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The concept of differential deformation as a design criterion and the design
system proposed in this report constitutes a new and rational approach to the
design of highway and railroad grade crossings. . Several example problems are
presented to illustrate the whole design system. These examples also illustrate
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PREFACE

This is the fourth and final report of a series of reports from
the study entitled "Structural and Geometric Design of Highway-
| The study is sponsored by the State
Department of Highways and Public Transportation in cooperation with

Railroad Grade Crossings."

the Federal Highway Administration. This report describes a compre-
hensive design method for the foundation of a grade crossing. A
unique design criterion of permanent differential deformation between
the grade crossing structure and the adjacént pavement due to an
expected number of repetitions of wheel loads (both for railway and
highway traffic) is established. This design criterion is related
to two performance criteria: dynamic load profile and roughness
index. A computer program is developed for the purpose of

analyzing and designing a grade crossing structure. This program
requires approximately 128 k memory core and has a very simple

input data format.
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SUMMARY

This is the fourth and final report in a series from the study
entitled "Structural and Geometric Design of Highway-Railroad Grade

Crossings ." The five chapters in this report describe a compre-
hensive design procedure for the foundation of a grade crossing
involving a computerized design system.

In present day construction practice, the selection of
materials and lTayer thicknesses for a railroad crossing structure
is based on a trial and error approach. Although several improved
design methods for highway pavements are available, prior to the
work 1in this report, none of these méthods had ever been applied
to the design of highway-railroad grade crossings.

The design procedure developed herein is based on rideability,
which mainly depends on the amount of permanent differential
deformation between the railroad track and the adjacent highway
pavement. Repetitions of wheel loads cause permanent differential
deformation. Due to the difference in wheel loadings, material
properties, and the track and pavement structures, each will
deform differently after the passage of a number of repetitions
of wheel loads (expected in a design period).

Layer thicknesses of the crossing structure and adjacent
pavement, their wheel loadings and the properties of all the
materials involved as they are affected by the local climate
determine the level of stress that acts at different points in
these foundation layers. The repetition of these stresses
produces the permanent differential deformation which must remain
within acceptable 1limits if the foundation layers are properly
designed. The influence of the permanent differential deformation
on increasing highway dynamic load and the increase in dynamic
railway wheel Toads due to higher train speed is considered
while computing the stresses.

Characteristic properties of fine grained subgrade materials
including the influence of environmental factors such as
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temperature and suction on subgrade material properties are
completely described.

Several example problems are presented to illustrate the
whole design system. These examples also illustrate how these
designs must change according to the variations in expected

loading, temperature, climatic zone and subgrade soil.




IMPLEMENTATION STATEMENT

In present day construction practice, the selection of
materials and Tayer thicknesses for a railroad crossing structure
is based on a trial and error approach. Although several improved
design methods for highway pavements are available, prior to the
work in this report, none of these methods had ever been applied
to the design of a highway-railroad grade crossing.

In this study, a computerized design system for a highway-
railroad grade crossing foundation is developed. A unique
design criterion of permanent differential deformation between
railroad track and adjacent highway pavements is established.

This design criterion is related to two performance criteria:
dynamic load profile and roughness index, which is a measure of
the ride roughness experienced by a passenger vehicle passing
over the grade crossing.

The influence of the permanent differential deformation on
increasing highway dynamic load is included in the computer
program. The increase in dynamic railway wheel loads due to
higher train speed is also considered.

Characteristic properties of all materials involved
including the influence of environmental factors such as temperature
and suction on subgrade material properties are considered. The
computer program calculates the permanent differential deformation
(the design criterion) due to the passage of an expected number of
repetitions of wheel loads (required to serve a design period) for
both highway and railway traffic.

Temperature and climatic conditions at a particular Tocation
greatly influence the design of a grade crossing. However, the
design system developed in this study, can be used very
effectively in different regions with different temperature and
climatic conditions. The suction level corresponding to good
drainage conditions and low water table of a particular location

js considered in this study. However, a designer may choose a




Tower suction value to represent a poor drainage condition at a
particular location.

