1lt'l1t•s 

ti 

7 

s 

!) 

l () 

11 

l:Z 

I 
I 
I 

I 
I 
I 

/,11 ,/t'.11 . ~ 

:jO 

100 
200 

.50 
100 
200 

[iO' 

100 
200 

;j() 

JOO 
:.wo 

- ·- -·---- - -·-
/j() 

I 00 
:lOO 

50 
100 
200 

50 
JOU 
200 

I 

----------------------·---

a= O 

L/18°, ]ll'T 

11q. -in. 
8:ia 
s:fa 
83:J 

612 
612 
G12 

4(i!) 

4G9 
4(i[) 

:370 
;!7() 

:no 
-·-· - ·- - - - -·-

300 
:mo 
:;oo 

24~ 
248 
248 

-----
208 
:.108 
208 

Htrcss in slab 

I i 

a= 2 in. a= 6 in. 
1 

a = 4 in. I 
1----1-----· .---

1 u,.,. ,,,.1· I /,/,,,. JIN 

,WJ, fo. 
li-11 
(iH) 

506 

'''f· HI , 

Ii-! I 
;i()!) 

47-l 

I 
f,/1.,. /WI' 

·'If· i11. 
4(11 
420 
37;, 

---------
4SO 
4G(i 
4/iO 

412 
390 
:mo 

357 
329 
W8 

·1-;;-
:{52 I 2!ll I 

2G5 
212 

--2[)-!)--1 2G2 
-----

1 
2!ll 1· :l!iO 
21'<2 2:!7 

217 
:wt 

20-1 
200 
}!)4 

l(j!) 

Hi.5 

!--- ·- ... -·-
I 2 lli l!l:l 

207 , 1 S2 

-~H7 --1--1(-i\l--
. 182 1{;4 

I 17/i '1 l/i4 
IG7 144 

!
. ______ ---
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I
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5, 10, and 11). Wlwn thl' fore(' is applied at the top of the slab, the 
tern-die strcs:,;cs at the bot tom arc not, in fact, infinitP. One may say 
then that the effect of the thickness of the slab is equivalc•11t to a rotmd
ing off of the peak in the diugrnms of momenti-1. In. order to find out 
to what extent the diagrams arC' rounded off, it is ncce:-;sary to abandon 
the assumption of the straight lines drawn through tlH' :-;Jab remaining 
straight, as applying to the immediate nc•ighhorhood of the load, und 
a special theory is required. This special theory n•:,;ts on only two 
assumptions: one is that Hooke's law applies, the eonstunts ))('ing the 
modulus of elasticity E and Poisson's ratio µ; the othPr ir; that the 
material keeps its g<'omPtricul continuity ut all point,;. As in tlw ca:-;c 
of lwa111s, the ordinary t hP01·y iH much simph•r t hnn t h1• HJl<'<"i:tl t lwory, 
and is used, tlwrdore, <·Xe<'pt in partic11ln.1· ea,;1•:-; lik<' tlw pr1•,-pnt on<•, 
which deals with local rlT1•ets urnund a conc<'ntrntPd load. 

It is expcdiPnt to <'XfH'<'"" the re~mltl'\ of tlw HJW('ial tlwory in terms of 
the ordinary t h<'ory in the following mnmH•r. Let the loud I' he tlis
tributed uniformly over tlw tll'<'tt of the :-;mull cirel<' with radiu,- a. The 
tensile stress produced by this load at the bottom of th<' slab untler the 
c<'nter of the circle is dPnot<·d by cri. This r;tm;s is the critical stress 

I 
a,lh 

to'! 
I 

rn 4\ IJ] I 
b,Q3l54h b,03709h 

aa,h a,l,n 
,.. ·"'1 t-- --, 

( 1

11111n lil rlllr:1 \ 
b,050411 b•O 705h 

i rllllllr] 
/;. 09 .. 4h 

rWIIIIIIWIIIUlrl/lWIUUUJ u 
'--b•l967h 

Figure 2--Cones of equivalent distribution of pressure 
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<'X<·<·pt when t lH' radi11s a is :--o :,;111all I hat somr of thr VPt'I ictll str~·ss<'s 
tll'ar the top ill'cornc more importa11t; tlw Iatt.l'r <'Xc<•ption need not he 
t·o11sidercd, however, in case of a whePl lo:.ul which is applied through 
a rnhlic•r tin•. By w,c of thC' ordinary tlwory one may find the same 
:--tn•ss at the same place by ass11ming the loa<l to be cfo,tributed owr 
the area of a circle with the i:;amc center, but with the radius b. One 
fi11ds that this cq11ivalrnt radius b can be express<'d with iaiatisfaetory 
upproximation in terms of the trne radius a and the thickness h only. 

111 ol'!lN to find the relation between h, a, and b, numerical computa
tions were made in accordance with an analysis whieh is due to A. 
Xndai. 1 The cP11tcr of the load l' i;; nssumc•rl for the time !wing to })(' 
at tlw c1•11t.Pr of a circular :,;lab. ThP :,;Jal, is st1pport1•d at the PdgP in 
sueh tt llllllllH'l' that. the t-lllll of tlw mdial ttlld ta11gp11( ial lw11ding mo
lJH•nt;; i;; zero at evt•ry point. of the Pdgc•. Computation:,; nc1·ording to 
X[1dai';; a11alysis, with tlw radius of tlw slab Pqttttl to :ih gave the rPsults 
whieh are rcpt'l'S<'lllt'd in FigurP 2 in the m1u1m•1· of "<'Oll!'S of Pqttivnl<•nl, 
dist1"ib11tio11" and in Figure 3 by u curve with coordinntps a and b. 
Approximately the stun<' cones and tlw same curv<' arc obtained for 
other radii of the slab; and the results may be applied gt•nemlly to slub,; 
of proportions such as arc found in concrete pavements, with any kind 
of support which is not concentrated within a small area clo,;c to the 
load. 

b 

a. 
/')25h 05h O 75h h 15h 2h 

Figure 3-Relation between the true radius, a, the equivalent radius, b, and 
the thickness, h 

~~---- ~-------------~ 1,\, Nu,lai, DiP Bieµ;u1111;~lx•:t11spn1"h11111); vo11 l'lnttP11 dun·h Ei11zPlk1iift1•, :-lt·hwPiz,·-
risl'lrl' Bauzcitung, v. 7u, l!J:.W, p. ir,1; u11d his l,ook, Die 1•la~ti~1·hPn l'latt<•n, (Berlin) 
1!)~5. p. 308. 
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Om• may notk<· that wh<'n a in<T<·a:--Ps gmdwdly fro111 r.Pro, Ii is nt first 
lnrw·r tha11 a; but wlH'n a pas:-;<•s a <·t•1·tain li111it, I, h<'l'Olll<'S s111all('r 
th:m a. For the lnrµ;N valm•s of a, the ratio Ii/a co11vp1·µ;es towmd 
unity, and the ordinary theory of slabs, ne1·ordin.gly, µ;ivPs rwarly the 
same results ns the speeinl theory. 

The cmve in Fi!,!;u1·c :3 is found to lie dose to a hyperbola, the cqua
tirm of which may be writkn in the following form, which is suitttble 
for nunwrieal computations, and which may be usctl for values of a !cs:,; 
th:m I. i24h: 

Ii= Vl.u a2 xh~-o.Gi5h .................. (8) 

For larger vaJups of a, one may us<':-;;fa, that i:;;, the ordinary thc01·y 
may Le usc•d without corrcctions. 

By tlw ordinar:v th<>ory 011e finds the following approximate expression 
for the critical stn•ss: 

3 (1 + µ) p( l ) 
CJ'j = --.J-1- 2-- log,. - + O.Gl59 .............. (9) 

~ ,r t a 

With R=3,000,000 lb. pPr 8(t. in. and µ=0.15, and w_ith l suhstitutcd 
from !'<ptntion (I), f hil'I fornllll:t tnlws the form: 

u, = 0.31li2 f~ (10µ;, 0 (lt:i) - ,l Jog10 a - loµ:10 k + liA78) .... (10) 

Thc corrcction to Le made in this formula in order to make it agree 
with the speeial thPory is mNely to rPplarc the trne radius a by the 
PquivalP11t mdius Ii. Thns on(• finds the following formula, which re
places Pquation (IO) wlwn a is lei'is than 1.72-:lh: 

a; = o.:3 rn2 i; ( log10 (h") - 4 log10 Cv1-:-ii~L2 +-f2 -,- o. 675 h) 

- log10 k + G.4iS) ............... (11) 

The stn·s8ei'i v;iven in Table III have be(•n computed in accordanre with 
thil'I formula for P = 10,000 pounds. Like Table II, this table shows the 
infllll'nt'<' of thn·<' variahlPs: the thick'rn•ss h, the modulus k of subgrnde 
read io11, and a. In TahlP II r, as i II Table II, cmc may notice the rPla
t iwly greatPr influenl'<' of the variation of a :ti'i c·01i1parcd with the 
iuflucnec• of tlw variation of k. 

In dc•aling with case lI I, that of a wheel load at the edge, it was as
sumed that an equivalent radius b may be introduced in the place of 
the true m<lius a in the same manner as in the preceding C'asc, and by 
the same formula, that of equation (8). This aSRlllllption may be justi
fied on the ground of the similarity in the two cases in the distribution 
of the pnergy dm• to vertical shearing stresses. By introducing the 
equivalent mdius Ii in the place of a in the formula for the tensile stress 
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u,. nlon~ tl1t• l,ottom r,f th<' t"d;_;P llrnkr the ePnf<•1· of ilw t'irelP, as ob
ta i 1wd b.,· t hP ordi 11ary t hl'ory, ouc finds t lw follow inµ; Pxpression whieh, 
iikf' tlw nnalu~o11s <'qnation (11), is lmsl'd 011 /~'=:3,000,000 lh. per sq. in. 

nndµ=U.15: 

TABLE Ill 
Strc.s.,1s in 1m11111/.~ Jin' sq1111rr inch w1111111lnl fro111 cq1wlio11 (J 1) for /oa,l co1ulilion as 

i11 C11.sc I I, l•'iyiirc 1, for 1/ijJCt'fld mltll'S of h, k, and a 

/' = 10,00() pounds, Ji' = 3,000,000 pounds pl'r sqtmre in<'h, µ = 0.15 

I 
1 :\loduius ' Strt's,; in slab 

Thi.-kn1·ss I of sub- I 
of sI:. b Ii I grndP n•- ,: 

______ 

1 

""'"" , 

1 

.. • • 

1 

.. ,, ... 

1

_" .• ,... .. . ""· •. , ,,,_ 

I II LI,.,. ]!!T I Ll,s. )!N I Ll,s . .711,r I /,/)I.;. per L/J.~. wr 
I 11cl,cs I Ll,./-in." .,q. in. I "I/· 111. 

1 
sq. Lil. .,q. iu. .<I/. i11. 

4 .'iO i 1,2:n i J ,o:,s '1 X4X ' G03 5SS 
I JOO ! 1, 1 i:l I vi1s 7XS j 0:H r,:is 

______ I __ 2~---l---1, ~~:l I u:rn -l-iW -i ;.,74__ 4ll!• __ 

5 I ;,o ( 7!i:{ , till I I ;;so 1 ,1s7 41;; 

, wo I i:!.'i I 1;;,t1 I ,'\.\:! I 4m :ri7 
I 200 i liS7 i Ii Ii I :,0-1 •l l J I ;1:5\) 

-- (i -\--50--1- 523 i- -187--··:--421 ·1 3l\l--l.-- :;13--

: 100 i 4\ti I 4l\1 I ::l!lr, I 33ii 2S7 

____ f_ 200 [ __ 470 I- 4:3r, i ;{us __ I 30,'- 1_ 2r.o 

7 I 50 I :1:-:0 ! ;mo 1· :Hu 1 27\J I 24 5 
) 100 \ 3l\1 \ ;341 300 I '.WO I 2:2G 
1 200 

1 
;141 t 3:!1 [ :!SU 240 1 20G 

8 I 50 2SS II 27(i i 250 i . 222 II Hli 

I 100 2i3 2(il i 2:)5 \ 207 1S2 

1 
200 2r,s 24ti f 220 1 JV2 Hi7 

---1 1--- I 1--
\J I 50 22u 1 21s I 200 1 um I rn:z 

I 
100 214 1· '.?(Hi I ]SX ! lW I 1:-,0_ 

I 200 I :!O:! IU-1 I lii • ):17 I 13S 

10 50 I lSl ! 17\\ l(H II Wl 
1
1 ]3li 

100 I 172 I Hii I Jri4 140 , 12u 
200 rn:i I l .'i7 145 I 130 ,

1 
11 (j 

'-~---'~--~ , I 
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u, = o.572 ~ [1ogw W> - 4 logw (vu; ,ii + 1i2 - 0.075 h) 

- lop:10 k + 5.767 J. ............ · ... (12) 

Stresses computed according to this formula arc given in Table IV, 
again for P = 10,000 pounds. The influence of the three variables Ii, k, 
and a is shown in the same manner as in the two preceding tables, nnd 
is se<•n to be of the same natur<>, the variation of a heing of grcat<.'r im
portance than that of k. 

TABU-: IV 

Stre11,,n1 fo po11111/11 per 11r,1mre foci, comp11le•I from eq11flli•111 (/2) fi,r loar/ co,l'litirm as i11 
ra11e I I I, 1"-i')ure I, for tlif!a1mt l'lll11tw of h, k, a111l fl 

P = 10,(X)O pounds, E = 3,000,000 poun<l,:1 J>l'I' squrne inch, /lo • 0.15 

l\fo<lulus Stress in 1'1111h 
Thicknl'MK or suh- ---
of i<lah I, gr1uh• re- I 

lll'fion k II• 0 a'"' 2 in. a= 4 in. II• 6 in, fl • 8 in. 

-- ·-
l,/111. 7,er J.b11. 1'" l.b11. ]ll'T /,/111. 7,er U111. 1H"f 

/11rhe.1 I I.I,. I i11. ' Hf/, itt, xq. i11 xq. in. 11q. itt. aq. in. 
ti /iO 833 7ti!) li4!) Ml 453 

100 7S!i 7:.? I tiot 4!1:1 40ti 
WO 73S U73 /i5:I 445 ar,s 

----------
i /iO 004 568 4!)4 422 300 

100 /iti!) r,:ia 45!) 3SO !125 
200 5:14 4!J8 4:M 351 2HO 

------ -----
8 :;O 4fi7 4:m 388 337 293 

100 4:m 40<J :Jtil :Jll 2fiti 
2!XJ 404 3S2 334 284 23!) 

----------------
!l r,o a~s ':144 312 270 243 

]()() :i:11 32a 201 25r, 222 
'.WO 315 :m1 2ti0 2:1:1 200 

--
IO 50 287 278 250 2:JO 

I 
204 

100 270 2(il 23!) 212 1X7 
200 2fi;J 244 221 105 170 

----------
11 r,o 2:15 22!) 213 104 174 

JOO 221 215 10!) 1SO lfi() 

21Kl 207 201 185 lti5 146 
--

12 50 l!)!i l!J2 ISO 165 lf,O 
100 184 180 ms l!i:3 138 
200 172 ms 1/iti 142 12ti 

- . . ·-· -·. ···-·----··---- ... 
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B.\LA~CED DESIG.\S TE:STED IIY USE OF Ti\BLE:-i 

From t lit· three tablPs, for eases 1, 11, and 111, mw may obi ain sng
g(·~.tions on tlw qu(•stion of babncPd design. ( 'onsitl<'r, for cxamplP, a 
pavement with the thirkness!'s 7 inches in the inkrior portion, am! n 
inc·hes at tlw t•dgl'8. It may be assumed for th<' time being that the outer 
portions behave as a large islab wit.h uniform thickness 9 inches. With 
the thickness diminishing slowly toward the interior, the strcssPs <fr ancl 
11,. would be somewhat larger than with eonstant thieknPss of 9 inrhcs, 
but the conection needed for this rmson is probauly only small. For the 
time l>C'ing only the one wheel load which is considP!'<'cl in pach of the 
three tab!Ps will he taken into.account. The influpnec of other wheel 
loads acting on the same panel, hut at somp distanc<', will be consiclcr<'cl 
latPr; in any case it is found to be relatively small. With P= 10,000 
pounds, k=50 lb./in.\ and a=4 inches, the three tables giv~ the fol
lowing value: 

11c=2G2, <1.,=312 lb. JWl' sq. in. 

Iu com paring t!IC'se :-tresses, t hPi I' cli ffrrl'n t elmr:wlPrs shou Id be 
coni-ic!Pr<'d. The :-tress <1 c at the corne1· act:-1 prl'sumahly throughout 
the width of a whole c1·os:N,ect.ion, whPn·as <1i and u,. arc localizl'cl within 
smaller regions. With <'qua.I tendency to rupturP at the tln·pc places, 
11.., t.lw11, should he, probably, somewhat small<'r than "i and <1,.. The 
stn•ss <1,, is produ<·Pcl 111Hl<'r the infhH·nee of a load whieh is distrihutPd 
over nn area only on(•-half of t.hat nss1n11c•d fOI' u;. \VhilP tlw i-it.unt ion 
represented by the smaller area may occur wlwn a whPPI moves in over 
thl' edge of the pavement, it isreasonable, for the pmposc of a compara
tive• study of the tt•r1<lency to rupturP, to assume a larger radius of the 
sc•111i-cirele at the edge than for tlw full cil'clc in the interior portion. 
With a=G in., for example, at. the edgP, <me timls the sirc•ss 

<1,. = 27G lb. per sq. in. 

In comparing thiR stress with <1;, it Rhould he ohserwd that <1i reprc
sc•nts a state of Pqual stresHl'S in all horizontal direetiorn; at the points, 
whcrea:s <1,. is a orw-dirPctioual stress. The clo11giit.iorn, pe1· unit. of lPngth 
arc• in the two eases <1i ( l - µ) / E and u,./ E. It appears tu be reasonable, 
t hercfore, for the plll'pose of comparison, to rPplaee <Ti by an equivaknt 
mie-dirt•ctional sln•ss; if in this casP the clo11µ;atio11 is a clirPct measure of 
t lw ter1dency to rupture, this equivalent st rPss should be 

<1'i=<11(1-µ)=319(1-0.15)=271 lb. persq. in. 

'fhe three values 2G2, 271, and 27G lb. per :,;q. in. point toward the 
C'onclusion that the assumed d(•sign iR suitably balaneed. 

The suggestion has bC'en made already that one may determine suit
;. !,I(, valuc•s of k by comparing the deflections found by tests of full-s·zed 

13-29 



slali:s with those given hy the fornllllus. The following formulas lend 
thcrnsclvcs to this pmposc; they l'efrr to the th1w• cns<)S shown in Fig. l; 
in cnch case the load P is the only one acting: 

Case I. Equation (3) gin•s thl' cll•flC'ction at the corner: 

( at) p . 
Zc = 1.1 - 0.88 [ I,-

12
• , , .. , • , . , . , . , •.. (13) 

C'ns<' II. The ddlC'rtion 1111<l<'r the center of the load differs only 
sliµ:htly from thl' following valtw whieh i:,1 :tc<·umtc wll('n a =0: 

p 
Zi = 8 I,- ft .•........... , .......... ( 1,1) 

Case III. The deflection at thl' point of applieu.tion of a conccu
tr:1t<>d fo!'ce Pat the edge is approximatdy <'qua] to 

z,. = __ .!_;';(1 + 0.4 µ),-P_t;,, ............... . (15) 
' b ' . 

I hat is, forµ= 0. 15 

p 
z,. = o.-1:3:J fT2 . ..................... ( l!i) 

Thf' qunntit.y k/2 oecu1Ti11g in Pac·h of these formulas may bP l'Xf)l'<'Ss<'d, 
U<'<'Ol'dinµ: lo <•quation (1), a:,; 

• I E h
3

k ,.. kl· = -9-(·l---., .................. (1,) . L - µ·) 

"'hen experimental val11Ps of the deflcctiorn, arl' at hand, one may de
termine the corresponding values of k/2 by mean:,; of equations (13) to (Hi). 
Then equation (17) giws thr value• of k as 

12 o - µ~> (k tr 
k = ------R1i:,----- - .................. (JS) 

Figttn•s ·l t.o 11 urn diugrums of def!Petions und momentH. The titl<•s 
of tlwsc figures explain the 11attll'l' of the diugmms. Tlw dt'f11•etio11s and 
bt•JHling moments have been computed by means of the ordillary theory 
of sbhs. Thc> dinii;1·:1111s, thert•forc, gin• information co11e1•1·11i11µ; ddl<>e
tions in µ:en<:'ml, and concpi·ning bending moments except in the imme
dintP 1wighhorhood of the concentrnted loud which produces the ht•11<lin; 
lllOlll('n tH, 
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Figure 4-Deflections produced by a concentrated load which acts at a point of the 
interior at a considerable di1'!tance from the edges 

-- ~'iWHl ftAflO i,i•O 
•• ~·'O•\ 

Figure 5-Tangential bending moments, M ,, and radial bending moment, M ,, 
produced by a concentrated load which acts at a point of the interior at a 
considerable distance from the edges. 
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DETEIC\IINATION 01" DEFLRCTIO~S nm~ TO MOUE THAN ONE 
WHEEL 

The diagrams in Figm·cs 4 and 5 have been obtained by an analysis 
which rests essentially on that given by the phytiicist Hertz1 in 1884. 

The diagrams in Figures 4 and 5 may be used in the following way, 
for the purpose of finding the J'Cstdtant deflections and stresses due 
to the combined influ<'ncc of two or four wheel loads each acting at a con
siderable distance from the edges of the slab. 

Let each load be 10,000 pounds, and let the hori1oi1tal rectangular 
coordinates of t.he CM1hm1 of the four loadl4 ll<' ns follows: 

Coordin11te Lond. No. 1 Lond No: 2 Lond :.Jo. 3 Loud No. 4 
------------·-

x= 0 66 in. 0 Oli in. 
y ... 0 

I 
0 00 in. 00 in. 

-
Loads I and 2 alone may 1·epresent the two 1-ca1· whc<'ls of a four-wh<'el 
truck, and the four loads combined may 1·e>prcscnt the four rear wheels 
of a six-wheel truck. 

With h= 7 in., E=3,000,000 lb. per sq.in., µ.=0.15, and k-50 lb./in.1, 

one find:; hy <'qu:1.tions (I) and (I 7) or by Table I: 

l=3G.40 in.; kll • 66,200 lb./in.; 

distances 1-2 and 1-3: GO in.= I.8131; distance 1-4: 66'\1'2 =-2.5641. 

111. 1-fortz, t)ucr dns c:Jl'il'hgewicht. lll'hwimmcndPr d11Kti11ehrr Plattc>n, Wiodc
rrnn11'11 Annnl<•n dcr l'hy11ik uml Ch(•mic, v. 22, 1884, 1111, 449-456; alllo ir, his Gcl!llm-
1Hltt> Werk<', v. I, pp. 288-2!14. Hertz demit wifh tht• J1rohfom of a large swimming 
t<lah, for cxnmph•, of k<•, lond<'ll hy n !lingle for<'!'. A. l<'oppl in hiM 'l't-'l'hnische Mc
chnnik, v. 5, Hi07, JJJ>. 112-t:m, preK<'nted Hcrtz.'s thl'ory in a nmtlific>d, and in 11une 
w11ys Hirr plifiP1I form, nnd lw enllc•d attl'ntion !.o the 11pplil'11l1ility of thj11 a11nly11i11 to the 
prohlc•m of the slab on t•l111,1ti1• suppor·t. Hcrf.ll 1r.ndc Ul!l' of l!t•l!IIC'I funetions in hi11 
u1111lysis. Silwr hii! unuly1,1is w11s 1mhlislll'1I, ttm nmnhcr of puhiisht-'<1 nunmric·al 
tnlil,•s of Bt·slS(•f fund ions l11u1 h1•1•n inrrc•:uit•d. ;\mong Uui new<•r t.i1hlt'II thol!(, rcprc
sc•.nt ing lfonk1•1'11 l~e,..sel f11nct.ion11 

How ( .r Vi) nnd JI 1 °> ( .r v7) 
ar<' of eMJ1C•ci11l intcr<'st for the> pn•Ml'nt. prohlt•m. '1'11hl(•11 of thl'MC fum·tion• may be 
found in th(• hook of t11l,lr11 by I~, Jahnke 11nd J,', l•:rudr, Funktiont,utnfcln mit. For
n:<•ln uml Kurven, lOOCJ, I'll· 139 and 140. lly m1•nn11 of thr11e tRhk'I the numcrienl 
vnlu<·11 given in I<"iglln.'11 4 11nd Ii wt>n• oht.ainrcl hy 11im11lll t'OlflJll!lntionN, Afl!'r thClle 
diugn111.11 had IH'l•n Jm•JJ1trt•1I, two JH1J)(•r11 lmvc ,1pJ)('lln,d in which the 111ur.c furwtion11 
11n- U!<(•d for tlw purJ)<,Ml' of 11nnly1d1111f Klnhs on d1111ti1• ,mr11,ort. One i11 hy J. J. J{och, 
l!t·rckt-ning v11n vl:tkkc pl11f1•11, ond1•r1,11t•1md in tfo ht)(•kpunltm vnn (>en willekt•urii 
rom1h•r, Dr hig1•ni1•ur, rn:u;, No. ti; I ht\ othl'r i11 l,y l~l'1·dhmud !olchll'irht>r, Ol>C'r Kn,i11-
pl11t1.1•11 1111( elustiHdwr ll11tcrl11gc, l•'l'11fschrift xur lfumlcrt.jahrfoit•r tlt•r Tcchni11cl1l'n 
liod111d,uln lforlHr11h1•, l!J25. 
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Thus Oil!' finds tl1t> stn·ss0s in tlH· din·<·tion,; uf .Tandy: 

21 l 
- W lb. pc>r sq. in. 

and 
181 . 

f1'y = 
8 1 

·- = 22 Iii. per sq. ttl. 
. lJ I 

These stresses arc principal strcssl's, that is, om• is the maximt111!, the 
oth1•r the minimum strPss, and th<•n• are 110 shraring st rcsscs in the 
dirPctions of x and y. 

For the case of the four-whe<'l truck, one finds, then, by super-position 
the following principal stresses due to th<' two rear wheels, loads No. 1 
and No. 2; these principal strPsses are in the dirPetiuns of ;r an<l y: 

f1'x=2i9-2H=253 lb. ()Pl" sq. in., 
O'y=2i9+22=;m1 lb. per :-iq. in. 

STilEHSES Dl 7E TO HlX-\\"!rEEL Tlll'CK 

In the case of th<' six-whel'l truck the effpcts of loads Xo. :~ and No. 4 
must he includPtl. Load No. 3 contributPs the sam<· strrsses at point 1 
as does load No. 2, only the indiePs x and y arc to be intcrch:1ng;etl. 
Conspqupnily the resultant stl'Pss<·s in the directions of ;r and y due to 
the eombint'd in!lm•ncP of loads 1, 2, and 3 l}('conw 

f1'x =fJ'y =2i!)-26+22=2i5 lb. per sq. in. 

These' strPRscs, again, arc principal strPsscs. Since they arc equal, the 
horizontal stn•ss<'s will be th<' same in all dir<'ctions, each stress being 
n principal stress 

Let x1, y1 be a new syst<.'m of horizontal rectangular coordinatps with 
t lw axis of x1 along th<' diagonal line from point 1 to point 4. Load No. 4 
produces n radial hending momPnt in the direction of :r1 and a tangPntial 
lwndinµ: momPnt in the direction of 1J1. According to Fig. 5 thesP hen<l
ing mon1<.•nts are 

M, 1 = -0.0lSfiP= -18G lb. and My 1 =0.00.i8P=:i8 lh., 

re1<p<•ctivPly. The e<>IT('sporHling strPss<'s arc• found, nµ;:1i11, by di\·iding 
th<' lwnding momPnts by thP scetion modult1:,; rwr unit of width, that i,;, 
hy 8. lui in.2, and they are 

f1'x 1 = -23 lb. per sq. in., and uy 1 =i lb. per sq. in. 

These stresses arc principal str<.'sscs. The resultant principal stresses 
du<' to all four loads combin<'d, thPreforl', arc in th<' dircl'tions of .r1 and 
yt, nnd haw thC' \'uhtPS 

f1', 1 =2i5-23=2;i2 lb. pl'!" sq. in., 
fJ') 1 =275+ i=282 lh. Jll'r S(l. in. 
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Then Pquatioll (14) as WC'll as Fig. 4, gin•s the following value of the 
ddl<iction at point l clue to load No. l: 

_ __!'_ _ 10,000 _ 1 " . 
zi. 1 - 8 k l2 8 X GG,2JO - OJ 18;., m. 

Furthermore, Fig. 4 leads to the followillg value of the drflrction at point 
1 due to load No. 2 alone: 

P 3f) 10,000 . "!) . 
z1. 2= U.C3!)21 k l2 = 0.0:. 21 tfo,2JU = U.UOa. 111. 

TIH·n, by s11pPrpoi,ition of the two dPfleetior1s, one finds the dcfl1•etion 
at point 1 due to the combined influence of the two J'Prrt· wheds 1 and 2. 

The def!Pction at point J dtt<' to load No. ;3 alo1w is 

z,, 3 = z1, 2 = 0.005D in. 

The deflection at poi11t 1 due to load No. 4 alone is, according to Fig. 4, 

z1. 4 = o.orn20 {:2 = 0.0024 in. 

By superposition of the four deftectiorn; due to C'ach separate load, one 
finds the resultant deflection due to the four loads: 

Z1, (I, 2, 3, 4) = 0.0331 in. 

For the purpose of computing the statP of stresses at !he bottom of 
tJ1p slab under the cPnter of load No. 1 it will be assumed that load No. 1 
is distributed uniformly over the area of a cirde with a radius a= 6 
indies. The stn,sses due to load No. 1 will be the same in all direetions, 
and tl1ey are, according to TablP ;3: 

Clx =Cly= 27!) lh. per sq. in. 

According to Fig. 5, load No. 2 prnduccs a radial bending moment JI,, 
in this case in the direction of x, equal to 

Mx= -0.0211P= -211 in. lb. per in. (or -211 Ju.), 

and a tangential bending moment .~!1, in this case in the direction of y, 
equal to 

11{,.=0.0J81P=181 lb. 

Tho conesponding stresses arc found Ly dividing these lwnding moments 
1 

by the section modulus 11er unit. of width, that i~, bv - ;2 =8.IG7 in2• • (i 
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( >1w 1111(\' dr:ni· the co11clusio11 that tli<' main part of the state o( 
!'!rt·~.-,·,; at a givc-11 point is dtt<' ton wlwd load right over tlw point. In 
tlll' ,·:1,w l'Xaniined, the contributi<;n du<~ to the thn'c additional rear 
wlwt•b of (hp :-ix-Whl'Pl ll'll<"k is of le,;s i111port:lllCl' than that dill' lO the 
otll' :1dditional rP:tr wlu·<·l or tlw four-wheel trnck. 

UC:fltUOrt C.~n f'O• 
stCT •OII • • • 

__ ,'\~ -·••(AtN 1..0•0 u•••,.,nv 
OIO- ,~--1--'--~- +~+---f--l-,''-,:<./+---'o,o -tOf"' 1,...)"'1\1.0t,111,.(D 

" ' 
, / 

- \---'-·1----' -+---+-+--,' f---' ·--A-/---1 

·"~-+--"-'<-1--+---+--+--h,,-/....---., 

Figure 6--Deflections produced by two equal loads like the load in Figure 4, sepa
rated by a distance of 21. The deflections are found by superposition of two 
dingrams of the kind shown in Figure 4 

Figmcs 6 and 7 show deflections rlue to two wheel loads combined. 
Each of thc•sc diugrams was ob! ainPd by :-:upPrpo:-it ion of two diaµ;rams 

:,;uch as :-;hown in Figme -L 
Figures 8 to 11 show pffrcts of loads at the edg<', bm at a eon:-irlcrahlc 

distance from any corner.1 

By virtue of Maxw<'ll's theorem of reciprocal deflections, tlw defkc
tfon at a point B of any slub due to u load P n.t the point ; l is the same 
as the deflection at .tl llue to u loud Pat point /3. Figmes 8 aud 9 may 

tThe theory hy which thc~c diugrams \WI'!' obtainl',I may ·1K' fuuntl in u J>:LJ>l'I' hy 
the writer: Om Ilcregning ar Pl:H.lrr pau Plastisk l "rn li•rlav; nll'd ,;:rrli;.i:t H1•111hlik pna 
Sp.or~~mnnl_~t om Sp=!_'llU!ng?· i l!l•tonvc.ie, Ini;rniiiren (Copl' '.1liagl' n~, v. :3'.!: .!\):!:~, 1'1'· 
513-..>24. ~c alsu, 1\. N:lda1, Dw clm;tl~l'hen Platten, ( lkrlm) Hl:.!a, p . ISIJ . 
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Figure 7-Deflections produced by two eiual loads like the loads in Figure 4, 
sepnrated by a distance of 31 

p 

l'' .:t 
II t 
··:1··· 

... 
Ul'-

f I 
,- ·-- ..... "f-~f-~+--.!--'~-f-ff'-;!-:f+t'"'"~'H~,.,,;;;+;;;;,.,;;,,;,,;:,.,...,: :">c~~~~'*-*'L\--'i,--\1-l.....-

Figure 8-Deflections produced by a concentratl'd load at the edge at a consic!euble 
distance from any corner for µ = 0.25 
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1,., i11t1•rp1·pt1•d, tlwr<•for<\ in a douhlP 11i:u1nPr: fir,-t, :t:- dinµ:r:un,; of dP
l!,·l'f io11,; at :u,y point n d111· to a load/' at th<· p:trtirnl:u· poin1 A at tlw 
,·d~"; ,;<·<·ondly, ns influ<'Il<'P diaµ;rn111s, showing th<> d<·fl<•ction at the 
particttlnr point 1l at thl' edµ:c dt1l' to u load/' at any point. 

Frnm this r<·eiproeity of dPf!Pction:,; one may drnw a further contlu
~io11 which may be applied to Figures 8 and B, and which concerns the 
1·111T<' of deflections or elastic curve whieh i:-i obtained by int!'rsPction 
of I lw <h·fll'ckd middle surface by a vertieal plu!H'. Two lines L.\ ancl 
/, 11 an·. drawn purall.-1 to two opposite parallPl edges of a slab. Two 
1·q11al loads arc eonsidcnid, one acting ut a point A of the line LA, the 

-------------~~-p"-------------

Figure 9-Deflections produced by a concentrated load at a considerable distance 
from any comer for µ = o 

other acting at a point B of the line Ln. The points A and B nrc 
asimmed to be. sufficiently far fro1:n the remaining two edges of the slab 
to permit the assumption of zero deformations at these t•dgl'f'. Tlwn 
one may conclude that the elastic curve produc!'cl along the Jim• J,H 
under the influence of .the load P at A has exactly the ic;arn<' shape as 
the elastic clirve produced alo11g the line LA under the infltH'llCl' of tlw 
load Pat point B. In applying this conclusion to Fignrn 8 or Figll!'P !), 
ld the line LA he the edge shown in the drawing, u11d ll't thL· lin<• Ln 
be• at som<' distanc<' from the Pdg<'. By the din•ct us<' of the diagrnm:-1 
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011c obtainx thP f'!n:,;tic c·un·c nt nny lim• L11 pnralkl to the cdg0, duc to 
a load nt the Pd,:?;c'. But onp may intcrprc't this curve as the elastic 
c11rvP for the Pdge prc1ducPd under tlH· inflm•ncc• ol' a load at a point of 
till' li1w L 11 • The cmvaturP of the• ckf!Peted middle smface at point A 
of tl1P edge in the direetion of the Pdµ;c, produl'cd by the load P at any 
point fl at f.:Olll<' distance from the edgr, is the sam<', accordingly, as the 

I 

I I '· 

I I I I 
lw~ 

l.!l ;oi 

Figure IO-Bending moments along the edge for a load concentrated at a 
point of the edge (top diagram), and for loads distributed uniformly over 
lines of three kngths at the edge (lower three diagrams), u = O 

curvature of thP dcflec:tc<l middlP snrfaee at point fl in a direction paral
JpJ to tlw edge, ns obtained in Figm<· 8 or Figme 9, due to the load Pat 
the poi11t A of the <'dµ;c•. 

Thus Figmes 8 am! 9 may be wwd in studying the stresses produced 
along the edge by a wlwel load at some distance from the edge. 

The following use of the tables and diagrams is suggested. Let it 
be assumc•d that a CPrtain pavc•me11t has l)('('n proved by tests and 
pxperienec• to be satisfnetory for a given type of traffic. By the tables 
and diagrams -:.>II<! may compute, tlwn, the corresponding critical 
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!-I n•ss<·s. T}wse strrsi-u, may br adopted fort he time lwing a;i ullowublc 
working stre:,:srs. With the strc8srs ~iwu, the tables and dingrnms, 
tliro11ih computations of the kind whieh has been shown, fnrllish 

11 nsw<·1·s to two qtwstions: what additional thicknesses arc required if 
t lie wheel prcssmes arc increased in a giYcn mannrr: and, what may be 
i-av('(I in the thicknesses by diminating some of the heaviest vehicle:,;. 

Figure 11-Bending moments along the edge as in Figure 10, but forµ =0.25 

Profrssor T. H. Agg has called attention to the importance of having 
an answ<>r to the latter question, when one attempts to apportion the 
C'Oi<t of the pavemPnt to thr various kinds of traffic for whieh it is usrd. 

lll u!>ing the tablrs and diagrams it i-hould he kept in mind that the 
mmlysis is LMNI on those assumptions which were stated at the Jx.gin-
11ing of this discm,sion. By the natme of thC'se assmnpt.ions certain 
infh1encC's were ldt out of eonsideration, especially the following: 
(1) variations of tl>mpc>ratmc, and other eau~es for tcnckncy to change 
of volume; (2) the gradual dimiuishi11g of the thiekness from the ed{!;c 
toward the interior; (3) local soft or hard spob in the suhgra<le; (4) hori-
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zontal component:< of the rPactions of the suhgrade; and (5) the dynamic 
effect, expressed in terms of t!w ,Hertia of thf' p::ffenw11t and subgra<le. 
The horizontal components of the rPaetions of the subgrade, which are 
due to friction, may han• a strengthPning influence, es1wcially at some 
distance from the edge~;, by causing a dome action in the paYement. 
As to the dynamic effects, with known .-alues of the maximum pressure 
developed between the tire and the pa\·cment, the effect of the inertia 
of the paYement may po:-isibly fw expre:-:-ed approximately in terms of 
an increased value of the rnodulu,; k. Tlw"e additional influence., are 
suitable subjects for further analysi:;. 

REPORT OX EX:PERL\IENTS OK EX:TE~SIBILITY OF CON
CRETE 

w. K H.\TT 

P11rdr1e ["11irenily, Lafayilte.11,ifia1£a 

Two properties of materials are important-strength an<l toughness. 
AYailable data are few resulting from measurements of the ability of 
concrete to withstand extension without the appearance of fissures. 
These may rangP in magnitude: (a) from those in the order of 0.000! 
inch width seen only with a microscope or appParing as "water Yeins" 
or "water mark:,;," as Feret termed them, when a skin-dried surface 
breaks and capillary moisture comes from the interior through the 
fissures; to (b) larger fissures in the order of 0.001.1-inch width, seen by 
the unaided eye; and (c) in the extreme to those laqre open cracks that 
occur when the elastic limit of reinforcing steel is exceeded. In the 
class of microscopic fissures are those crazes that mar the appearance of 
architectural conrrete or othN concrete products. Such crazes are not 
always evident to the unaidPd eye, but may lw developed by a coating 
of light oil. 