The number of wheel load repetitions (to serve a design
period) for highway and railway traffic are considered
separately in the calculations, and therefore, this design
system can handle any combination of high and 1ight volumes in
railway and highway traffic.

The computer program, developed in this design system,
requires approximately 128 k memory core and a short computation
time for a typical grade crossing design. This program can also
be used:

1) to find the most effective ballast depth in different

climatic and soil conditions

2) to predict the performance of presently available

commercial crossing materials.
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CHAPTER I
INTRODUCTION

Highway-railroad grade crossings are the subject of continuing
concern for both highway and railroad organizations because of
maintenance problems caused by load-associated roughness. Steady
increases in highway traffic é]ong with their increasing load and
speed have made these problems still worse. The Texas State
Department of Highways and Public Transportation spends approximately
one-half million dollars yearly for the maintenance of grade crossings.
It is beljeved that knowledge of the behavior of the railroad track
structure under both highway and railway traffic will lead to
improved designs.

The magnitude of dynamic highway loads over the grade crossing
increases with time as the pavement on each side of the crossing
becomes distressed because of repeated loads. Distress such as
pumping and potholes may result in loss of control of the vehicle at
higher crossing speeds. However, it is the relative permanent
deformation between railroad and pavement that determines, to a
large extent, the degree of roughness experienced by passing traffic.
Therefore, material properties such as resilient modulus and permanent
strain of grade crossing materials are very important for design
purposes.

Although rail traffic has declined in recent years, increasing
length of trains, weight of rail cars and locomotives, and speed of
trains have contributed to track structure and crossing failures.
Railroads also are concerned with rideability and operation of trains
at grade crossings.

Present Status

It was found in 1967 that there were 2,442 highway-railroad
grade crossings on the system of highways maintained by the Texas
State Department of Highways and Public Transportation (SDHPT).
Types of surface materials include: timber, bituminous, concrete

1



‘slabs, rubber panels, metal sections, and others. Timber

surfacing panels are installed at approximately 75% of these
crossings. A recent inspection of several of these crossings by
members of the Texas Transportation Institute staff has revealed
that there is a need for major modification in the present design
of highway-railroad grade crossings. It is realized that,
regardless of the type of surface materials, proper design of
track structure, base and subgrade including adequate drainage
determine the performance and 1ife of a grade crossing (24)*.

Up to the present day, the construction and development of
the railroad structure was based on a trial and error approach (29).
However, several attempts were made to analyze the stresses in
track components during the second half of the 19th century.
The majority of these findings were published in the journals such
as: Organ fiir die Fortshritte des Eisenbahnwesens, Proceedings
of the American Society of Civil Engineers and the Institution
of Civil Engineers of London. In the United States, between the
two World Wars, a special committee under ASCE-AREA conducted an
extensive research program on the stresses in railroad track
(38, 39, 40, 41).

The American Railway Engineering Association (Committee 9 -
Highways) has published reports on the merits and economics
of various types of grade crossing surfaces in the AREA
Proceedings. However, none of this literature has provided
information and guidance adequate for the purpose of grade
crossing foundation design. Some consideration has been given
to new and improved prefabricated grade crossings by AREA
Committee 9. In 1948, Owens (33) reported on the design of
railroad crossings. He emphasized the need for right angle
intersections at crossings. An installation of rubber at a
highway-railroad crossing was reported in 1954 (2). Taylor (42)

* Number in parenthesis refer to corresponding
items in the 1ist of references.




discussed in 1955 five different pavement types found at

highway-railroad crossings in Texas. In an installation in

Iowa, Hund (27) described a multiple crossing that consisted of

several types of pavement: concrete, brick and asphalt.
Currently several commercial systems are available for

crossings which claim to provide good rideability. However,

many important characteristics such as: 1) the influence of

crossing profile (roughness characteristics) upon highway vehicle

speeds and dynamic loads at the crossing and its approaches,

2) interaction of individual physical and geometrical characteristics

of grade crossings, 3) stresses and deformation in ballast,

base and subgrade due to both highway and railway loadings, with

their dynamic effects, are not yet well defined.

Objective and Scope

The purpose of this research is to develop an analytical
method of evaluating the performance of highway-railroad grade
crossings that can be used for design. Therefore two specific
objectives of this research are:

1. To establish performance criteria for highway-railroad

grade crossings.

2. To develop a method for predicting the performance of
the crossing with reasonable accuracy for the purpose
of designing its foundation.

In this research the performance of a grade crossing is

measured by the following three performance criteria:

1. Dynamic Load Profile

2. Roughness Index

3. Permanent Differential Deformation.

These criteria are inter-related to each other, i.e. increase
in one will increase the other two. A detailed description of
these criteria is given in Chapter II. Due to the application of
loads on a grade crossing, the railway structure and its
adjacent pavement deform differently producing a differential




deformation between them. This difference in deformation is due
to the difference in their material properties, loading types
and the thickness design of their structures. This differential
deformation will increase under the action of a great many
repetitions of wheel loads, over a number of years until the
failure occurs. It will be demonstrated in Chapter II that the
criterion of differential deformation controls the design system
in this study. However, its critical value for design purposes
is chosen to assure that the critical values of the other two
criteria (dynamic load and roughness index) are met. Dynamic
load and roughness index criteria are related to rideability.

It is clear from the foregoing discussion that emphasis
will be placed on computing permanent deformations in the
layers of the foundation structure. Permanent deformation is a
function of the level of stresses at varying depths produced by

- Load applications

- Number of load applications

- Material properties

- Environmental factors such as temperature and moisture

balance.

Polynomial stress equations derived in this study predict stresses
in highway and railroad foundation materials. Material
characterization in the form of mathematical models for resilient
modulus and permanent deformation of foundation materials are
presented in Chapter II. The influence of environmental
factors such as soil suction and temperature is included in the
characterizations of subgrade materials. A detailed description
of material characterization is given in Chapter III. Although
asphaltic concrete and asphalt treated base course layers are
known to fail in fatigue, this was beyond the scope of this study.

A computer program was developed to calcuate the necessary

parameters for design purposes. Several example problems were
solved and presented in Chapter IV. Conclusions and recommendations
are presented in Chapter V.




Summary

This chapter introduced the necessity for a rational approach
to grade crossing analysis and presented a detailed discussion on
the present status of grade crossing design. Three criteria
for measuring the performance characteristic of a grade crossing
were introduced. Permanent differential deformation was
considered as the main design criterion and other factors which

influence the performance criteria such as stress level, number
of load repetitions and environmental factors were discussed.




CHAPTER I1I

DEVELOPMENT OF DESIGN SYSTEM FOR HIGHWAY-RAILROAD
GRADE CROSSING FOUNDATION

The design procedure for a highway-railroad grade crossing
developed herein is based on rideability, which mainly depends on
the amount of permanent differential deformation between railroad
track and the adjacent highway pavements. The whole design system
can be broadly divided into three phases. The first phase deals
with fixing the required dimensions and geometry of a grade
crossing based on the type and volume of both highway and
railway traffic. This will require the knowledge of typical
dimensions of parts of a grade crossing that are essential for
train movements. The second phase involves selection of
materials for various layers of the foundation, including
subgrade, for the track and pavement structures; and the
influence of special environmental factors such as temperature,
moisture balance, drainage, etc. on the properties of these
materials. The third and final phase is concerned with
establishing design criteria and acceptable Timits to control
the design system.