The various fo,sures may be produced by load or by the action of 
temperature or moisture changes. 

The pre5E'rvation of the integrity of th(• surface of exposed concrete 
is important. In many cases surface crack-; are the first indication of 
subsequent failure in concreks that han' been made of defective ma
terials, either cenLPnt or aggrpgate. 

\Ye are increa~ingly reqnired to compute expansions and contractions 
of structures; the:,e mowments are limited by exten,-ibility. 

As has been said, the actiw agents may be tensiom, due to loads, or 
due to the working back and forth of the surface under temperature 
and moisture ehangPs. The lattc•r expn·s:" themselves most markedly 
when the surface of the concrete is of n richer compo~ition than the 
interior, or when the snrfar<' is contracted by careless drying against 
a moist core. Indeed, th,:, falling off in ,;trength of cement briquettes 



Instructional Objectives 

LESSON OUTLINE 

SUBGRADE CHARACTERIZATION 

Revised DS/lg 1/1/84 
Lesson 14 

1. To provide the student with a basic knowledge of the tests most cormnonly 
used to characterize subgrade materials. 

2. To acquaint the student with the limitations of each test in its role in 
pavement design. 

Performance Objectives 

1. The student should be able to sketch a simple representation of each test 
apparatus and the appropriate results. 

2. The student should be able to state the advantages and disadvantages of 
each test in terms of the pavement design process. 

Abbreviated Summary Time Allocations, min. 

1. Introduction to Materials Characterization 10 

2. Plate Tests 5 

3. California Bearing Ratio (CBR) 10 

4. Triaxial Test 10 

5. Resilient Modulus Test 5 

6. R-Value Test 5 

7. Group Index 5 

so minutes 

Reading Assignment 

1. Yoder and Witczak - Chapter 8, pages 243-265 

2. Instructional Text 

Additional Reading 

1. TRB Special Report 162, "Test Procedures for Characterizing Dynamic 
Stress-Strain Properties of Pavement Materials. 
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Revised DS/lg 1/1/84 
Less0n 14 

LESSON OUTLINE 
SUBGRADE CHARACTERIZATIO:t,; 

1.0 INTRODUCTION TO MATERIALS CHARACTERIZATION 

1 .. 1 Renewed Interest 

In recent years there has been a renewed interest in materials 
characterizat:ton due to the increasing use of marginal materials. 
We usually try to extrapolate old design procedures using quality 
materials to design procedures using marginal materials. 

1.2 Variability of Materials 

Variability due to the inherent nature of the material (non-homo
geneous), moisture, temperature, particle shape, and particle 
surface texture among others. 

1.3 Types of Tests 

(a) 

(b) 

(c) 

Routine Tests. Such as plate loading, triax:ial and CBR test. 

Layered Input Parameter. Such as resilient modulus test. 

Fundamental Distress. Such as fatigue and permanent deform
ation test. 

1.4 Past - Static or Low Strain Rate 

1.5 Present - Dynamic 

Theoretical design procedures. 

1. 6 Future 

Need to develop tests which recognize the variability of materials, 
relate performance, and relate actual engineering properties to 
use with elastic layered theory to develop design procedures. 

1.7 Factors Used to Determine Test to Use 

Such as E andµ for layered theory. 

(a) Ease of Testing. If test is 
be used on a routine basis. 
due to equipment and trained 
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complicated 
Complicated 
personnel. 

it is not apt to 
tests cost more 



(b) 

(c) 

(d) 

2.0 PLATE TESTS 

Revised DS/lg 1/1/84 
Lesson 14 

Reproduceability of Results. Variability of materials, 
equipment and operators affect results. 

Size of Project and Within Project Variation. The larger 
the project, the more testing is typically justified. 
Variability along roadway becomes a consideration. 

Measurement of Fundamental Properties. Empirical tests are 
usually only good for empirical design procedures. Esti
mating fundamental properties from empirical tests should 
be avoided. 

2.1 Purpose 

Measures the supporting power of materials. 

2.2 Test Apparatus (Visual Aid 14.1) 

2.3 Effect of Plate Size (Visual Aid 14.2) 

Use 30" plate for rigid pavements and wheel area plate for flexible 
pavements. 

2.4 Modulus of Subgrade Reaction (k) 

K 
u = 

p 

6 
(Visual Aid 14.3) 

P = unit load on plate, psi 

6 = deflection of plate, in. (sometimes Pis taken as that pressure 
corresponding to a deflection of 0.05 in.) 

(a) Correction for Service Condition. 

K = d 
d 

s 
K 

u 

d laboratory deformation under field conditions 

d = laboratory deformation under saturated conditions 
s 

(b) Correction for Plate Bending. As shown in Visual Aid 14.4. 
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2.5 Test Method 

Revised DS/lg 6/9/84 
Lesson 14 

(a) Load increment less than 10 percement of maximum wheel load, 

(b) Maintain each increment until settlement is less than 
0.002 in./min. 

(c) Load until maximum load is reached. 

(d) Unload using same increments. 

2.6 Variations of Test 

(a) Cyclic load (Visual Aid 14.5) 

(b) Repeated load (Visual Aid 14.6) 

2. 7 Advantages 

2.8 

(a) Test performed on actual in-place material 

(b) Experience (used by many agencies) 

Disadvantages 

(a) What to jack against 

(b) Bending of reaction beam 

(c) Gauges outside influence area 

(d) Limited number of tests 

3.0 CALIFORNIA BEARING RATIO (CBR) 

3.1 Purpose 

Measures the resistance to penetration of a subgrade. 

3.2 Test Apparatus (Visual Aid 14.7) 

3.3 Soil Factors Affecting Test 

(a) Soil Texture. 

(1) Granular soils - not affected by swelling during 
soaking period; therefore surcharge,,weight not important 
during soaking. 
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3.4 

3.5 

Revised DS/lg 1/1/84 
Lesson 14 

(2) Clayey soils - greatly affected by swelling pressures 
and thus CBR value highly dependent upon surcharge 
weight during soaking. 

3.3.2 Soil Moisture and Density. 

Test 

(a) 

(b) 

(c) 

Test 

(1) Granular soils - compacted at optimum moisture content 
with three levels of compactive effort. 

(2) Clayey soils - compacted at varying moisture and density 
conditions . 

Method 

Compaction depending on soil type 

Soaking (swell reading) 

Perform penetration 

Results (Visual Aid 14.8) 

CBR = unit load at .1 in 
unit load of standard * = unit load 

1000 psi 

* standard is a high quality crushed stone that has a unit load of 
1000 psi at .1 in. deflection. 

note: Usually CBR decreases as penetration increases; however, if 
CBR. 2 > CBR.l then use CBR. 2 

3.6 Variations of Test 

(a) Field CBR Tests. Correlations with laboratory results may 
be erratic particularly for granular soils. 

(b) Undisturbed Samples. 

3. 7 Advantages 

(a) Fast 

(b) Experience 

3.8 Disadvantages 

(a) Information not very useful 
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(b) Doesn't simulate actual load conditions 

(c) Affected by piece of aggregate under rear 

(d) Doesn't simulate shearing ,,.orces present in £1exi_l,le na\7ement 

4.0 TRIAXIAL TESTS 

4.1 Purpose 

Measures the shear strength of a subgrade material under lateral 
pressure. Attempts to simulate stress conditions existing in field. 

4.2 Test Apparatus (Visual Aid 14.9) 

4.3 Test Theory 

(a) 

(b) 

Coulomb Equation. (Visual Aid 14.10) 

S = C + a tan {j) 

Where: s = internal stability 

C = cohesion 

a = applied stress 

¢ = angle of internal friction 

for clays - s = C (Visual Aid 14.11) 

for sands S = a tan¢ (Visual Aid 14.12) 

Assumption. Internal resistance is dependent upon shearing 
resistance due to internal friction and cohesion which may 
be expressed as a single shearing stress component. 

5.0 RESILIENT MODULUS TEST 

5.1 Purpose (Visual Aid 14.13 a-e) 

Measures the modulus of subgrade materials in terms of the recover
able deformation response to a dynamic load. 

5.2 Test Apparatus (Visual Aid 14.14) 
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5.3 General Equation 

O'd 
= --· 

Revised DS/lg 1/1/84 
Lesson 14 

Where: ~=modulus of resilient deformation 

O'd = repeated deviator stress (stress difference) 

E = repeated recoverable strain 
a 

Values of~ are determined after some number of repeated applications 
of the load at which time the specimen exhibit essentially constant 
recoverable strain (i.e., after "conditioning"). 

5.4 Effect of Material Type 

(a) Cohesive soils (Visual Aid 14.15) 

(b) Granular materials (Visual Aid 14.16) 

6.0 R - VALUE TEST 

6.1 Purpose 

Measures the tendencies of subgrade soils to resist deformation 
when loaded in a triaxial state. 

6.2 Test Apparatus (Visual Aid 14.17) 

6.3 R - Value Calculations 

100 R = 100 - ---------2. 5 p 
V 

D Ph 
- 1 + 1 

Where: R = resistance value 

p = vertical pressure 
V 

(160 psi) 

D = turns displacement reading (about 2-5) 

Ph = horizontal pressure at P = 160 psi 
V 

* Note R (fluid) = where p = p 
V h 

R (rigid solid) = 100 where Ph = 0 
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6.4 Test Method 

(a) Apply load at 0,05 in./min, 

(b) Road Ph at p = 160 psi y 

(c) Remove half of vertical load 

(d) Reduce P, to 5 psi n 

(e) Count number of turns to get Ph = 100 nsi 

7 .0 GROUP INDEX 

7.1 Purpose 

Relate quality of soil for highway uses to gradation and plastic 
limits. 

7.2 Group Index Formula 

GI= 0.2a + O.OQ5ac + O.Olbd 

Where: GI= group index 

a= that portion of the percentage passing No. 200 sieve 
greater than 35 percent and not exceeding 75 percent, 
expressed as a positive whole number (Oto 40). 

b = that portion of the percentage passing No. 200 sieve 
greater than 15 percent and not exceeding 55 percent, 
expressed as a positive whole number (Oto 40). 

c = that portion of the numerical liquid limit greater than 
40 and not exceeding 60, expressed as a positive whole 
number (Oto 20). 

d = that portion of the numerical plasticity index greater 
than 10 and not exceeding 30, expressed as a positive 
whole number (0 to 20). 

7.3 Based on AASHTO Classification System (Visual Aid 14.18) 
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LESSON OUTLINE 
SUBGRADE CHARACTERIZATION 

VISUAL AID TITLE 

Visual Aid 14.1. Plate load test apparatus. 

Visual Aid 14.2. Effect of plate size. 

Revised DS/lg 1/1/84 
Lesson 14 

Visual Aid 14.3. Determination of modulus of subgrade reaction. 

Visual Aid 14.4. Correction for plate bending (Corps of Engineers). 

Visual Aid 14.5. Cyclic plate load test results. 

Visual Aid 14.6. Repeated load plate test results. 

Visual Aid 14.7. CBR test apparatus. 

Visual Aid 14.8. CBR test results. 

Visual Aid 14.9. Schematic diagram of a triaxial cell. 

Visual Aid 14.10. Internal stability of soil represented by Coulomb equation. 

Visual Aid 14.11. Internal stability for cohesive soils. 

Visual Aid 14.12. Internal stability for cohesive soils. 

Visual Aid 14.13(a). Behavior of sample under all-around compression. 

Visual Aid 14.13(b). Volume change as function of time when drainage is 
permitted. 

Visual Aid 14.13(c). Volume change as func tion of time when drainage is 
permitted. 

Visual Aid 14.13(d). Porewater pressure as function of applied pressure if 
drainage is prevented . 

Visual Aid 14.13(e). Volume change of undrained sample as function of time 
for different initial degrees of saturation. 

Visual Aid 14.14. Apparatus for resilient testing of subgrade materials. 

Visual Aid 14.15. Typical resilient modulus response for cohesive soils. 

Visual Aid 14.16. Typical resilient mo dulus response for granular soils . 
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LESSON OUTLINE 
SUBGRADE CHARACTERIZATION 

VISUAL AID TITLE 

Revised DS/lg 1/1/84 
Lesson 14 

Visual Aid 14.17. Stabilometer for determinating R-value. 

Visual Aid 14.18. AASHO soil classification. 
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Visual A i4 1. Plat0 load test apparatus. 

Hydraulic 
Jack 

Reaction 
Frcune 

Pressure 
Gauges 

... -Deflect.ion Dial 
at ~3 pts. 

Stacked Plates~-------....... 15 ft or more 

~1.-.----- 3 Ou---~ 
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Visual Aid 14.2. Effect of plate size. 

p=n+m! 
A 

Decreasing Plate Size 

Perimeter / Area, !. 
A 
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Visual Ud 14. 3. Determination of modulus of s11:,;~,::-c1de re,:1rr inn. 

10 --
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BearinCJ ----- Capcity 

IOpsi 
K = fl 

10 

P.os 
(alternate K = l .OS in. 

Deflection ~ , in. 
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Visual Aid 14.4. Correction for plate bending 
(Corps of Engineers). 

0 L----JI.---.L.--J...-_,___.,____.. _ __,_ ______ _ 

100 200 300 400 500 600 700 800 900 1000 

k11 (pounds per cubic inch) 
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Visual Aid 14.5. Cyclic plate load test results. 

Plastic Deformation 
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Visual Aid 14.6. Repeated load plate test results. 

Cycle Deformation 
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Visual Aid 14.8. CBR test results. 

~'b / b~ 
()~ ,~/ 
~ c:,~ e:,,• 

/ Unit Load at .I in . 
CBR= 

/ Std Load at .I in. 

/ Unit Load 
/ = 

I 000 psi 

.I .2 .3 .4 .5 .6 

Penetration, in. 
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Visual Aid 14. 9. Schematic. diagram of a triaxi ' ',J 1 
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Visual Aid iq.10. Internal stability of soil represented by 
Coulomb equation. 

S = C+CT tanf 

er, 
Normal Stress 
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Visual Aid 14.11. Internal stability for cohesive soils. 
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Visual Aid 14.12. Internal stability for cohesive soils. 
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Visual Aid 14.13(a). Behavior of sample under all-around compression. 
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Visual Aid 14.13 (b). Volume change as function of time wh~n 
drainage is permitted. 

~v 
V 

Time, t 

Unsaturated 
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Visual Aid 14.13 (c). Volume change as function of time when 
drainage is permitted. 

Time, t ·(log scale) 

flV -
V 

Unsaturated 
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Visual Aid 14.13 (d). Porewater pressure as function of applied pressure if 
drainage is prevented. 

Cell Pressure , P3 
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Visual ~ld 14.13 (e). Volume change of undrained sample as function or 
time for different initial degrees of saturation. 

Time, t 

Saturated 

~v -
V 
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Visual Aid 14.14. Apparatus for resilient testing of subgrade materials. 

Cell Pressure Inlet 
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Loading Piston 

Thompson Ball Bushing 
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Visual Aid 14.15. Typical resilient modulus response 
for cohesive soils . 

D eviator Stress 
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Visual Aid 14.16. Typical resilient modulus response 
for granular soils . 

Sum of Principal Stresses ( IOCJ scale) 
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Visual Aid 14.17. Stabilometer for determining R-value. 
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'1.r~'8l.f~d· 14418~ AASHO Soil Classification 

General classification Silt-clay materials Granular materiall 
(35% or leu pauing No. 200) (More than 35% passing No. 200) 

Group classification 
Sieve analysis, per cent pai!Sing 

No. 10 
No. 40 
No. 200 

A-1 A-3 A-2 

50max 
26max 

51 min 
IO max 35max 

A-4 

36 min 
Characteristics of fraction pallSing No. 4-0: 

Liquid limit 
Plasticity index 

Group index 
General rating as subgrade 

General classification 

Group classification 

Sieve analysis, per cent passing 

A-1 

6 max NP 
4max 

Excellent to good 

(Subgroup1) 

Granular materials 
(35% or leu passing No. 200) 

A-3 A-2 

4-0 max 
10 max 
8 max 

A-1-a A-1-b A-2-4 A-2-5 A-2-6 A-2-7 

50 max 
30 max 50 max 51 min 

A-5 A-6 A-7 

36 min 36 min 36 min 

41 min 40 max 41 min 
10 max II min 11 min 
12 max 16 max 20 max 

Fair to poor 

Silt-clay materials 
(more than 35% passing No. 200) 
A-4 A-5 A-6 A- 7 

A-7-5, 
A-7-6 

No. 10 
No. 40 
No. 200 15 max 25 max 10 max 35 max 35 max 35 max 35 max 36 min 36 min 36 min 36 min 

Characteristics of fraction passing No. 4-0: 
Liquid limit 
Plasticity index 6 max NP 

Group index 0 0 
Usual types of significant Stone fragments, Fine 

constituent materials gravel, and sand sand 

4-0 max 41 min 40 max 41 min 
10 max 10 max 11 min II min 

0 4 max 
Silty or clayey gravel and sand 

40 max 
10 max 

41 min 
10 max 

8 max 12 max 
Silty soils 

40 max 
II min 
16 max 

41 min 
11 min 
20 max 

Clayey soils 

General rating as subcrade ~xccllcnt to good Fair to poor 
----------------~-----
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FIGURE B-l - Apparatus for Plate Load Test 

14-34 



' l'?LATE LOAD TESTS - DETERMINATION OF "K• 

The following is a aimple procedure for determining the 

modulus of subgrade reaction (k) which was used.to determine 

k at the AASHO Road Test. 

f!qttipment 

Baoic equipment ofs (1) reaction trailer, (2) hydr·a.ulic 

ram and jack, (3) various sizes of steel spacers for uae where 

needed at depths, (4) a 12 inch diameter cylindrical steel 

loading frame cut out on two sides to allow use of center 

def le ct ion dlal1 (5) spherical bearing block 1 (6) .!. :tnch 

thick ~teel plates, 12, 18, 24 and 30 inches diameter1and 

(7) 16 foot long aluminum reference beam. A schematic diagram 

of the apparatus is given in Figure B-1. 

The reaction trailer was of the flat-bed type, having 

no springs and four sets of dual wheels on.the rearo For 

th~ tests on the AASHO Road Test a cantilever beam protruding 

from the rear of the trailer was used as a reaction. The 

distance load to rear wheels was eight feet. A maximum 

reaction of about 12,000 pounds could be obtained with a 

17,000 pound loaded rear axle. 

A standard hydraulic ram waa used to apply the lead. A 
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calibration curve, which was checked periodically, wa3 used 

to convert gage pressures to load in pounds. 

The load was applied to the plates through the 1.2 inch 

diameter stael loading frame and the eperical. baarlng 'bloc:k. 

Deflection was maasur.ed with °' dial gage aa sho\lin in Figure B··l. 

The weight of the loading frame and plates waa allowed 

to act as a seating load fo~ which no correction was made. 

Test Procedures 

Tests were made in areas about 3 to 4 feet wide, The 

procedure provided for the application and release of 5, 10, 

and 15 psi loads on a 30 inch plate and for measurement of the 

downward and upward movement of the plate. Tha loads were 

applied slowly with no provision for the deformation to come 

to equilibrium. 

Basic steps in the procedure were, 

1. Test area was covered with fine silica aand and 

leveled by rotating the plate. 

2. Equipment waa set in place (Figure B-1.) 

3. A seating pressure of 2 psi wa~ applied and released. 

Dial gages were set to zero. 

4. Pirat increment of pressure wae applied, held fifteen 

a&canda and dial gage read. 
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5. Load was then released and dial gage read at end 

of fifteen second period. 

6. Load was reappli9d and releaaed in tho same manner 

three times and readings were taken each tlme~ 

7. Steps 4 through 6 were repeated for ~ocond and third 

increment• of psi load. 