Typical cross-sections of a grade crossing and a highway
structure are shown in Figure 1 and 2 respectively. The
important dimensions of a typical grade crossing profile are
shown in Figure 3. Typical construction materials for highway
and grade crossing structures and their material characteristics
are discussed in Chapter III.

DESIGN CRITERIA

Three design criteria were considered: 1) dynamic

load profile, 2) roughness index, and 3) permanent
differential deformation between railroad track and adjacent




-0

8-0"or 9-0"

(Planking)
|
Surface Solid Timbers
Erecrs ) o UERIIET ) UL e e
PEpee] > Tie = > S —~1'7_T'-‘—_=_":L
\:;%%O P |r_§0_ = 8"Ballosf‘° _.2_“ Y 40)-—-\’!:'3
6" Pcrf pipe Underdrain
where required T
Cement Stabilized %

(-2"

Base

|
|

FIGURE 1.- TYPICAL CROSS-SECTION OF HIGHWAY-RAILROAD GRADE CROSSING (32)



5<79.3 psi <L2L>| -4 1/4 in.

YYYYYYY YYYyymy

. ]
Modumf of Elasticity 5 H,~ Varies SURFACE
El - Varies From .75 1o 5.25 x10” psi ) . LAYER
3in.to 9in.
v, =0.35
| Y
E,~ Varies From .I5t01.15x 108 psi Hap-Varies BASE
6in. to 14 in, LAYER
v, =0.35
2 Y
A
E;~Varies From 5000 to 25000 psi oo SUBGRADE
Vg =O.‘5

FIGURE 2.- TYPICAL CROSS-SECTION OF HIGHWAY PAVEMENT (21)




%%— Crossing Surface

X

FIGYRE 3.- IDEALIZED HIGHWAY-RAILROAD GRADE CROSSING PROFILE (1)

Note: See actual condition in Figure 8.

TH ¢ ﬁ); TH2 %Tc%z
SMI ;F'J:L‘—:II . ¥ SM2
4 B T AT ¥y T e
f >/>CHI = on CROSS.TIE OHe L~ CHZ) >
AL Bl L EE . . B2 | A2




pavement, each of which is discussed below.

Dynamic Load Profile.- Dynamic load experienced by a vehicle
depends upon the interaction of the roughness characteristics of
the riding surface, the vehicle characteristics and vehicle
speed. The roughness that develops with time and repeated
traffic load is represented as dimensions SM1, SM2, BH1, and
BH2 in Figure 3. These dimensions can be plus, minus, or zero
(i.e. up, down, or flat). A1l of the dimensions shown in that
figure are input data to computer program DYMOL (1), which can
be used to predict dynamic loads on grade crossing profiles as
a function of differential deformation caused by various highway
vehicles and speeds. The dynamic load on the rear axle of a
simulated dump truck travelling 55 mph (88.5 km/hr) is influenced
by SM1, SM2, BH1 and BH2 of a grade crossing profile as shown
in Figure 4. Finney (18) showed that for highway traffic the
dynamic loads above static weight varies from 22 to 35 percent
in a good pavement zone, 35 to 42 percent in an average zone,
and from 42 to 65 percent in a poor zone.

Roughness Index.- This can be defined as the ratio of the
summation of rear axle excursions of a vehicle in inches (as
recorded by Mays Ride Meter) to the distance it travels in
miles (32).

When RI for a crossing is calculated, x is taken as the
effective crossing length. An effective crossing length of 150 feet
was considered in this calculation (32). Mays Ride Meter readings
are a measure of serviceability of pavement surface. A typical
Mays Ride Meter chart for a grade crossing is shown in Figure 5.
Simulation of the Mays Ride Meter reading is incorporated in the
program DYMOL using a simulated passenger vehicle. Figure 6 shows
a correlation between the actual and simulated values for pavement
surfaces with various serviceability indexes for a 1972 Ford
passenger vehicle which was calibrated on the dates shown. The
shift of the curve to the right indicates a change in the

10
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suspension characteristics of the vehicle. The computed
relationship between the Roughness Index and the permanent
differential deformation between railroad track and adjacent
pavements is shown in Figure 7. Parametric values of differential
deformations were input to DYMOL, which generated the values of
roughness index plotted in the figure.