8. Gross and elastic deflections were computed from 

dial gage readings. 

k-Valuea were Computed as Followsa 

a. Gross k-value, k
9 

• the unit load divided by the 

maximum groaa deflection after three applications of the load. 

The reported k was an average of these computations. 

b. Elastic k-value, k 0 a the unit load divided by the 

elastic deformation at each application of each incremental 

load. The reported k 0 was an average of all nine of these 

computations (3 loads x 3 application• each). 

c. k
8 

: l. 77 kg describes the relationship between the 

two k values aa developed through correlation from numerous 

tests on the AASHO Road Test. 
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LESSON OUTLINE 

Revised WRH/lg 12/9/83 
Lesson 15 

AASH70 DESIGN GUIDE FOR RIGID PAVEMENTS 

Instructional Objectives 

1. To provide the student with a basic knowledge and understanding of the 
AASHTO design guide for rigid pavements. 

2. To illustrate the practical use of the AASHTO design guide for rigid 
pavements. 

Performance Objectives 

1. The student should be able to identify and explain each of the rigid 
pavement design inputs used in the AASHTO method. 

2. The student should be able to design simple rigid pavements using the 
AASHTO method. 

Abbreviated Summary 

1. Introduction 

2. Design Equation 

3. Design Inputs 

4. Joints and Load Transfer 

5. Reinforcement Requirement 

6. Design Example 

Reading Assignment 

Time Allocation, min. 

5 

5 

10 

10 

10 

10 

50 minutes 

1. AASHTO Interim Guide, Chapter III, Appendix D.3, D.4. 

2. NCHRP 128, pp 26-37, pp 90-99. 
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LESSON OUTLINE 

Revised WRH/lg 12/9/83 
Lesson 15 

AA.SHTO DESIGN GUIDE FOR RIGID PAVEHENTS 

1.0 INTRODUCTION 

1.1 Based on Results of AASHTO Road Test 

1.1.1 Basic Equation for Road Test Conditions. 

log W = 7.35 log (D + 1) - 0.06 + Gt/8 
tl8 

where 

Gt log [ 0.333(4.5 - pt) J 
18 kip single axle loads at end of time t 

pt serviceability at end of time t 

D thickness of slab, inches 

1.1.2 Use Stress Calculated from Slab Theory to Design for 
Conditions Other Than Road Test. It was necessary to 
modify the general road test equation using experience 
and theory. This was accomplished by comparing stresses 
calculated from strain measurements on the road test 
pavement slabs with stresses calculated using the 
theoretically based formulas. 

1. 2 Limitations 

(a) Westergaard theory applies (as modified by Spangler). 
(b) No regional factor. 
(c) No specific consideration of internal drainage. 
(d) Traffic analysis for design relationship based on AASHO Road 

Test. 
(e) Adequacy of design based on information from soils and materials 

surveys and laboratory tests. 
(f) Design strengths for subgrade and pavement structure must be 

achieved through proper construction techniques. 

1.3 Nomenclature 

1.3.1 Pavement. The concrete, surface including the base (often 
called subbase) is referred to as the pavement. 
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1.3,2 Purpose of base or subbase course. 

(a) Control pumping. 
(b) Control frost action. 
(c) Drainage. 
(d) Alleviate effects of volume change of subgrade. 
(e) Expedite construction. 
(f) Increase modulus of subgrade reaction (k). 
(g) Provide uniform, stable, and permanent support. 

2.0 DESIGN EQUATION 

The variables considered in the AASHO Road Test were load, slab thickness 
and number of axle applications. 

Some variables, which were constant at the Road Test would very under 
normal design conditions, including the subgrade reaction (k). modulus of 
the concrete, strength of the concrete, and load transfer devices and 
effectiveness. Other considerations must be given to the environment, 
subbase thickness and quality and pavement age. 

2.1 Theory (Based on Spangler) Equations 

(J = 

where 

JP 

D2 

cr concrete stress, psi 

P load, lbs 

D = slab thickness, inches 

*a 
1 

center of load to corner, inches 

* R, = radius of relative stiffness 

J = load transfer factor 

* The derivation of this equation and the more complete 
definition of these terms is covered in Lesson 13 -
Westergaard solutions. 

The load transfer factor "J" is taken to be: 

3.2 for jointed reinforced concrete pavements (JRCP) 
2.2 for continuously reinforced concrete pavements (CRCP) 
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This term is also called the npavement continuity term." Pavement 
continuity is defined as the percentage of load transferred across 
a pavement discontinuity, such as a joint or crack. It is recom
mended that the above values be used until more data or experience 
is gained regarding pavement continuity. The term may be adjusted 
based on observations of deflections for the various pavement types, 
under varying degrees of support, and environmental conditions. 

2.2 AASHO Road Test Rigid Equation 

log W 
t18 

where 

7.35 log (D + 1) - 0.06 + 

1.624 X 10
7 

1 + (D + 1)8.46 

+ (4.22 - 0.32p) log. t . 
[( 

S'c )(D0.75_1132 )] 

2.15.63J' D0.75 - ti/~.25 

W = total 18-kip load applications 
tl8 

D = slab thickness, inches 

E = concrete elastic modulis, psi 

k = Westergaard's modulus of subgrade reaction, pci 

serviceability at end of time t 

S' 1/3 point flexural strength of concrete 
C 

J' load transfer factor 

ratio of loss of serviceability at time t 
potential loss taken to a point where pt 

log [ 0.333 (4.5 - pt)] 

to the 
= 1.5 

This equation is solved by nomograph (Visual Aid 15.1) 
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In addition the 1981 edition of AASHTO guide also has an alternate 
design chart for rigid pavements which permits you to consider more 
variables such as load transfer condition (J factor) and several 
levels of p . The alternate design chart is illustrated in Visual 
Aid 15.2. t 

3.0 DESIGN INPUTS 

3.1 Flexural Strength of Concrete (S' ) 
C 

The modulus of rupture (S' ) at 28 days is determined by the test 
C procedure specified in AASHTO Designation T-97, using third-

point loading. 

3.1.1 Work Stress (f ). The scale indicated in Visual Aid 15.1 is 
based on workiiig stress in the concrete where 

f = 
t 

S' 

C 

C 

where c is a safety factor. 

"c" is commonly taken as 1. 33. The higher the value, the 
higher the confidence in the adequate design. However, a 
"c" of 2.0 can add 1 to 2 inches of slab thickness. 

3.2 Modulus of Elasticity of Concrete (E) 

The modulus of elasticity is determined by ASTM Designation C649 
(cylindrical compression test). The E value at the Road Test 
was 4,200,000 psi. 

3.3. Modulus of Subgrade Reaction (k) (Visual 15.3) 

The modulus of subgrade reaction at the Road Test was 60 pci. A 
method to estimate the composite k -value based on subbase thickness 
and stiffness is outlined in Appenaix D of the AAHTO Interim Guide. 
The composite k -value is used to determine the pavement thickness. 
Although granul~r material was used in the AASHTO Road Test sections, 
stabilized subbases are generally used in most of the rigid pavement 
construction today. 
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4.0 JOINTS AND LOAD TRANSFER 

4.1 Expansion Joints 

Kev1seo W.Ktl/lg lL/~/~J 
Lesson 15 

The primary function of an expansion joint is to prevent the develop
ment of damaging compressive stresses due to volume changes in the 
slab. A 3/4 to 1 inch joint is suggested; however, consideration 
might be given to using suitable terminal anchorage devices in 
combination with expansion joints. (Not often used) 

4.2 Contraction Joints 

The purpose of contraction joints is to provide an orderly arrangement 
of cracking that occurs. These may be sawed or formed and their deptt 
should be greater than 1/4 of the thickness of the pavement slab. 

(a) Need mechanical load transfer. 
(b) Usually use a 4 to 5-foot skew on a 24 foot width pavement. 

4.3 Longitudinal Joints 

Longitudinal joints are used to prevent the formation of irregular 
longitudinal cracks. A depth of greater than 1/4 the thickness of 
the slab is usd here also. Steel tte bars are used to preyent 
faulting and adjoining lane separat~on, 

4.4 Load Transfer Devices 

4.4.1 Desirable characteristics. 

(a) Simple in design and practical to install 
(b) Properly distribute load stresses 
(c) No restraint to longitudinal movement 
(d) Mechanically stable under wheel loads 
(e) Resistant to corrosion 

4.4.2 Minimum Design Requirements,lVisual Aid 15,4) The minimum 
design requirements for round dowels is shown in Visual 
Aid 15.4. 

4.5 Tie Bars 

(a) Holding abutting slabs together. 
(b) Designed to withstand maximum tensile forces induced by 

subgrade drag. 
(c) Unit weight of concrete is assumed equal to 144 lb/ft3 

(Visual Aid 15.5). 
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5.0 REINFORCEMENT REQUIREMENTS 

"'he prill' · cy purpose of reinforcement is '"J('' 

110lct tightly closed any cracks that may form. 

5.1 Design Formula 

The steel percentage in a jointed concrete pavement or as transverse 
steel regardless of the pavement type is 

where 

A 
s 

= 

A = 
s 

F = 

L 

w 

f 
s 

= 

= 

FLW 
2f 

s 

cross-sectional area of steel per foot width of slab, 
square inches; 

coefficient of resistance between slab and subgrade; 

distance between free transverse joints or free 
longitudinal edges, ft; 

weight of pavement slab, lb/sq. ft; 

allowable working stress in the steel, psL 

5.2 Graphical Solution (Visual Aids 15.6 and 15.7) 

This formula is used for both longitudinally and transverse steel, 
and is solved graphically as shown in Visual Aids 15.6 and 15.7. 

5.3 CRCP Longitudinal Steel 

p 
s 

where 

S' 
(1.3 - 0.2F) 

C 

f 
X 100 

s 

p = percentage of steel 
s 

F friction factor 

s I = tensile strength of 
C 

f working steel stres,~ 
s 
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5.4 Bar Spacing (Visual Aid 15.8) 

Revised l.JRH/lg 12/9/83 
Lesson 15 

The steel percentage is used to determine the bar size and maximum 
spacing. Transverse steel can be reduced as you approach the free 
edges (Visual Aid 15.9). 

6.0 DESIGN EXAMPLE 

6.1 Input Data 

Interstate highway (rural) - 9,000,000 equivalent 18-kip SAL's per 
20 years 

S = 650 psi (AASHTO T-97) 
C 

E = 4,200,000 psi (ASTM C469) 

k = 200 psi (Westergaard analysis) 

Assume pt = 2.5 

6.2 Calculate Working Stress 

f 
t = 

(assume C = 1.33 since on a rural interstate the capacity of a 
probable detour would suffice for short periods) 

f = 650/133 = 490 psi 
t 

6.3 Determination of Slab Thickness 

From Visual Aid 15.1 or 15.2 

D 9.6 in + 10 in 

6.4 Design of Load Transfer Devices 

From Visual Aid 15.4 

dowel diameter = 1-1/4 inches 

dowel length 18 inches 

dowel spacing = 12 inches 

15-8 



6.5 Design of Tie Bars 

From Visual Aid 15.5 

Assume 5/8-inch bars to be used 

Revised WRH/lg 12/8/83 
Lesson 15 

minimum overall length = 30 inches 

minimum spacing = 48 inches 

6.6 Design of Reinforcement 

Assume slab length = 40 feet 

slab width = 24 feet 

f = 45,000 psi 
s 

F = 1.5 

Using Visual Aid 15.6 

A (longitudinal) = 0.09 sq. in. 
s 

A (transverse) = 0.05 sq. in. 
s 
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VISUAL AID 

Visual Aid 15.1. 

Visual Aid 15.2. 

Visual Aid 15.3. 

Visual Aid 15.4. 

Visual Aid 15.5. 

Revised WRH/lg 12/9/83 
Lesson 15 

LESSON OUTLINE 
AASHTO DESIGN GUIDE FOR RIGID PAVEMENTS 

TITLE 

Design chart for rigid pavement pt 
Interim Guide). 

2.5 (from AASHTO 

Design chart, alternate procedure for design of rigid pavements. 

Chart for estimating composite k-values. 

Design chart for load transfer devices. 

Design chart for tie bars (after Table III-2, AASHTO Interim 
Guide). 

Visual Aid 15.6. Distributed steel percentage (after Fig D4.4 - AASHTO Interim 
Guide). 

Visual Aid 15.7. Nomograph for the design of steel reinforcement. 

Visual Aid 15.8. Reduction of transverse steel across pavement (after Fig 
D4-5 AASHTO Interim Guide). 

Visual Aid 15.9. Nomograph for determining the bar spacing design (after 
Fig D4-6 AASHTO Interim Guide). 
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Chart for Estmating Subbase k-value. 
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VISUAL 15. 4. DESIGN CHART FOR LOAD 1KANSFER DEVIC 

PAVEMENT DOWEL DOWEL DOWEL 
THICKNESS DIAMETER LENGTH SPACING 

IN, IN I IN I IN I 

6 3/4 18 12 
7 1 18 12 
8 1 18 12 
9 11/4 18 12 

10 11/4 18 12 
11 11/4 18 12 
12 11/4 18 12 
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VISUAL 15.5. DESIGN CHART FOR TIE BARS 

1/2 IN, DIAMETER BARS 5/8 IN, DIAMETER BARS 

MINIMUM MAXIMUM SPACING) IN,* MINIMUM MAXIMUM SPACING) IN, 

TYPE AND WORKING PAVEMENT OVERALL LANE LANE LANE OVERALL LANE LANE LANE 
GRADE OF STRESS) THICKNESS) LENGTH) WIDTH) WIDTH) WIDTH) LENGTH) WIDTH) HIDTHJ WIDTH 

STEEL PSI IN, IN,** 10 FT, 11 FT, 12 FT, IN,** 10 FT, 11 FT, 12 FT, 
- -

6 48 48 48 48 48 48 

7 48 48 45 48 48 48 
I-' 
Vl 
I 8 48 44 40 48 48 48 t;:; GRADE OF 

BILLET 30)000 9 25 43 39 35 30 48 48 48 
OR AXLE 10 38 35 32 48 48 48 

STEEL 
11 35 32 29 48 48 45 

12 32 29 26 48 45 
,, ., 
'tl 

* lT IS RECOMMENDED THAT SPACING OF TIE BARS SHOULD NOT EXCEED 48 INCHES, 
**350 PSI ASSUMED FOR BOND STRESS (u), 

LENGTH INCLUDES 3-INCH ALLOWANCE FOR CENTERING, 
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Example Problem: 

L = 36 ft 
F = 1. 9 
f = 52,500 psi s 

Answer: 
R = 0.067% 

s 

= 
LF 
2f 

s 

o. 5 

1 0 

2 5 

X 100 

Pivot 
Line 

where: 
p = 

s 
L = 
F = 
f = s 
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0 0 5 
00 
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008 Yield) 009 
0 l 
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02 
Grade) 

0 3 (Intermed. 
04 Grade) 
0 5 
0 6 
07 

0 8 
0 9 

1 a 

p 
s(%) 

required steel percentage - % 

width of slab - feet 
friction factor of subbase 
allowable working stress in 
steel - psi 

7 0 0 0 0 

6 0 0 0 0 

50000 

40000 

3 0 0 0 0 

20000 

1 0 0 0 0 

f 
s 

(0.75 of yield strength recommended, 
the equivalent of safety factor 
of 133) 

Visual 15.6 Chart for Determining Steel Percentage 
(After Fig D4.4 - AASHTO Interim Guide). 
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Visual 15.8. Nomograph for Determining the Bar Spacing Design. 
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+J 
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Cl) 
u 
~ 
Cl) 

p... 

Visual 15.9. 

where: 

Re duet ion of Tr ac1s verse ::, '-"' e .i. Jh: u;, s , 
(Afte.r Fig D4-5 ; AASHTO Inted:11 Guide:) 

Position Accross Pavement 

2P ! s w 
s 

Influence Line 

P
8 

= design percent steel in center of pavement 

W total width of pavement slab. 
s 

X distance from a free edge to the most interior 
point of the area under consideration 

reduced percent transverse steel at location X 
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LESSON OUTLINE 

Revised WRH/lg 11/9/83 
Lesson 17 

FLEXI BLE PAVEMENT/ELASTIC LAYERED THEORY 

Instructional Objectives 

1 . To provide the student with a basic understanding of flexible pavement 
theory in terms of models available for mechanistic analysis of flexible 
pavements. 

2. To explain the assumptions and limitations of the various structural 
models . 

Performance Ob jectives 

1. The s t udent should be able to state all of the assumptions and limitations 
of t he available structural models used in analysis of flexible pavements. 

2. The stude nt should be able to analyze the stresses and strains in a t ypical 
flexible pavement based on one of the presented models. 

Abbreviated Summary Time Allocation, mins. 

1. Backgr ound 10 

2. One - Layered Theory 30 

3. Two - Layered Theory 30 

4. Three - Layered Theory 30 
100 

Reading Assignment 

1. Yoder and Witczak - Chapter 2, pp 24-78 

Additional Reading 

1. Fos l er, C. R., and R. G. Ahlvin, "Stresses and Deflections Induced by a 
TTniform Circular Load," Proceedings, Highway Research Board, 
1954, pp 467-470. 
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LESSON OUTLINE 

Revised WRH/lg 6/9/84 
Lesson 17 

FLEXIBLE PAVEMENT/ELASTIC LAYERED THEORY 

1.0 BACKGROUND 

1.1 Flexible Pavement 

Pavement structure composed of layers with decreasing moduli with 
depth; usually composed of an asphalt wearing course with layers 
of granular base or subbase for the purpose of reducing stress on 
the top of the subgrade. 

1.2 Analysis Procedure (Visual Aid 17.1) 

Layered theory is applied to predict load stresses. 

1.3 Fundamental Assumptions of Layered Theory (Visual Aid 17.2) 

A uniform circular load is assumed at the surface and information of 
stress and strain can be obtained at any point, Layered theory can 
not handle discontinuities. Pavement materials are characterized 
assuming linear elastic behavior. 

2.0 ONE - LAYER THEORY 

2.1 Background 

Developed by Boussinesq (French mathematician/engineer) in early 
1800's; Love solved differential equations in late 1800's. 

2.2 General Assumptions (Visual Aid 17.3) 

Bell - shaped distribution 0£ stress on horizontal plane and maxi
mum stress at shallow depth, i.e., near surface. 

2.3 Formula for Point Load (Visual Aid 17.3) 

No material properties are involved in the determination of stresses. 

a 
z 

K 

K 

3 
2rr 

p 

z2 

1 
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where 

Revised WRH/lg 11/9/83 
Lesson 17 

a = vertical stress, in z direction 
z 

p = point load, lbs 

r = radial distance from point 

z = depth 

2.4 Formulas for Area Load (Visual Aid 17.4) 

2.4.1 Stresses. 

where 

2.4.2 

CJ 
z 

a r 

a r 

p 

a 

µ 

= 

= 

= 

p 
[ 1 + 2µ -

2(1 + µ)Z -
( 2 2)1/2 2 
a + Z 

radial stress 

contact pressure 

loaded area radius 

Poisson's ratio 

Strains. 

1 
[a - 2µ a ] and E: = 

z E z r 

1 [a - 2µ CJ] E: 
E r r z 

17-3 

load 

at r = 0 

z3 ] + 
(a 2 Z2)3/2 + 



where 

e: 

£ 

E 

(1 and (1 
r z 

z 

r 

vertical strain 

radial strain 

Revised WRH/lg 11/9/83 
Lesson 17 

= Young's modulus of elasticity 

have been defined earlier. 

2.4.3 Deflection. To calculate deflection, strain,£ is inter
z grated over some depth (from z = z to z = oo). 

(a) Flexible plate - deflection equation (Visual Aid 17.5). 
In this case the loaded plate is assumed to have zero 
stiffness. 

~ = deflection = 

~ at surface = 1. 5 Pa 
E 

2 
3pa 

(at z 

for µ 0.5 

O). 

(b) Rigid plate deflection equation (Visual Aid 17.5) - (i.e., 
constant deflection over the area of the loaded plate) 

at surface 

Forµ 0.5; 
Pa 

1.15 
E 

(c) Application of deflection formulas - If we measure 
deflection, we can predict Young's modulus. 

2.6 Corps of Engineers' Work 

They found CBR method for pavement design to be useful to design 
airstrips. They transformed the original design curves to correspond 
to the heavier plane loads by using Boussinesq theory computations. 
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Revised WRH/lg 6/9/84 
Lesson 17 

2.6.1 Charts Developed by Foster and Ahlvin (Visual Aid 17.6). 

(a) Solutions for various parameters expressed in terms of 
various functions A, B, C, ... , H. (Visual 17.7) 
Assuming zero deflection in pavement deflection 
(Visual 17.8). 

(b) Influence charts - Stress computed in percent of contact 
pressure with depth and offset in terms of radii (Visual 
17.9a-e). 

2.7 Example Problem (Visual Aid 17.10) 

(a) Stresses shown on elements A and Bare to be solved by using 
the influence charts. 

(b) As thematerial is assumed to be linear elastic; principle of 
superposition is valid and should be used to determine stresses 
on element B. 

2.8 Problems with One-Layer Theory (Visual Aid 17.11) 

One layer theory does not take into account the influence of different 
types of subgrade material. The effect of stiffer pavement layer is 
ignored which is unreasonable in the case of thick asphalt concrete 
surface layers. 

3.0 TWO - LAYERED THEORY 

3.1 Background 

Developed by Burmister at Columbia University in the early 1940's; 
developed for airport pavement design; first solved problem for two 
layers in terms of deflection and conceptually established three
layer problem. 

3.2 Assumptions 

3.2.1 Constitutive Equations, 

(a) Homogeneous 
(b) Isotropic 
(c) Linear elastic material 

3.2.2 Governing Equations. The governing equations are related to 
the condition of static equilibrium of the element. 
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Revised WRH/lg 6/9/84 
Lesson 17 

3.2.3 Boundary Conditions. 

(a) Infinite lateral dimensions. 
(b) Finite thickness of surface layer and bottom layer of 

infinite thickness. 
(c) Upper layers weightless. 
(d) Layers in continuous contact. 
(e) Surface layer free of shearing. 
(f) Full continuity at the interface (i.e., transfer of 

shear strain along the interface). 

3.3 Burmister Stresses (Visual Aid 17.12) 

The stress in Burmister's layered theory are dependent on; E
1

/E
2 ratio. 

3.4 Burmister Deflections 

The equation for deflections are: 

(a) Flexible plate equation. 

= 1.5 

(b) Rigid plate equation. 

(Assuming Poisson's ratio 

where 

p = unit load on circular plate 

a = radius of plate 

E2 = modulus of elasticity of lower layer 

F2 = dimensionless factor (Visual Aid 17 .13). 

4.0 THREE-LAYER THEORY 

= 

Tabular solutions by Jones; also solved by Hank and Scrivner. 

17-6 
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Revised WRH/lg 11/9/83 
Lesson 17 

4.1 Sahe for the following stresses (Visual Aid 17 .14) 

4.2 

c1z1 vertical stress at interface 1 

cr z2 vertical stress at interface 2 

0 r1 horizontal stress at bottom of layer 1 

0 r2 horizontal stress at bottom of layer 2 

0
r3 

horizontal stress at top of layer 3 

Stress solutions (For axisymmetric condition) 

4.2.1 Expressed in terms of the following parameters. 

kl or Kl = E/E2 

k2 or K2 = E/E3 

and 

(Graphical solutions by Peatlic and tabular solutions by Jones). 

4.2.2 Vertical stresses. 

p (ZZl) 

p (ZZ2) 

(Use graphs in Fig 2.9 and Table 2.3 presented in text of 
Reference 2, Yoder and Witzcak) 

ZZl and ZZ2 are stress factors to be determined from the 
graphs. 

4.2.3 Horizontal and Tangential Stresses. Solutions are for 
Poisson's ratio of 0.5. 
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a -zl = p(ZZl - RRl) 

- cr = r2 p(ZZ2 - RR2) 

a -z2 crr3 = p(ZZ2 - RR3) 

Revised WRH/lg 11/9 /83 
Lesson 17 

(Use graphs in Fig 2.9 and Table 2.3 presented in text of 
Reference 2, Yoder and Witzcak) 

4.2.4 Horizontal Strains. (Solutions for strains) 

- µ 
1 

- µ 
1 

Due to symmetry crrl = crtl 

Therefore, for µ = 0.5; 

1 = 
2E 
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LE:3:>t.JN ,),ULll>i 
:FLEXIBLE Pi\VLL:, r /: 

VISUAL AID Tt f'I !, 

Visual Aid 17.1. Generalized multilaycLeu cldHr1c system. 

Visual Aid 17.2. Multilayered elastic sytH,cm assumptions. 

Visual Aid 17.3. Point loading, Bcw:;sirwsq One---Layer theory. 

Visual Aid 17.4. Area loading, Boussinesq One-Layer theory. 

Visual Aid 17.5. Deflection patterns for flexible and rigid plates. 

Visual Aid 17.6. Stresses in a One-Layt"n,J ~.) y ~, r. e1rr ~ 

Visual Aid 17.7. One-Layer elastL ,:_)' l \. ~ ( ' t I J 

Visual Aid 17.8. Surface deflection assumption -- One-Laye1 theory. 

Visual Aid 17.9(a). Influence ct12rt f •,r '-"~r r i.ca l ~·Jtresf:;; a . 
z 

Visual Aid 17.9(b). Influence chart Jur rad Lil stress, a 
r 

Visual Aid 17.9(c). Influence chart f 01. lior -1.2:ut:tal sl1e.ss, 0 . 
t 

Visual Aid 17.9(d). Influence chart for s near ,.,tress, T 
t 

Visual Aid 17.9(e). Influence chart t ,,r \1:..;.i L.i. c;;l ,[pf ic,:tion, ti. 

Visual Aid 17 .10. Example prol.Jlern; Un,, 'l ::,(1_l utLuu .. 

Visual Aid 17 .11. Comparison of ca] cu1a t,, ,._l!ld m,/.as11rP.d stress under 
24-inches of agg:·cga: c (_i:_l.St~. 

Visual Aid 17.12. Burmister Two--Layt:1 :,'.rec"" ,1c_L11e11ci:c' curves. 

Visual Aid 17.13. Burmister Two-LayP1 <-1,.-. le,t.um influence curves. 

Visual Aid 17 .14. Stress solut.i.ons in -1 Tli, ,:,:- La_'?tc1· s: stem. 
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Visual Aid 17.1. Generalized multilayered elastic system. 

:;u 
(!) 

<: ..... 
Ul 
(!) 
p, 

r4 -~ 
(!) :;d 
Ul 'i:! 

Ul -0 I-' 
::s OQ 

I-' 
-..J I-' 

N -C1J -co 
w 



Revised WRH/lg 11/1/83 
Lesson 17 

Visual Aid 17.2. Multilayered elastic system assumptions. 

1. HOMOGENEOUS PROPERTIES 
2. FINITE THICKNESS OF LAYERS (EXCEPT BOTTOM LAYER) 
3. INFINITE LATERAL DIMENSIONS 
4. ISOTROPIC PROPERTIES 
5. FULL FRICTION AT LAYER INTERFACES 
6. NO SHEAR FORCES AT SURFACE 
7. MATERIAL CHARACTERIZED BY POISSON'S RATIO (p.) 

AND ELASTIC MODULI (E) 
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Revised WRH/ llili83 
Less i/ 

Visual Aid 17.5. Deflection patterns for flexible and 
rigid plates. 

Deflection B osin 

Flexible Plate Deflection 

..... 

Basin 

Rigid Plate Deflection 
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Visual Aid 17.6. Stresses in a One-Layer System. 



I-' 
-...J 
I 
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Parllllleter 

Vertical stress 

Radial horizontal stress 

Tangential horizontal stress 

Vertical radial shear stress 

Vertical strain 

Radial horizontal strain 

Tangential horizontal strain 

Vertical deflection 

Bulk stress 

Bulk strain 

Vertical tangential shear 
stress 

Principal stresses 

Maximum shear strain 

General case Special Case(µ• u.5) 
--

a - p[A + BJ (same) s 

a = p[2µ A+ C + (1 - 2µ) E] C1 - p[ A+ C r r 

at - p[2µ A - D + (1 - 2µ) E] C1t - p[ A - D 

T - T - pG (same) rs sr 

e: .. p(l + µ) [(1 - 2µ) A+ BJ ~B e: -s El s El 

e: .. p(l + µ) [(1 - 2µ) F + CJ b2P_ C e: -r El r El 

e:t .. p(l + µ) [(1 - 2µ) E - DJ b2P_ D e: . 
El t El 

p(l + µ)a 
[; A + (1 - µ) H] I!. = I!. 

1.5pa -s El s El 

a= a +a +a s r t 

E:9 = E:s +Er+ Et 

'st • T • 0 ts [at (Et) is principal stress (strain)] 

al, 2, 3 

T max 

(o + a ) 
s r 

al - o3 

2 

± ~(a - a ) 2 + (2, ) 3 
s r rs 

2 

(! A+J) 

Visual Aid 17,7, One-layer elastic equations (Ref 1). 



'.'isual Aid 17. 8 Surface deflection assumption, One-lcwer theorv. 

I f 

,, 

,, 
,I 

I ' 

I f I • I f I f I f 

j • 

~ Pavement = 0 

1 f 

SUBGRADE 

~ S = deflection within subgrade 
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Visual Aid 17.10. Example Problera; One-layer stress condition. 

100 psi 
, ' ,, ,, , ' , ' 

20 II -- -

10
11 

B A J_ D D 
t-- 30 II ----1 
Z/a : I0/10 = I 

Case A r;a = 0 

Case B r la = 30;10 = 3 

B 0.6 psi A 60 psi 

4.5 psi 15 psi 

0.1 psi 15 psi 
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Visual Aid 17.14. Stress solutions in a Three-layer system. 
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LESSON OUTLINE 

Revised WRH/lg 12/10/83 
Lesson 18 

COMPUTER PROGRAMS FOR THE ANALYSIS OF ELASTIC LAYERED SYSTEMS 

Instructional Objectives 

1. To provide the student with a basic understanding of the most commonly 
used computer routines for the analysis of elastic layered systems. 

Performance Objectives 

1. The student should be able to explain the assumptions behind each of the 
computer routines. 

2. The student should be able to explain the advantages and limitations of 
each of the computer routines. 

3. The student should be able to analyze an elastic layered system using at 
least one of the routines discussed. 

Abbreviated Summary Time Allocations, m5-n. 

1. Background 10 

2. Layer5 5 

3. Layerl5 5 

4. Layit 5 

5. ELSYMS 10 

6. BISAR 10 

7. Comparison 5 

50 minutes 

Reading Assignment 

1. Haas & Hudson - Chapter 13, pages 139-150 

2. Instructional Text 

18-1 



LESSON OUTLINE 

Revised WRH/lg 6/9/84 
Lesson 18 

COMPUTER PROGfulli.S FOR THE ANALYSIS OF ELASTIC LAYERED SYSTF' . 

1.0 BACKGROUND 

1.1 Basis for Structural Models 

Most programs are basect on Burmeister's work for the layers, extended 
to more than three layers. 

1.1.1 Material Properties. The models assume that materials 
properties are characterized by linear elastic, homogenous 
and isotropic behavior. 

1.1.2 Subgrade. Depending on the model, the subgrade is assumed 
to be semi-infinite. 

1.2 Improvements (Extensions) on Burmister's Work 

1.2.1 Five or More Layers Analyzed. Since the advent of high speed 
computers, the once laborious calculation required by 
Burmeister's layered theory can easily be extended to 
multiple layers. 

1.2.2 Principle of Superposition Used for Multiple Loads. The use 
of this principle allows the influence of multiple loads to 
be examined. 

1.2.3 Slippage Between Layers Also Considered in Some Programs. 
The effect of shear strength (or lack of) between layers 
can be studied with some select models. 

1.2.4 Non-vertical Loading. Eccentric loading is a variable whose 
effect can now be analyzed. 

1.3 Difference in Capabilities 

All computer models use the same theory but vary in their capabilities 
for handling multiple layers, multiple loads, load orientation, etc. 

1.4 Model Complexity 

On most cases as the complexity of the model increases, the degree 
of difficulty in using the model increases. 
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Revised WRH/ lg 6 / 9 / 84 
Lesson 18 

l. 5 Evaluation of Models 

When deciding which model to use, the engineer should consider ease 
of data input, ease of output interpretation, computer time costs 
and the assumptions and limitations of the model. 

2. 0 LAYERS 

LAYERS was developed by Chevron Research Company and has the capability 
of analyzing stresses and displacements in a 5-layered elastic system under 
a uniformly distributed load on a circular loaded area. 

2.1 Assumptions 

(a) weightless layers 
(b) material linearly elastic, homogenous, and isotropic obeying 

Hooke's law 
(c) uniform thickness of layers with infinite lateral dimensions 
(d) single vertical load uniform over a circular area 
(e) governing equation is equilibrium 
(f) boundary conditions 

(1) no slip at layer interfaces 
(2) surface free of stresses outside loaded area 
(3) stresses and strains zero at infinite depth 

2.2 Required Input 

(a) vertical, tangential, radial, shear, and bulk stresses 
(b) vertical displacement 
(c) radial and tangential shear strain 

3.0 LAYER 15 

LAYER 15 was also developed by Chevron Research Company in California. 
It is basically an extension of LAYERS to 15 layers. 

4.0 LAYIT 

Layered elastic theory assumes that materials can be characterized by 
their elastic constants: modulus of elasticity and Poisson's ratio. However, 
most unbound materials used in pavements are stress sensitive. LAYIT takes 
stress sensitivity into account through an iterative procedure. This model is 
a nonlinear program developed by Chevron Research Company. 
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Revised DS/lg 1/1/84 
Lesson 18 

4.1 Assumptions 

(a) Material characterized by elastic modulus and Poisson's ratio. 
(b) Unbound Materials Stress Sensitive. 

= 

where 

B 

e 

= 

= 

resilient modulus 

intercept of best-fit line 

slope of best-fit line 

sum of principal stresses (lab) 

(c) Iterative process (Visual Aid 18.1) 
(d) Consideration of gravity stress (over burden pressure). 
(e) Required input 

(1) Wheel load and tire pressure 
(2) Layer data 

thickness, 
Poisson's ratio, 
initial estimate of elastic modulus, 
A and B values for top layers, and 
values for ER versus deviator stress for subgrade 

(Visual Aid 18.2). 

(f) Output 

5.0 ELSYM5 

(1) vertical, tangential, radial, shear, and bulk stresses, 
(2) vertical displacement, and 
(3) radial and tangential shear strain. 

The ELSY}15 program was developed by the Institute of Transportation and 
Traffic Engineering, University of California. This program calculates the 
various component stresses, strains, and deflections, along with principle 
values in a three dimensional elastic layered system. 
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5.1 Modification of ELSYM5 (Improvements) 

Revised DS/lg 1/1/84 
Lesson 18 

(a) }fultiple loads by principle of superposition. 
(b) Consideration of rigid base below subgrade. 
(c) Cartesian coordinate system. 

5.2 Assumptions 

(a) Weightless layers. 
(b) Linear elastic homogeneous, isotropic material that obeys 

Hooke's Law. 
(c) Uniform thickness of layers with infinite laterial dimensions. 
(d) Boundary conditions 

(1) full friction at layer interfaces, 
(2) option of zero friction between bottom layer and rigid 

base, and 
(3) surface free of shear. 

(e) Vertically applied loads over circular area. 

5.3 Required Input 

(a) Any two of load magnitude, tire pressure, and load radius. 
(b) Load positions. 
(c) Layer data for up to 5 layers 

(1) thickness, 
(2) Young's moduli, and 
(3) Poisson's ratio. 

(d) Location of responses to be determined. 
(e) Friction at rigid base interface (full or none). 

5.4 Output (Responses at Desired Locations) 

(a) Principal stresses and strains. 
(b) Normal Stresses and strains. 
(c) Displacements. 

6.0 BISAR (BISTRO) 

The BISAR model was developed by Shell Research. This program computes 
stresses, strains and deflections in elastic multilayered systems subjected to 
one or more vertical or unidirectional tangential load. 
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6.1 Advantages Over Others 

Revised DS/lg 1/1/84 
Lesson 18 

(a) Consideration of tangential loads, and 
(b) Capability of variable friction at interface. 

6.2 Uses Burmister's Theory 

6.3 Assumptions 

(a) Weightless layers. 
(b) Material linearly elastic, homogeneous, isotropic obeying 

Hooke's Law. 
(c) Uniform thickness of layers with infinite lateral dimensions. 
(d) Boundary conditions 

(1) continuous vertical normal stresses, 
(2) continuous shear stress, 
(3) vertical contact maintained, 
(4) horizontal displacements proportional to shear stress, and 
(5) interface friction varies between full and none. 

(e) Bottom layer semi-infinite. 

6.4 Required Input 

(a) Layer data, (up to 10 layers) 

(1) thickness, 
(2) elastic moduli, and 
(3) Poisson's ratio. 

(b) Friction at each interface. 
(c) Location, magnitude, and orientation of up to ten loads. 
(d) Type and location of desired responses. 

6.5 Output (Depends on What Was Specified) 

(a) Cylindrical components of stress, strain, and displacement 
for each load. 

(b) Cartesian coordinates of stress, strain, and displacement. 
(c) Principal stresses and strains. 
(d) Maximum Shear Stresses and strains. 
(e) Midpoints of Mohr stress circles. 
(f) Strain energy of distortion. 
(g) Total strain energy. 
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7.0 COMPARISON 

Revised DS/lg 1/1/84 
Lesson 18 

A comparison of the various layer programs is presented in tabular form 
in Visual Aid 18.3. Only items which bear comparison are entered on the 
table; thus, items which are common to all the programs are omitted. 
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LESSON OUTLINE 

Revised DS/lg 1/1/84 
Lesson 18 

COMPUTER PROGRAMS FOR THE ANALYSIS OF ELASTIC LAYERED SYSTEMS 

VISUAL AID TITLE 

Visual Aid 18.1. Algorithm .for LAYIT. 

Visual Aid 18.2. Stress sensitivity of the subgrade. 

Visual Aid 18.3. Comparison of the various layer programs. 
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Visual Aid 18.2. Stress sensitivity of the subgrade modulus. 
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Material property Weightless, Weightless, Weightless, 
assumptions linear elastic linear elastic linear elastic 
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Horizontal loads possible No No No 

Rigid base possible No No No 

Material stress sensitivity No No Yes 
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Variable friction at No No No 
interfaces 

Principle stresses No No No 
calculated 

East of input Easy Easy Easy 

Output interpretation Easy Easy Easy 

Relative computation time 1 0. 9-1.1 1.1-1.3 

Visual Aid 18,3, Comparison of the various layer programs. 
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CHAPTER I INTRODUCTION 

Boundary value prc'b"!.::-:'.!.s for 1.eyergd theory ::ave teen - ·]1':ed 

tbroufh tha use of toth conventional numerical ~echniques ~nd f1nlte 

element techniques (Ref 1). The full developement of the solutions 

with conventional numerical techniques only become feasable with 

the advent of the ~o~~uter. 

Boussinesq developed a linear elastic layer theory for analysis 

or pavements, which may be considered as a one-layer problem. He 

assumed that the half space, on which a vertical load is applied, 

ls perfectly elastic and homogeneous. Stresses and deflection can 

be obtained anywhere in the half space. This theory did not take 

the material properties into account and is not considered to be 

useful. 

In the early 1940's Eurmeister (Ref 1), laid the foundation 

for solution of elastic layers on a semi-infinite elastic sutgrade. 

He first solved the· boundary value problem for two layers, assuming 

oontir.uoua interface, and conceptually establisred tbe solut1onsof 

three layered problems. 