Permanent Differential Deformation.- Repetition of wheel loads
causes permanent differnetial deformation between the railroad
track and adjacent pavement structures. Due to the difference in
wheel loadings, material properties, and the track and pavement
structures, each will deform differently. Figure 8 shows a
photograph of a grade crossing with differential deformation,
note that permanent differential deformation occurs between
the track structure and the adjacent pavement. It should also
be noted that a vertical deformation occurs at the interface
between the track and the approach pavement and that the
deformation increases gradually sloping downward towards the
rail. The surface between the two rails deforms uniformly.

This differential deformation causes roughness on the surface and
consequently highway traffic traversing a grade crossing produces
a dynamic load effect. Figure 9 shows how dynamic load increases
as the differential deformation increases. It may be seen in
this figure that a dynamic Toad decreases with speed. That is a
greater dynamic load is produced at a speed of 30 mph (48.3 km/hr)
than at a higher speed of 55 mph (88.5 km/hr). This is because
dynamic load depends on the frequency response of the vehicle
which typically peaks at 1-2 Hz and again at frequencies

higher than 10-12 Hz. Thus, within a certain range of vehicle
speeds higher dynamic loads are produced with smaller frequency
of excitation (speed/wave length). Lytton et al. (30) observed
maximum dynamic loads on pavement surface with expansive clay
roughness occurs at a vehicle speed of about 20 mph (32.2 km/hr)
to 40 mph (64.4 km/hr). The design limit of this criterion.
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FIGURE 8.- A HIGHWAY-RAILROAD GRADE CROSSING IN HOLLAND, TEXAS WITH ITS TYPICAL
DIFFERENTIAL PERMANENT DEFORMATION BETWEEN RAILROAD AND ADJACENT
PAVEMENT STRUCTURES
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depends on the choice of the maximum allowable dynamic load
experienced by highway traffic over a crossing which will vary
with the rideability requirement of a particular crossing.

It was mentioned earlier in this chapter that for highway
traffic the dynamic loads above static weight varies from
35 to 42 percent in an average pavement zone (18). Corresponding
to this range of dynamic load and assuming a crossing speed of
30 mph (48.3 km/hr) the following 1imiting design criteria
were established:

1. Dynamic Load - from 35% to 42% above static weight

2. Roughness Index - from 420 to 480 in/mile (from
Figure 7)

3. Permanent Differential Deformation - from .55 in., to
.75 in. (from Figure 9).

Development of Polynomial Stress Equations

Stress calculation in the track structure and the adjacent
pavements is an important task in this design sytem,
~ since the permanent differential deformation mainly depends
on the magnitude of stresses at different depths and their
number of repetitions. Stresses at any point, generally,
depend on the geometry of the structure, material properties
and the size of loadings. At present, several computer
programs are available for the purpose of stress calculation
in foundation layers. These programs require long computation
times and large memory core and their repeated use in each
design problem becomes cumbersome and expensive. In order
to have the advantage of being able to calculate stresses at
different depths rapidly, polynomial stress equations were
developed in this study, separately for track and pavement
foundations. These stress equations are of great help to the
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design system, considering their simplicity and small computation
time. The steps followed in developing these polynomial stress
equations are:

1. The variables considered in developing the stress
equations are thicknesses of surface and base layers
and the moduli of surface, base and subgrade materials.
The upper and lower Timits of these variables were
fixed so that a practical design system would be
covered. Table 1 shows the upper and lower Timits of
these variables for which the equations are considered
valid. ‘

2. An experimental design approach was followed to
determine the different combinations of these
variables (7, 23).

3. Typical railroad track and highway structures as
shown in Figures 1 and 2. Their respective wheel
loadings and their equivalent representation for
computer programs were determined in reference (55).