In the development of this theory, Eurme1ster assumed that each 

layer is homogeneous, isotropic a~d linear elastic and that each 

layer extends infinitely 1~ the horlzontal direction. Each layer 

ls assumed to nave a finite thickness, except for the bottom layer 

which is of infinite depth. The toundary and continuity concitions 

require the layers tote in continuous contact and that there 1s 

no shear nor normal stress ~n the surface outside the loaded area. 
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'rhe load ic:, assumed to 'be a uniformly distributed vertical pressure 

nver a clrcular loaded area. Eurmeister also assumed that the ma-

, '. ,, !.,3 1:n ,., wet tyh tleas (Ref 1) and that the a trees and defl ee;: t 0r: 

in the tottom layer must be equal to zero at infinite depth. 

Since Eurmeister's original development of layered theory (Ref 2), 

several important extensions of the theory have been developed and 

.incorporated in computer proErams. Most elastic layered theory 

proerams are capatle of analyzin~ at least five layers • Some pro

~rams use the principle of superposition in order to consider the 

effect of multiple loads. At least one computer program (EISAR) 

1s capable of analyzing the effect of slippage between the layers 

and non vertical load ine conditions. Iterative techniques have 

been developed to analyse non-linear elastic materials. 

Objectives 

The objective in this study is to compare the stresses, strains 

and deflections ottained from various Layer Programs, available 

at the University of Texas. 
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CHAPTER 2 GENERAL DISCRIPTION OF COMPUTER PROGRAMS 

The discussion in this eeot1on will be limited to five programs, 

1.e. ELSYMS5, LAY~R5, LAYER15, LAYIT and EISAR, since these are 

at present time the available operational layered programs at the 

University of Texas. EI8TRO 1s also available, but not operational. 

LAYERS 

LAYERS was developed by Chevron Research Company and has the 

capability of analyzing stresses and displacements in a 5-layered 

elastic system under a uniformly distribited load on a circular 

loaded area. 

Input data to be prov idea are the wheel load and tire pressure, 

and for each layer, the layer number, modulus of elasticity, Poisson's 

ratio and thickness exce~t for the tottom layer where a semi-infinite 

thickness ls assumed. 

Tbe layered system consists of a maximum of five layers of dif

ferent homofeneous, ideally elastic materials. Eaoh layer 1a of 

uniform thickness and infinite dimensions 1n all horizontal direc• 

tions. The bottom layer 1s assumed to ta sem1-1nf1n1te. Fie. l 

shows th~ details of the system. It will be noted that a cylin

drical coordinate system is used. 

The program computes the following numerically at any point in 

the layerad system~ 

1. Vertical, tangential, radial, shear and bulk stress. 

2. Vertical displacement. 

3. Radial, tanfent1al and shear strain. 
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The governing equation in the mathematical model is that of 

equilibrium, all materials obey Hooke's law and the boundary con

d1t1onB are as follows: 

1. No slip occurs at interfaces. 

2. The surface is free of stresses outside the loaded area. 

3. Stresses, strains and displacements are finite at in

finite depth. 

LAYER15 

LAYER15 was also developed by Chevron Research Gompany, Califor

nia and is basically an axten~ion of LAYE.R5 to 15 layers. 

LAYIT 

One of the taste assumptions usinE layered elastic theory 1s 

that materials can be characterized by their elastic constants: 

modulus of elasticity and Poisson's ratio. Most untounded materials 

used in pavement s true tu res are 
1
howeve r stress sens 1 tive, 1. e. their 

modulus of elasticity depends on the stress level in the material. 

In this program the stress sensitivity of the material oan be t~ken 

1nto account throueh an iterative process. 

For a Eiven material the relation tetween the resilient MR and 

the sum of the principal stresses ( e ), ~ust be determined and ex

pressed as follows: 

MR D A c e )B 

where A and E are constants 
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Mathematical Model of Iteration. 

l. The modulus of e l as t io1ty and Po~~~C" r ' - .,. ra. ~ · ,... ,, .,, ~ · ,;IJJ'.'rid 

tor each layer and ustne- these values in the LAYERS proeram, t he 

stresses are estimated. 

2. Stresses due to the overburden pressure are estima t ed at 

each depth ana added to the stresses from the layered program. 

3. The moduli of resilience at these value of stresses are 

calculated from the relations for eaoh layer. 

4. The moduli of resilience e.s determined in the previous 

step are compared with the assumed values. If they are nlose, the 

iteration will clos~ else the procedure will be repeated, 

5. The criteria for closinE the iterarion is the Chi Square 

statistical test. 

Input data to ~e provided are: 

1. Wheel load and tire pressure . 

2. Initially assumed elastic moduli ~Po1sson's ratios, thick

nesses and values for coefficients A and E (as discussed above) for 

all layers except the bottom layer. 

3. Initially assumed modulus of elast1c1ty and values of 

resilient modulus versus dev1ator stress for the bottom layer. 

The out~ut is basically the same as for LAYERS. 

ELSYM5 

The ELSYM5 proeram was developed by the Institute of Transpor

tatioh and Traffic Ene1neer1ng, University or California. 

This program calculates the various component stresses, strains 
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and displ acements, alon~ with principal va lue s in a th r e e d 1me n

s1ona l e l a stic layered system load ed we1eht on e to ten identical 

uni f orm circular vertica l load s. The svstem consists of one to 

f ive layers each o f wh ich is a ssumed to be h omogeneous, ideally 

elastic, of uniform t h i c kness and 1nf1n1te in the horizontal di

rect i on. The bottom layer may be semi-infinite in thickness or 

may be Elven a finite thickness, in which case the pro~ram assumes 

the bottom elastic layer, is supported on a riEid base. 

The top surface of the system is free of shear and all inter

faces are continuous. With a rigid taae the interface tetween the 

bottom elastic layer and the base has tote made e1th3r fully con

tinuous or slippery. 

A reotaue-ular coordina te system (X,Y,Z) with the XY. plane at 

Z: O (the top surface of the system) 1.s used. 

Input data tote provided are: 

1. Any two of the load, tire pressure or radius of loaded 

2. For each layer the numter of the layer, modulus of 

elasticity, Poisson's ratio and thlc~ness. 

3. If the cottom elastic layer ls resttne on a ri~id base, 

it should te indicated whether full friction or no friction ts to 

~e as3umed for the rieid case interface. 

4. Load pos i t1ons 1n the coordinate system 1e tobe provided. 

The output of the proeram gives for ea~h depth all the r esults 

18-20 



for each XY point. The results are the total e 1.Cac t u.1. ul i tb~ 

loads at;plied on the pavement system. This pr~_: .. --:- ::!a,~, - ~ct,n 

principal stresses anc strains in addition to the normal stresses 

strains and dis~lacementa calculated ty the other programs. The 

version of ELSYMS used in this study can not calculate the vertical 

strain at the top of the subgrade directly, because when a z value 

1s ~eterm1ned to be on an interface, the results are determined using 

the characteristics of the upper of the two layers. This problGm 

oan howsver ce overcome by requesting results 0.01 inch below this 

interface. 
BISAR 

The BISAR (Ref 3) program was developed by Shell Research and 

is a extension of the earlier developed EISTRO proFram. This pro

~r~m (EISAR) computes stresses1 strains and displacements in elastic 

multilayered systems sutjected to one or more vertical or unidi

rectional tantential loads. Loads are assumed to be uniformly 

distr1tuted over a circular loaded area. 

The layers can te allowed t~ slip over each other uncer the 

followin~ conditions at the interface: 

1. Continuous vertical normal stress; 

11. continuous shear stress; 

111. vertical contact to be maintained; 

1v. relative horizontal d1splacsmentie proportional to the 

shear stress; 

v. the lnterface friction parameter can vary b~tween zero 

(complete adhesion) and one {frictionless slip). 

The basic theory used in this program is that of Burmeister 
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which is tased on full ~hree-demensional 11near elasticity (Ref 4). 

Input data to be provided are as follows: 

1. The numter of layers in the system. 

2. Modulus of elasticity, Poisson's ratio and thickness 

of each layer (except fot the thickness of the base layer). 

3. The interface friction at the tase layer. 

4. The numter of loaas. 

5. The vertical component of e!ch load. 

6. The horizontal component of each ~oad and 1t 1 s an~le 

wt th the X-axis. 

7. The positions of the loa1e. 

8. The calculation requirements such as stress, strain 

and displacements components to be computad,and the numcer and 

positions of the points where these quantities have tote computed. 

The followine can te computed by the pro~ram: 

l. For ca~t load ~eperately the cylindrical component 

stress, strain and displacement. 

2. For the comtined action of all loads the followinE: 

a. the ~artesian components of stress, strain and 

displacement; 

b. the principal values of stress and strain; 

c. maximum shear stress and shear strain; 

d. the mid points of the Mohr stress circles; 

e. the strain energy of distortion; 

f. the total strain energy. 

Thie proeram only calculates those components which are requested. 

Tatle 1 CQmpares the five proframs discussed: 
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CHAPT~R 3. DESIGN OF TH~ EXPERIMENT 

Presently the following layered programs are available at the 

University of Texas: 

l. ELSTit.5 

2 .• LAYERS 

3. LAYER15 

4. LAYIT 

5. EISAR 

6. BISTRO 

It was found that EISTRO is at present not operational and 

since EISAR is a extension of the EISTRO proFram, it was decided 

to eliminate EISTRO for the purpose of this study, so the first 

five programs es listed atove have teen compared. 

In order to compare the programs thorouehly, a sensitivity ana

lysis should be concucted on each profram and the results of these 

studies compared with each other. Such a study would however te 

teyon1 the scope of a term project like this and ,therefon:_;it was 

decided to limit this study to the analysis of a nurnter of typical 

h1fhway pavements. 

Pavements studied. 

It was decided tc analyse one multilayered flexible pavement, 

or,8 n:ultilayared flexit-le pavelI:ent with a stabilized tase, a full 

~epth asrhalt pavement and a rieid pave~ent. 

Tbe dimensions, material properties anc loading can te seen in 

~iEure 2 as follows: 
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~;:;.;:;;Jment No. l ( fie:ure 2a): 

Mult1layered Flex1ble Pavement" 

Pavement No. 2 ( f1gure 2b): 

Multilayered Flexicle Pavement with the Stab111zed Pase. 

Pavement No. 3 (figure 2c): 

Full Depth Asphlt Concrete ravement. 

Pavement No. 4 ( fieure 2d): 

R1e-id Pavement. 

Each of the four pavements have been analysed with each of the 

five computer pro~rams mentioned earlier in this section. Stresses, 

strains and deflections have been compared as followe: 

a. Vertical stresses ccrz) at variousdepths directly under 

the load. 

b. Horizontal stresses (~t) at varies depths directly under 

the load. 

c. Horizontal stresses (Cf't) a.t the cottom of the first 

layer at various radial distances from the loac. 

d. Surface deflections at various radial distances from 

the load. 

a. Vertical strain at t~e top of the sucgrade directly under 

the load. 
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CHAPTER 4. RESULTS. 

Figures 3 to 18 are graphical comparisons of results attained 

with the various computer programs; Tatles 2 - 5 compares the ver

tical strains as compelled by the different programs for each pave

ment investigated. 

As pointed out under the discussion of the programs anc as also 

1ndicated 1n Table l, 1t was not poss1tle to find the vertical strain 

at the top of the sutgrade directly with any of the programs, but 

EISAR. For the E:::.sn:5, LAYER5, and LAYER15 .... 1 t was necessary to cal

culate this strain with the formula. 

E_z. •. ~ l '(j" X - y (\J"t +\fr) J 
Since ELSYM5 normally does not give results at the top of the 

subgrade, the strain at the top of the sutgrade has not teen deter

mined with th1s pro~ram. 

For the purpose of thls report the following 1s a 11st nomencla

ture; 

E. z = 

t..r = 
w --

Vertical stress 

Horizontal tanEentical stress 

Horizontal radial stress 

Vertical strain 

Horizontal tangential strain 

Horizontal radial strain 

Vertical deflection 

Z :: Depth 

r = Radial c1stance from the load 
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TABLE 2; 

(Pavement No. l} 

Ez at top of euce:rade 

EISAR -5.1928 10-4 

* ELSYM5 -
** LAYER5 -5.1989 10-4 

** LAYER15 -5.1952 10-4· 

•* 
LAYIT -5.1892 10--4 

-

* Could not ce octainec directly with ELSYM5. 

** Obtained cy hand calculation: 
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TAElE 3, 

EISAR 

ELSYM5 

LAYER5 

LAYER15 

LAYIT 

VtRTICAL STRAINS AT TOr OF SUEGRADE 

(Pavement No. 2) 

Ez at top of subgrade 

-2.0490 10-4 

• -

10-4 ** -2.03809 

** 
-2.036495 10-4 

** -2.038235 10-4 

*Could not be obtained directly with ELSYM5. 

**Obtained by hand calculation: 
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TAELE 4: 

EISAR 

ELSYM5 

LAYERS 

LAYER15 

LAYIT 

VERTICAL STRAINS AT ·roP OF SU EGRADE 

(Pavement No. 3) 

Ez at top of suterade 

-1.1459 10- 4 

* -

-1.10746 10-4 ** 

**-
10-4 

-1.106194 

** -1.107124 10-4 

*Coulc not be obtained directly w1th ELSYM5. 

*•Obtained ty hand· calculation: 

Ez ::=: i L~z - v (~r -r'lt) J 
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TAELE 5: 

EISAR 

El.SYM5 

LAYERS 

LA:.'ER15 

LAYIT 

VERTICAL STRAIN AT TOP OF SUEGRJ~DE 

(Pavement No. 4) 

Ez at top of suterade 

.. * 

** 
-4.6889 10-4 

-4. 7016 10 -4 ** 

-4.6991 10-4 ** 

** -4.70218 10-4 

*Could not be obtained d irec·tly with ELS~M5. 

**Obtained ty hand calculation: 
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E ~ Modulus of ela~t1c1ty 

1 = Po1eson 1 e ratio 

MR= Resilient modulus 

A comparison of com~uter costs have teen made for the pavements 

analysed as can be seen in Table 6. 

Tables Al - A4 in the appendix, summerize the results obtained 

with the various proerams for Pavement No. 1, Tables A5 - A8 for 

Pavement No. 2, Tables A9 - Al2 for Pavement No. 3 and Tables 

Al3 - Al6 are the results for Pavement No. 4. 

CHAPTER 5. DISCUSSION OF RESULTS 

In stud1nf the results obtained from ths various programs for 

the pavements analysed,tha following can te seen: 

1. The valuee ottained for stresses, both horizontal and 

vertical, witt all five computer programs, were for all practical 

purposeg the sa~e for aach pavement system analysed, except for the 

stresses at the surface (z = 0), where in all cases LAY£R15 pre

dicted higher stresses (sqe figure~ 3, 4, 7, 8, 11, 15 and 16). 

This is howev-ar generally not a position of interest in normal 

pavement design. 

2. The values obtained for the horizontal stresses at the 

bottom of the first layer were for all pyactical purposes identical 

with all ~rograms for each pavement considered. Th1s value is of 

importan~e for determlnE the fatiqua 11fe of the surfacine material. 
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TAELE 6: COMPARISON OF COl-:?UTER 00STS 

COMPUTER COST $ 
I 

f 
Pavement 1 Pavement 2 ?avement 3 Pavement 4 

ELSYM5 0.73 o. 71 0.45 0.56 

LAYER5 0.52 0.54 0.36 0. 4Li 

* LAYER15 o. 72 0.12 0.53 0.61 

LAYIT 0.94 0.94 0.58 0.70 

- ·-
PISAR 2.40 2.44 1.36 1.86 

* Each layer bas teen ?Ut 1n as two layers; 

Each w1th half the thickness of the layer with LAY~Rl5. 

18-51 



These results can be seen on fiEures 5, 9, 13 and 17. 

3. Practically the saree surface deflections were predicted 

by all programs for each pavement system analy'Sed. This can be seen 

on fieures 6, 10, 14 and 18. 

4. In studying the values obtained for vertical strain at 

the top of the sul'frade at r = 0 (Tat.las 2 - 5), it will te noted 

that slight variations occurred, tut' it is to be noted that the 

mximum difference amont" the results attained was only ,3% for Pave-
/ 

ment No. 4 (Talle 5) which is for practic~l dasign purposes 

within reasonatle limits. 

It can 1:e said that in e:eneral the results obtained cy the diffe

rent r-roe:rams are very simmilar, which indicat3s that probably any

one of these progra~a can be used with confidenc~. 

Tatles l anc 6 shows the comparison of computer costs and 1t 

~an te seen t~)at, n:,t takinf LAYER15 into consideration, since double 

the amount of layers has teen caloulated for each protlem in this 

case, 1AYSR5 proved tote the cheafest with LAYIT 10% - 30~, ELSYM5 

25% - 40% and EISAR 280% - 350% more expensive than 1ATI:R5. 

It was also found that the in:;:,ut to EISAR is extremely tedious 

and nu~erious cards in' El2.5 format have tote punched. The rest 

of the pr0erams are fairly easy to use. 
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CHAFTER 6. C0NCLUSI0NS 

I t can t e concluded that all five progr~ms i.e. LAYERS, LAYSR15 , 

LAYIT, ELS!M5 ~nd EISAR use basically the Eurmeister theory and 

t~kes into account full three-d1mentional linear elat1c1ty. 

The values of stresses, strains and deflections obtained for 

a9ch pavemer.t system analysed, were for all practical purposes the 

same with the different proErams,th~refor anyone of the proErams 

can be used with confidence - as far as accuracy 1e concerned. 

Certain programs have however other advantaees such as being 

cheap and easy to use (LAY£R5, ELSYM5 and LAYER15) or be1nE able 

to take the stress de~endancy of materials into account (LAYIT), 

or to allow slip at the interfaoe tetween layers (EISAR) or to allow 

more than one load to ~e arplied to the system (~LSYM5 and EISAR), 

or to allow horizontal load to be appl1ed to the system (EISAR). 

Since practically the same valu9s for stresses, strains and deflec

tions can be obtained ty anyone of thes9 oro~rame, it seems as if these 

other features, as mentioned above, might te the criteria 1n select-

1ne a layered prorra~ tote used for a s,ec1fic pavement system. 

As pointed out earlier, this invest1Eat1on was based on typical 

pave~ent systems. It m1~ht be that extreme values for some of the 

input varialles mig~t lead to other ~onclueions. 
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Description 

Revised WRH/lg 2/1/84 
Lesson 18 

May 22, 1972 

ELSYUS CDC 6MJl1 

3/72-3 
Gale Ahlborn 

ELASTIC LAYERED SYSTEH WITH NOR.ti.AL LOADS 

The Elasc·c Layered Systco computer procrar.1 (ELSYNS) will determine tlie. 

various componer.t stresses, strains and displacements along with principal 

values in a tl1rce·dimensional ideal elastic layered oysteu. TI1c layered oystem 

being loaded with tne or more identical uniforu circular load~ normal to the 

surface pf the system. 

The top surface of the system is free of shear. Each layer is of uniform 

thickness and extends infinitely in the l1orizontal direction. All elastic 

layer interfaces arc continuous. The bottom elastic layer oiay Le scrniinfinitc 

in thickness or may l.,e given a finite thickness, in \1hich case the program 

assumes the bottom elastic layer is supported by a rigid ba8c. With a rigid 

base, the interface bctvecn the uottom ela£it:i.c layer and the base has to :,c 

made either fully continuous or slippery. 

All locations withi~1 the sytitcm arc <lcsctil>cd by UGing t:he rect.•. 

coordinate system C,:, Y, Z) uith the XY plane at Z :. a being tlie l·; ::;urfacc 

of the elastic system where the loa<ls arc applie<l. l'he positive Z axis ex

tends vertically dmm fron the surface into the 8ystcm. 

The applied loads are dcscril>cd by any t\10 of the three followine items; 

load in pounds, stress in pounds per square incl1, . radius of loaded. arc;i in 

inches. The pro{;ram determines tlic raisd ·lt valu<~. Ench J.3ycr of the sy:Hcm 

is described by modulus of clm,ticity, Pc:is<..,, ,i's rath· ,md tl ·.cl;.ncss. Each 

layer i::; nurabcred uith the top layer as one an<l 1,,. : , , dn~ c,Jt · layer con

secutively downuard. 



Program Operating Notes 

The program tests all input clata. If any input Jata is ouc ot range a:, 

specified under "Limitations," the problem is t<>rrJin:i.t0<l fn...- tt,;:;i- qvq·nrr ,;{ ,-i, 

an error message and the program goes on to the next systcfil for operation. 

The program uses the convention that compressive stresses arc negative ouu 

tensile stresses are positive. 

The output of the program gives for each depth (Z) all the results for 

all the XY points. The results for each point are the total.results for 

that point obtained by summing the contribution by each loa<l. tllien a Z value 

is determined to be on an interface, the results are deternincd using the 

characteristics of the upper of the two l~yers. 

Limitations 

The following are limitations of the progr~Q and/or method. 

1. Nunbcr of different syste~Js for solution; minilllura of one, 

maximum of five. 

2. Number of elastic layers in the systew; miuimuw of one, 

maximum of five. 

3. Number of identical uniform circular loads; minimum of one, 

maxir.1um of ten. 

4. Number of points in the system uhere results are desired; 

minimum of one (one ~~y and one Z), maxir.1uc:t of 100 ( ten 

XY and ten Z). 

5. Where there is a rigid base specified, the maximum Z value 

cannot exceed the <lcpth to the rigid base. 

6. All input values except XY positions must be positive. 

7. Poisson's ratio oust not h;;.ve a value of one. Poisson's ratio 

for a bottom elastic layer on· a rici<l base must not be within 

the ranee of 0.748 to 0.752. 

8. The program uses a truncated scric!J for the intc~ration. procccs 

that leads to oome approximation for the results at and near the 

surface and at points out at sor:ie distance from the load. 

18-65 



Input Cards 

The notation rr· 
'-'" ref ere tc card col rnnus, 1,11. rb t 1:<: r,;1'<~'.~' 

inclusive. All "Real!' values (REAL) arc punched \1i.r!, i c!,-,:i '\ 1 
p•)'i 

-.f the value and all "integer" values (IlffEGER) are to oe punc11cd wJ.thout a 

c1ecimal point and ris;ht justified in the data field. 

1. 

2. 

3. 

4. 

cc 1 - 5 

cc 1 - 3 

(INTEGER) number of systems to be run. 

(INTEGER) punch the number 999. 

CC 5 - 60 (ALPHA) any combination of alphameric characters may be 

used to identify the problem to be solved. 

cc 1 - 5 (INTEGER) number of elastic layers in the system. 

CC 6 - 10 (INTEGER) number of uniform circular loads to be applied 

normal to the surface of the systeQ 

CC 11 - 15 (INTEGER) number of XY locations ubcrc results arc desired. 

CC 16 - 20 (rnTEGErr) number of Z locations where results arc desired. 

cc l - 5 

cc 6 10 

(INTEGER) layer number 

(REAL) thickness of layer in inches 

CC 11 - 15 (REAL) Poisson's ratio of layer 

CC 16 - 25 (REAL) uodulus of elasticity for layer. 

One card for each elastic layer in the system, leave thickness blank 

for bottom elastic layer when layer is to be ocniinfinite in thickness. If 

bottom elastic layer is restinc on a riiid base, insert the thickness of the 

bottom elastic layer and CC 30 - 31 (ALPHA) punch FF for full friction ritid 

base interface or CC 30 - 31 (ALPHA) punch NF for no friction ricid base 

interface. Cards have to be in sequence froo top to bottom elastic layer. 

5. cc 1 - 10 (REAL) load force in pounds 

cc 11 - 20 (REAL) load pressure in pounds per square inch 

cc 21 - JO (REAL) load radius in inches. Any two of the abov.' 

items can be input, program determines the third. Only 

one card required. 
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6. CC l - 10 (REAL) X position of a load 

8. 

CC H 20 (REAL) Y. position of a load 

One card p~r load 

cc ' - 10 (REAL) X position for evaluation 

cc 11 - 20 (!~AL) y position for evaluation 

One card for each XY position for evaluation 

cc 1 - 5 (I;.EAL) first z value for evaluation 

cc G - 10 (REAL) second z value for ·evaluation 

cc 11 - 15 (P-EAL) third z value for evaluation, etc. 

Only one card required, maximum of ten values on the card. 

To evaluate a second system, follou card type 8 by card types 2 - 8 

for the second syste~, etc. 
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LESSON OUTLINE 

Revised DS/lg 1/1/84 
Lesson 19 

AASHTO INTERIM GUIDE FOR FLEXIBLE PAVEMENTS 

Instructional Objectives 

1. To provide the student with a basic knowledge of the AASHTO design guide 
for flexible pavements. 

2. To illustrate the practical use of the AASHTO design guide for flexible 
pavements. 

Performance Objectives 

1. The student should be able to identify each of the design inputs used in 
the AASHTO method. 

2. The student should be able to perform a simple thickness design using the 
AASHTO method. 

Abbreviated Outline Time Allocation, mins. 

1. Introduction 10 

2. Design Equation 10 

3. Design Inputs 20 

4. Design Example 10 

50 

Reading Assignment 

1. Yoder and Witczak - Chapter 15, pp 504-519 

2. AASHTO Interim Guide - Chapter II. 
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LESSON OUTLINE 

Revised DS/lg 1/1/84 
Lesson 19 

AASHTO INTERIM GUIDE FOR FLEXIBLE PAVEMENT 

1.0 INTRODUCTION 

1.1 Based on Results of AASHO Road Test (Slides 19.1 - 19.9) 

The general background of the AASHO Road Test has been discussed in 
previous lectures. 

1.2 Defines Failure Based on User Considerations 

1.2.1 Serviceability. Ability of a pavement to serve the traffic 
for which it was designed. 

1.2.2 Performance. Ability of a pavement to satisfactorily serve 
traffic over a period of time. 

1.2.3 Rating Scale of Serviceability - PSR. (Visual Aid 19.1) 

1.2.4 Correlation Between PSI and Pavement Properties. 

PSI= 

where 

5.03 - 1.91 Log (1 + SV) - 1.38 RD2- .Ol(C + P) 05 

(Eq 1) 

PSI = present serviceability index 

SV = slope variance 

RD = rut depth 

C + p cracking and patching indices 

1,3 Basis for Design Equations (Slides 19.15, 19.16, and 19.17) 

(a) Effect of component thickness and material type. 
(b) Effect of magnitude and frequency of axle loads. 
(c) Effect of performance of test sections. 

2.0 PERFORMANCE EQUATION FOR FLEXIBLE PAVEMENTS (AASHO ROAD TEST) 

2.1 The General AASHO Road Test Equation (Slides 19.18, 19.19, 19.20 
and 19.21) 

= Log p) 
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where 

= 

= 

Kev1 se<1 US/ ig o / 'JI O'+ 
Lesson i~ 

a function (the logarithm) of the ratio of serviceoL'1.L11.1, 
loss at time to the maximum loss to a serviceal:.~lit.J 
index level of 1.5. 

a function of design and load variables that influence 
the shape of the performance curve 

a = 0.40 + 1094 
(SN+ 1)5.19 

(Eq 3) 

for the AASHO Road Test conditions, and for an 18,000 
pound single axle load. 

SN = structural number 

Wt = axle load applications to time t 

p = a function of design and load variables denoting the 
expected number of axle load applications to a service
ability index of 1.5. 

Log p = 9.36 Log (SN+ 1) - 0.20 
(Eq 4) 

for AASHO Road Test conditions, and for an 18,000 
pound single axle load. 

2.2 AASHTO Design Equation (Slides 19.22 - 19.26) 

Combining and rewriting the number of axle loads carried can be 
expressed as 

Log W = 
t18 

where 

9.36 Log (SN+ 1) - 0.20 + 
G 

t 
1094 

0.40 +(SN+ l)S.19 

(Eq 5) 

number of 18,000 pound single axle loads to time 
t (if equivalent axle loads are used, this can be 
expressed as EAL18 to time t) 

= Log[(4.2 - p )/(4.2 - 1.5)] 
t . , , (Eq 6) 

where pt equals serviceabilityindex at time t. 
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2.3. The Extention of Design _Equation (Slides 19.27 - 19.35) 

In order to extend Eq 5 to other subgrade types ar 1 climates, it 
was necessary to develop the following: 

2.3.1 Soil Support. Soil supp~Lc value, S ~th a scale ranging 
from 1.0 to 10.0, with the road test subgrade soil having a 
value of 3.0. 

2.3.2 Regional Factor. Regional factor, R, with a potential range 
of 0.5 to 5.0. 

2.4 Final Design Equation 

The final design equation incorporating soil support and regional 
factor is 

Log W 
tl8 

where 

9.36 Log (SN+ 1) - 0.20 + 

- Log R + 0.372 (S - 3.0) 

R regional factor 

G 
t 

0.40 + 1094 
(SN+ 1)5.19 

(Eq 7) 

S = soil support value for the particular site and conditions 

SN = weighted structural number (for the soil support and 
regional factors used) 

3.0 DESIGN INPUTS 

3.1 Terminal Serviceability (p) 
t 

The lowest serviceability that can be tolerated on the road at the 
end of the traffic analysis period before further action is warranted 

3.1.1 Usually taken as 2.0 or 2.5. 

(a) High volume roads pt 2.5 

(b) Low volume roads pt = 2.0 

3 .1. 2 Very lOy! volume roads reduce traffic analysis time period. 
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3.2 Regional Factor__IBL(Visual Aid 19.3) 

A numerical factor used to adjust the structural number of a flexible 
pavement structure for climatic and environmental conditions, different 
from those at the AASHO Road Test. 

(a) Not well documented. 
(b) Many states have developed own charts. (Visual Aid 19.4) 
(c) Usual range is from 0.5 to 4.0. 

3.3 Structural Number (SN) 

An index number derived from an analysis of traffic, roadbed soil 
conditions, and regional factor that may be converted to thickness 
of various flexible pavement layers through use of suitable layer 
coefficients related to the type of material being used in each 
layer of the pavement structure. 

3.3.1 Assumed structure. (Visual Aid 19.5) 

3.3.2 Structural number equation. 

where 

a. 
1 

D. 
1 

layer coefficient for ith layer (Visual Aid 19.6) 

layer thickness for ith layer 

(i 1, 2, 3) 

3.3.3 Layered concept design check. Thickness of pavement above 
any specific layer must be enough such that excessive stresses 
do not occur in that layer (Visual Aid 19.5). 

3.4 Soil Support (S.) 
1 

An index number that exoresses the relative ability of a soil or 
aggregate mixture to support traffic loads through a flexible 
pavement structure. 

3.4.l Not determined by direct te__§_ting. 
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3.4.2 Correlations. (V-i:_:ua1 Aid J(),7) 
---·---· -·-----··-------

\ , . .l 

(b) R-value 
(c) Texas triaxial 
(d) Group index 
(e) Resilient Modulus 

l~e_y_t:~-~~~ DS/lg 1/1/84 
Lesson 19 

(f) OLhers (Pedology, Frost index, experience, etc.) 

4. 0 DE::,IGN EXAMPLE 

4. 1 Inp}lt Data 

(a) 
(b) 
(c) 
(d) 
(e) 
([) 
(g) 

Interstate Highway - 1,000 equivalent 18-kip SAL's per day 
Regional Factor 1 
Subgrade CBR 11 (sandy clay) 
Subbase CBR 20 (sand-gravel) 
Base (CBR 78 (crushed stone) 
Surface Modul0s 5 x 105 psi (asphalt concrete) 
ASSUME p 2.5 

t 

4. 2 Subgrade Su_p_p_o__It Values and Structural Numbers (Visual Aids 19. 8 & 19. 9) 

(a) Top of subgrade s 5.0 -+ 

(b) Top of subbac,e s 5.2 -+ 

(c) Top of B.:ise s 8.0 + 

Therefore 

> 4.15 

4. 3 Layer Coefficif~nts (Visual Aid 19. 6) 

(a) 

(b) 

(c) 

surface a 
1 

base a2 

subbase a3 

Therefore 

0.46D
1 + 

0.46 

0.14 

0.095 

0.14D
2 

+ 0.09SD
3 

> 4.15 

19-6 

SN 4.15 
SN 3.60 
SN 2.95 



Revised 

4, 4 Minimum Layer Thi_c:kD~.?-

2,95 
-· 0.1-16 ""'6.41 (6,S in.) 

3.60 - (6.'.:J)(.46) 
= ·-· --· O. i°'4 ______ -·--· - 4. 36 

DS/1-g 1/1/8,'., 
Lesson 19 

u~.s in.) 

o
3 

(min) 
SN4 - (SN2 + SN 3) 4.15 - 86,5)(.46) + (4.5)(.14~ 

-=- --~---- ----------
a 0.095 

3 

-~ 5 .. 58 ( 6 in.) 

therefore 

6,5(.46) + 4,5(.14) + 6(.095) ~ 4,15 
4,19 > 4.15 ../ 
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LESSON OUTLINE 

Revised DS/lg 6/9/84 
l.esson 19 

AASHTO INTERIM GUIDE FOR FLEXIBLE PAVEMENTS 

VISUAL AID TITLE 

Visual Aid 19.1. Serviceability concept. 

Visual Aid 19.2(a). Design nomographs for AASHTO procedure. 

Visual Aid 19.2(b). Design nomographs for AASHTO procedure. 

Visual Aid 19.3. Hypothetical regional factors for ASHTO design procedure. 

Visual Aid 19.4. Factors for c:limatic ;w-l environmental effects, Idaho. 

Visual Aid 19.5. Assumed pave~ent structure for AASHTO design procedure. 

Visual Aid 19.6(a). Nomographs fJr layPr coefficient determination. 

Visual Aid 19.6(b). Nomogrr-t~rns fc,,- Layer coefficient determination. 

Visual Aid 19.6(c). Nomographs tor 1 
-, .~,- ~-·efficient determination. 

Visual Aid 19.6(d). Nomographs for layer coefficient determination. 

Visual Aid 19.6(e). Nomographs for Jayer coefficient determination. 

Visual Aid 19.7(a). Soil support correlation after AASHTO. 

Visual Aid 19.7(b). Soil support correlation after Vantil, et al. 

Visual Aid 19.8. Determination of soil support values for designexample. 

Visual Aid 19.9(a). Determination of structural numbers for design example. 

Visual Aid 19.9(b). Determination of structural numbers for design example. 

19-8 



p
oog 
I.JIA

 

• -.a C
, 

4
-

a. 
• u u

 
ct 

E
 

:::, I 
e 
·-C ·-:E 

p
oog 

JID
.:I 

J
O

O
d

 
J

O
O

d
 

I.JIA
 . 

It) 
• 

If) 
(\J 

-

xepu1 i1111qoeo1A
J8S 

1ueseJd 

19-9 

.µ
 

0.. 
(I) 
c..) 
p 0 
u :>--. 
.µ

 
·r. 
r
l 

•r. 
..0 
cu (I) 
c..) 

·r. :> 1-1 
(I) 

C
l) 

4D 
E

 
r
l 

°' 
·-

r
l 

... 
r
l 

cu ;:l 
C/J 
•r. 
:> 



6 I 
Q. 
Q. • C 0 

10 'O 5 z 0 ... 
~ { 20yr. .3 j ... -.. 0 C, ... ~ analysis)): E 4 - ... 

0 8 
(.) :::, 2 a. ~ 20000 ~ :::, 0 ... LL 

a. ~ • &)()() .!! z u 
- 'O Cit 

g r·5 :::, :, 
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Desi on Chart for Flexible Payments, Pt = 2.0 

Visual 19 ,2 (a) Design nomographs for AASHTO 
procedure 
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DeslCJn Chart for Flexible Pavements, P, = 2.5 

Visual 19.2(b) Design nornographs for AASHTO 
procedure 
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Visual 19.3. Hypothetical regional factors for AASHTO design procedure. 
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Visual 19.4. Factor·s for cliH,~::: .,i:-.i '1l.',lf1,u1L;tl effects, Idaho. 



t 
l 

~ l ~ Layer I ~ 
~. 
· Surface 

l1 

Layer 4 - Subgrade 

Pavement Structure Analysis 

Visual 19.5. Assumed pavement structure for AASHTO design procedure. 
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( I) Scale derived by averaCJinCJ correlation obtained 
from the Asphalt lnsitute, Illinois, Louisiana, 
New Mexico, and WyominCJ. 

(2.) Scale derived by averaCJinCJ correlations obtained 
from California and "Texas. 

(3) Scale derived on this projec1. 

(4) Modulus at 68° F 

Vis..ial 19,6(a). Nomof>:raphs for layer coefficient determination. 
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Texas. 

(4) Scale derived on this project. 

Visual 19.6(b). Nomographs for layer coefficient determination. 
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Visual 19.6(d). Nomographs for layered coefficient determination. 
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Visual 19.6(e). Nomographs for layered coefficient determination. 

19-19 



9 23.5 79 79.5 

80 140 20 
120 15 74 76 8 60 78 14.5 

50 
40 ~ 

7 30 
9.75 63 69 

30 - -25 fl) fl) 
Q) 20 20.._: a. a. - 6 6750 28 0 30 0 0:: 15 0:: a.. 
0 ~ 0 

Cl) CD CD 15 rr, ,.., 
u 10 U 

(\J ... 
5 0 - 12 - 16 '- 0 0 II ::t: 4.5 

0 Q) Q) 

a. E 7 - Cl) :::::, :::::, 
a. C <t - -0 ... C . 0 :::::, 

4 C 5 Cl) 6 <t 2.5> 8 > I I. I Cl) ~ 

Cl 0:: 0:: 
0 

Cl) 3 3 2.8 1.25 6 8.2 

2 1.5 1.8 0.50 4 6.0 

0.5 0.5 0.25 2 3.0 

0------------------·o 
Visual 19.7(a). Soil support correlation after AASHTO. 
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Visual 19.8. Determination of soil support values for design 
example. 
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Slide 19.1. AASHTO Design Guide. 

Slide 19.2. Some staff members of 
the AASHO Road Test. 

Slide 19.3. WASHO Road Test. 



Slide 19.4. The AASHO Road Test -
project description. 

Slide 19.5. Aerial view of AASHO 
Road Test site. 

Slide 19.6. Map showing the location 
of AASHO Road Test site. 



Slide 19.7. Test traffic loads. 

Slide 19.8, Typical layout of a 
test loop. 

Slide 19.9, Layer thicknesses of 
asphalt and concrete 
pavements constructed 
at AASHO Road Test 
site. 



1/4 1/2 3/4 1 
Froctionol Service Life 

Slide 19.10, Instrumentation and 
data processing 
facilities. 

Slide 19.11. Serviceability history 
of flexible pavements. 

Slide 19.12. Measuring road roughness. 



Sl i de 19 . 13 . Kodu LvubhntSS devi ce. 

Slide 19.14 . Example of preuse 
control on AASHO 
Road Test. 

Slide 19.15. Examination of sub
layers by excavating 
a ditch (destructive 
testing). 
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Slide 19, 16, Development of desigtt 
equations. 

Slide 19.17. Development of design 
equations based on 
road test findings. 

Slide 19.18. Deflection measuring 
device. 
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Slide 19.19 , AA.SRO I nt erim Gu·de, 

Slide 19,20, Guide for the Design 
of Flexible Pavements. 

Slide 19.21. Scope and limitations 
of AASHO Guide. 



:r::::tt.1:.';.~ ~·=r-.:..~:r:~·,:·~ 
or t..b,it .g,.;IM:, c.N1'1:l. t:~14entt«> 111Id: ft .aiven- by ta u:twr 
to tho£# e.9*(ti_e.:i,•nt• tict i!il'ti~!:ta:~! it; <th* 14~ -'tt.•tt• 

It. -:t;•l.-4 pu ••• <\utgn ~-... 1.• • .. ii.~ r.~.,,~ •Qi•~ 
:ptntt.t• A4>a*n.U tor etNt:ro:nun.t&l ~Cffllli.ltiorta. ~n uar 

:;:.r~4::%::·~:~::·i:~:~~:"" ... ~ qt 

, . A U&tfi.C imal.yl.1i' ,W104 ,Of .e¢ )'04'1'$" ..... Hen u .. d f':Ql:" ti~ 

=:,~,:~z=;t;o}\,t-~M<:~~.t'C..~:C,i.'1 
UM~ftll. 

l~ t• ,..,•4"f t ... ts iil>o ~.,., 1* f~""l'l.ll lf ... _ - ~JMt fc 
*'4J~-•t 1>& .. d o,, •"l'Ori•AA• ""4 "441\1®"1 N .. """b · 

Slide 19. 22 , 

Slide 19, 23, 

Slide 19,24, 

Scope and limitat ions 
of AASHO Gu ide 
(continued). 

Scope and limitations 
of AASHO Guide 
(continued). 

NCHRP Report 128 
Evaluation of AASHO 
Interim Guide. 
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Slide 19.25, AASHTO Interim 
Guide, 1972, 

Slide 19.26, Performance equation 
for flexible pavements. 

Slide 19,27, Definitions of terms 
in the flexible 
pavement performance 
equation. 



SN • STRUCTURAL NUl1BER 
wt • AXLE LOAD APPLICATIONS TO TIME, t 

P • A FUNCTION Cf DESIGN AND LOAD VARIABLES DENOTING 
THE EXPECTED NUl1BER OF AXLE LOAD APPLICATIONS 
TO A SERVICEABillTY INDEX OF 1.5 

LOG p • 9. 36 LOG (SN + 1) - O. 20 

FOR AASHO ROAD TEST 
CONDITIONS, AND FOR AN 18,000 POUND SINGLE 
AXLE LOAD 

Cl»IBINING Alll REWRITING THE l«Jl'IBER OF AXLE LOADS 
CARR I ED CAN BE EXPRESSED AS 

El. lb 

• 9,36 LOI (ff{+ ll - 0.20 + 
1
::

4 
E1.2 

0.40 +(SN+ 1)5.19 

llHERE 11 • NIIER Of 18,000 POOND SINGLE AXLE •u 
LOOJS TO TIIIE < IF EQUIVALENT AXI.£ 
I..OOlS ARE USED, TH IS CAIi BE EXPRESSED 
AS EALu TO THIE c ) 

Ge • LOG [ (4.2 - Pc> / (4.2 - 1.5) j E1.2a 

Pc • SERVICEABILITY INDEX AT THIE 

TO EXTEND El.2 TO OTHER SUBGRADE TYPES AND CLIMATES, 
IT WAS NECESSARY TO DEVELOP THE FOLLCIIING: 

l. SOIL SUPPORT VAWE, S, WITH A SCALE RANGING FROM 
1.0 TO 10.0, WITH THE ROAD TEST SUBGRADE SOIL 
HAVIHG A VAWE OF 3.0, AND 

2. REGIONAL FACTOR, R, WITH A POTENTIAL RANGE OF 
0.5 TO 5.0. 

Slide 19.28. Definitions of terms 
in the flexible 
pavement performance 
equation (continued). 

Slide 19.29. Development of design 
equations. 

Slide 19,30, Development of soil 
support value and 
regional factor. 



THE FINAL DESIGN BlUATIOO INCORPORATING SOIL SUPPORT 
Alll RE&IIIIM. FACTOR IS 

LOG W • 9,36 LOG (SIi + 1) • 0.20 + o, 
•u O •40 + 1094 

. 
2 .. 
> 

0 ... ... 
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"' 
·;; 

"' 

(iii+ 1)5,19 

- LOG R + 0,372 (S - 3.0) El.3 

IINERE I • REGIONAL FACTOR 
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S • SOIL SUPPORT VAWE FOR THE PARTICULAR SITE 
AIIJ COND ITl tllS 

Sil • WEIGHTED STRUCTURAL IIJllllER <FOR THE SOIL 
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Slide 19,31. The final design 
equation, 

Slide 19.32, Estimated regional 
factor (AA.SRO Road 
Test). 

Slide 19,33, AA.SRO flexible pavement 
design nomographs 
(illustration of 
AA.SRO Road Test 
subgrade) . 
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Slide 19.34. 

Slide 19, 35. 

Use of nomograph: SN 
as a function of soil 
S-value and daily 
ESAL for thick stone 
base. 

Use of nomograph: SN 
as a function of soil 
S-value and daily 
ESAL for gravel 
subbase. 

Slide 19.36. Complete AASHO Design 
nomograph. 
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Slide 19.37. Regional factors for 
various regions 
(illustration only 
not a design aid). 

Slide 19.38, Application of AASHO 
Interim Guide. 

Slide 19.39. Application of AASHO 
Design chart. 
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Instructional Objectives 

LESSON OUTLINE 

AASHO LAYER COEFFICIENTS 

Revised DS/lg 1/1/84 
Lesson 20 

1. To provide the student with the basic definition and use of AASHO 
layer coefficients and to explain the procedure used in the development 
of these coefficients from AASHO Road Test data. 

2. To f arniliarize the students with the procedures used in the development 
of structural layer coefficients for pavement materials other than 
the AASHO Road Test materials. To ~rovide the students with the charts 
for structural layer coefficients of asphaltic concrete surface course, 
base and subbase courses and layer equivalency factors. 

3. To explain to students various limit&tions inherent in the use of layer 
coefficients for flexible pavement design. 

Performance Objectives 

1. The student should be able to understand the use of AASHO layer coef
ficients in the procedure for design of flexible pavement. The student 
should also be able to explain the concepts and procedure involved in 
the development of AASHO layer coefficients. 

2. The student should be able to understand how structural layer coefficients 
and layer equivalency factors are developed for materials other than 
AASHO Road Test materials. 

3. The student should be able to recognize the inherent limitations and 
errors involved in the use of layer coefficients for the design of 
flexible pavements. 

Abbreviated Outline 

1. Background 

2. Layer Coefficients for Materials 
other than AASHO Road Test Materials 

3. Limitations in the Use of AASHO 
Layer Coefficients 

Reading Assignment 

1. AASHTO Interim Guide - Appendix C. 

2. NCHRP 128 - Chapter 1 and 2 
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Time Allocated, min. 

20 

20 

10 

50 minutes 



1.0 BACKGROUND 

LESSON OTJTLfNE 

AN-;11() L/\Y[rn COEf'fiJCIENTS 

Rt"!l,:(d DS/lg 1/1/8!1 
Ll'f,,~t"ln 20 

AASHO Layer Coefficients are IK,ed in the cJc,;i,;11 uf tJ,0 :-cib]e pavements 
following the prnceduce cmLli,kd in AASHTO l;1L,2rLm Cuid.ic: for Design 
of pavement s tn11_: .. ~,11·c:..;, 

1.1.1 Structural Number. 
----~-·-·--· 
Guide (for r·1exibl_,, 

Number, SN by irning 
(Visual Aid 20.J). 

The dc~;ign 
p~l"Jen1enls) 
ncnnographs 

eq ua L _i un 
j_r; ~;n lv,_·,1 

pn:'t,cnt eel 

f t1A',li':l Interim 
f,,r St n1ctura1 

1.1.2 SN_~!lu':1_t5un~ 'i~hr.: d'._--~.:.i_ n ~-~~J ·3aLLH' ~)ht:ti11l·:\ {r(.1rn ~_.be preceding 
step is then Uc,,•d to nl:t:a 1 n the requir,·d tliid'.,-F':~s of each 
layer usint-; tiie n•i:iLl•.,nshLp cxpn!:--::-;ed ,Jc_; S'.'i ,2qui1Uon (Visual 
Aid 20.2). Tiit: ;_av,·r cocffLcienr,3 Lndi.:,1tt• re:acive strength 
of cUfferent pavement J :c,yens. 

1.2 Development_of __ /\ASH() l.avcr_Cn,:' i iciync:--; 

1. 2 .1 !i-ASH_Q_ Ro__c3:_i_}'~_':'!_t_.:~!_a___i:,':ir i al:,; . The i ayer c,1 c ff icien ts of AAS HO 
Road Test material2 ar~ average values (Visunl Aid 20.3). 

1.2.2 Layer Coefficients_ol AASHU Road_Test_Loors. 1bc analyses 
of AASHO Road Test d,1ta c,hm,cd t'rnt the lineilr expression 
(Visual Ald 20.2) gave.' the best re]atioi!ship for the thick
ness index (structural number). Tbe 1ayer coefficients a1, 
a2, a3 are therefore the hest estimates of regression coef-
ficients of explanatory variables D

1
, D

2
, ,me! D.:;. (Visual 

Aid 2 0 . If ) • -- . , 

1.2.3 Relationship Bet\vet,n f\xle Loads and Design. (Visual Aid 20.5) 
The averag~ values -of tl1e regression coefficients (as shown 
in Visual Aid 20.!+) are used as the representative layer 
coefficients in the relationships developed between design and 
axle load applications. 

2.0 LAYER COEFFICIENTS FOR l'<ATERIALS ornrn TlV\N AASHCJ E(),\::, TJ:ST MATERIALS 

The layer coefficients obtained frurn the AASHO Road Test data are 
representative of the relative str,ngtt1 of the nwteric1Ls used for the 
flexible pavement research. 
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f ,C ~; s n n ?. () 

Differe[tt approac11e~, were useu by Vi,.,cuu;;i dgcnc:lc'.S 1'1,LSi:._i_gat~lig Lill: 

structural layer coefficients with respect to material types, 
properties and position in the pavement structure. 

2.1.1 Theoretical Studies. Layered i:.'.lasti.c theorv was v;,::d to es-· 
tablish structural layer coefficient using such Ji11ating 
criteria as surface deflection, tensile strain in asphcltic 
concrete layer and verticHl compressive strain on the sub
grade layer. 

2.1.2 Materials Tests. Such as Na.,..shall stability test:, h - • couessio-
meter test:, resilient modulus, CBR, Texas Triaxia] test, etc. 

2 .1. 3 Field _ Inv es tiga t iom, and_ Er~i neerinf~_ Jud_g_emen t. 

2. 2 S true tur a 1 Layer Coe f ficie11 ts lZec ormnt:>nded ~y _A!:0_1:!~r:.Q.l-_~t_'.:":_r_~n'..._(_;_L!_.~_cl,' 
(Visual Aid 20.6) · 

2.3 Structural Layer Coefficients (NCHRP 128) 

Based on the experience uf different agencies and highway departments, 
charts are presented in NCHRP repc,rt 128. 

2. 3 .1 Layer coef_ficient for Aspl],9 lt1.s:_ Co_11_~_!:' _ _l__t::_ Surfaci~g_-~ ( cl 1). 
The nomograph was developed by using the properti,.:>s of MSHO 
road test materials: for example the average value of Marshall 
stability on the Road Test, 2,000 lbs r,.;as ,:is b2s:, for in
creasing or decreasing a

1
. (Visual Aid 20. 7). 

2.3.2 Layer Coefficient for Bas_e Mate!"j_a _ _h_ __ (a2). 

(a) granular base (Visual Aid 20.8), 

(b) cement treated base (Visual Aid 20.9), and 

(c) Bituminous treated base (Visual Aid 20.10). 

2.3.3 Layer Coefficient for Subbase Material (a32_· This chart was 
developed for granular material (Visual Aid 20.11). 

2 .4 Layer Equivalenc~ Factors 

Some agencies have developed equivalent factors to convert thickness 
of 1 inch asphalt concrete surfacing to equivalent thickness of 
crushed stone base, etc. (Visual Aid 20 .12). 
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Revised 

3.0 LIMIT/.TT'I, .. ·: ; ·::-.'' !' :' .-.:, L-f\SHO IAYER COEFFICIEff:~;:; 

3.1 AASHU Road Test Condition 

DS/lg 6/9/84 
Lessou 20 

The AASHO layer coefficients were developed based on AASHO Road 
Test daL1, ·:1a:~.,rL1 1,' and environmental conditions. AASHTO Interim 
Guid1:: sa1 ~;" , . Careful ,:onsi<leration must be given by user agencies 
in select:in:; applicable coefficients .. " The layer coefficients 
developeJ by other agencies are generally based on experience, 
correlation studies and engineering judgment. 

3.2 AASHO Road Test Pavements 

The AASHO layer coefficients (Visual Aid 20.3) correspond to four 
layer structure of AASHO Road Test flexible pavements. This 
factor should be considered while applying AASHO design procedures 
for a 2 or 3 layer structure. 

3.3 Derivation of AASHO Layer Coefficients 

3.3.1 AASHO 1.§_yer Coefficients are "Average". As discussed earlier, 
AASHO layer coefficients are "average" values of the re
gression coefficients analyzed for all test loops. (Visual 
Aid 20 .13). 

3. 3. 2 The AASHO layer coefficients currently in use for AASHTO 
Interim Guides design rrocedure were derived to solve the 
design equation using weighted applications of axle load 
through the use of seasonal weighting function. If the 
unweighted applications are used then the corresponding 
"average" layer coefficients are 0.37, 0.14 and 0.10 for 
a

1
, a

2 
and a

3 
respectively. 



LESSON OUTLINE 
AASHO LAYER COEFFICIENTS 

Revised DS/lg 1/1/84 
Le,,3on 2.D 

VISUAL AID TITLE 

Visual Aid 20.1. Iterative procedure to compute SN. 

Visual Aid 20.2. SN equation. 

Visual Aid 20.3. Layer coefficients, AASHO Road Test materials (AASHO 
Interim Guide 1972). 

Visual Aid 20.4. AASHO Road Test loops layer coefficients (HRB SR 61E - Report 5). 

Visual Aid 20.5. Relationship between axle load and design - AASHO Road Test 
data (HRB SR 61E - R~port 5). 

Visual Aid 20.6, Structural layer coefficients (AASHO Interim Guide, 1972). 

Visual Aid 20.7. 

Visual Aid 20.8. 

Visual Aid 20.9. 

Visual Aid 20.10. 

Visual Aid 20.11. 

Visual Aid 20.12. 

Visual Aid 20.13. 

Variation of AC surface course coefficient (a1) (NCHRP 
Report 128). 

Layer coefficient (a2) for granular base (NCHRP Report 128). 

Layer coefficient (a2) for cement - treated base (NCHRP 
Report 128). 

Layer coefficient (a
2

) for bituminous - treated base 
(NCHRP Report 128). 

Layer coefficient (a
3

) for subbase material (NCHRP Report 128). 

Layer equivalency factors. 

Effect of using actual range of AASHO layer coefficients. 
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Visual Aid 20.1. Iterative procedure to compute SN. 
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1 
D., ,. 

,, 
• 

• • 

Where: 

and 

• 

Visual Aid 20.2. SN equat~0n. 

1 

1 \. • A , ,, , 4.- f • 4 I ,A. 
... t • Base Course • 

• ~., I ""'~o • A .4 •' 

. .. . .. 
• Subeasc > Course , • • • • . . ' . • • . . • • • 

Roadbed Soil 

= Layer coefficient for surface, base and subbase 
course materials respectively. 

= Thickness of surface, base and 'subbase courses, 
respectively in inches. 
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VL:nial Aia 

al = 0.44 asphaltic concrete surface course 

a2 = 0.14 crushed stone base course 

a3 = 0.11 sandy gravel subbase course 



Visua1 Aid 20 .4. AASHO road test loops l ayer coeffi cients 
(HRB SR 61E - Report 5) . 

LAYER COEFFICIENTS 

LOOP LOOP LOOP LOOP LOOP WEIGHT . 
2 3 4 s 6 AVG. 

ASPHALT G] [ill (al) .44 .44 .47 .44 

BASE 
(a) 

2 
.25 .16 .14 .14 .11 .14 

SUBBASE 
(a3) .09 .11 .11 .11 .11 .11 
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Visual Aid 20.5. Relationship between axle load and design - AASHO road 
test data (HRB SR 61E - Report 5). 

6 ,.__ __ 

4 

3 

2 

! 

- -

' 
' 

10 100 1,000 

WEIGHTED AXLE LOAD APPLICATIONS IN THOUSANDS 

Main factorial experiment, relationship between design and axle load 
applications at p = 1.5 (from Road Test equations). 

*Thickness index = SN 
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Visual Aid 20.6. Structural layer coefficients 
(HRB SR 61E - Report 5) 

Pavement Component Coefficient' 

Surface Course 

Roadmix (low stability) 
Plantmix (high stability) 
Sarni Asphalt 

&se Course 

Sandy Grave1 
Crushed Stone 
Cement-Treated (no soil-cement) 

Compressive strenith @ 7 days 
650 psi or more' (4.48MPa) 
400 to 650 psi (2.76 to 4.48MPa) 
400 psi or less (2. 76MPa) 

Bituminous-Treated 
Coarse-{; rad ed 
Sand Asphalt 

Lime-Treated 

Subbase Course 

Sandy Gravel 
Sand or Sarnly.C\ay 

• Established from AASHO Road Test Data 
1 Compressive strength at 7 days. 

0.20 
0.44* 
0.40 

0.07' 
0.14* 

0.23' 
0.20 
0.\5 

0.34' 
0.30 

0.15-0.30 

0.11 • 
0.05-0.10 

' This value has been estimated from AASHO Road Test data, but not to the accuracy of 
those factors marked with an asterisk. 

' It is expected that each state will study these coefficients and make such changes as 
expenence indicates necessary. 
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Visual Aid 20.8. Layer coefficient (a2) 
(NCHRP Report 128). 

for granular 
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Visual Aid 20.9. 
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Layer coefficient (9 2) for cement - treated base 
(NCHRP Report 128). 
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u:11 Aid 20.10. Layer coefficient (a2) for Bituminous - treated ;,a~ ,0 

(NCHRP Report 128). 
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Visual Aid 20.11. Layer coefficient (a3) for subbase material 
(NCHRP Report 128). 
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A. Asphalt Institute (Manual Series MS-1) 

Thickness of Untreated 
Base Qualit_y Base Layer for each 1. 0 inch of AC ]_32er 

i) High Quality 
(Minimum CBR 

ii) Low Quality 
(Minimum CBR 

100%) 

20%) 

2.0 

2.7 

B. California Division of Highways (NCHRP Report 128) 

PROPOSED EQUJYALENCIES FOR 
RITUMINOUS MATERIALS (Thickness of Gravel Layer 
Required to Equal l In. of Asphaltic Concrete) 

GRAVEL EQUIVALENCY (IN.) 

TRAFFIC 

INDEX AASHO CALIF. 

ROAD CLASS RANGE MATERIAL MATERIAi 

Heavy industrial 12 2.0 1.6 
I l 2.1 1.7 

Heavy truck t ra tlic 10 ::.2 1.8 
9 2.3 1.9 

Medium truck traflk 8 2.4 2.0 
7 2.G 2.1 

Light truck traffic 6 2.8 2.3 
Residential streets 5 3.0 2.5 

4 >.0 2.5 
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Visual Aid 20.13. Effect of Using Actual Range of AASHO Laye:- Coefficic,: .. ~:c 
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Slide 20.1. Development of layer 
coefficients for cement 
Lreatetl mat e r i ~ls . 

Slide 20.2. Development of layer 
coefficients for asphalt 
treated material. 

Slide 20,3, Development of layer 
coefficients for 
asphaltic concrete 
based on cohesiometer 
values. 
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Slide 20.4. Development of layer 
coeff icients for 
asphaltic concrete 
based on Marshall 
stability. 

Slide 20.5. Development of layer 
coefficients based on 
CBR values. 

Slide 20.6. Correlation chart for 
soil support values. 



Slide 20.7. NCHRP Report 139 
flexible pavement 
design and management. 
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