In this study, a single axle 18 kip load for a typical
highway loading, and axle loads and wheel spacing
corresponding to GE-U-50 Tocomotive for a typical
railway loading were used.

4. Computer program BISTRO (layered elastic pavement analysis
program) by the Shell Laboratorium (Koninklijke) was used
to calculate stresses in each of the designed structures.

5. The stresses thus obtained were regressed with the
original independent variables (moduli and thicknesses)
to obtain the polynomial stress equations. A computer
program 'Select Regression' developed by Dubose (12)
was used for this purpose.
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TABLE 1.- UPPER AND LOWER LIMITS OF THE VARIABLES

USED IN POLYNOMIAL STRESS EQUATIONS

Pavement Structure

Track Structure

Upper Limit

Lower Limit

Upper Limit

Lower Limit

H1

Thickness of
surface layer,
inches

9

30

10

H2

Thickness of
base layer,
inches

14

14

El

Modulus of
surface
layer, psi

525000.0

75000.0

300000.0

50000.0

E2

Modulus of
base layer,
psi

115000.0

15000.0

115000.0

15000.0

E3

Modulus of
subgrade,
psi

25000.0

5000.0

25000.0

5000.0

Note:

Ties and ballast are considered to act together as a composite
material in the surface layer of the track structures.

The

dominant modulus in this composite material is that of the

ballast.
35-37.
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The polynomial stress equations for pavement structures are
presented below. The coefficients of determination (Rz) of these
equations vary with depth as shown in Figure 10. Compressive
stresses are considered as positive.

Equation 1, for major principal stress in 2nd layer:

o1=A0+A1h+A2h2 ()
where:
h = depth in inches from the surface
a®™ . c?_.d° b el
A0 = 1.67219 + H1® E1~ E2" (773.523 H2” - 295.904 E3~ )
al_.d° b?
+ H1® E2° (-3.88815 H2~ + 2.11753)
at bl . dl__el ct
A1 = -.254090 + H1"” H2~ E2° E3~ (-112.814 E1~ + ,197376)
al. d? ct
+ H1® E2° (5.68131 E1- - .0206118)
a? b2 .d? c?_.e?
A2 = .00835535 + H1~ H2" E2~ (17.7337 E1~ E3~ - .0117177)

2

a?_.d? c?
H1™ E2° (-.243798 E1 + .000723757)

Equation 2, for deviator stress in 2nd layer:
(o) - 05) = A0 - Alh + A2n? .. (2)

where:
h = depth in inches from the surface
b?_.d° e’ a%..c? c?
A0 = -2.40236 + H2” E2° E3~ (1946.78 H1® E1~ -892.3982 E1l

(1] 0 0 0 0
-28.9221 M1 ) + £1° £29 (-751.672 H1® + 396.368 E3% )

dO aO bO
+ E2V (11.4648 H1® + 12.0964 H2® - 5.38283)

1 1 1 1 1 1
Al = .148485 + H12 H2P £2d (-58.7202 E1C E3® + 26.475 E1°©

1 1 1 1 1
_.0125271 £3% +H2P £29 (-.278655 E1° +.22897 E3® -.0850578)

2 2 2 2 2 2
.00790123 + H2P E1€ E297 (-1.29101 H1® E3® + .39407 W12
dz( b2

A2

2 2 2
+ .504433 E3% ) + E1¢ E2% (-.0685944 H2° - .00379577 @

+ .000558257)

* Values of exponents are shown in Table 2 .
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TABLE 2.- VALUES

OF EXPONENTS

USED IN POLYNOMIAL STRESS EQUATIONS

Equation
No. a’ b® c® | d® | e° al b? ct | d? el a? b2 c? d2 [e?
1 -.706 |-.271 |-.392| .487 |.0076|-1.068}-.728 |-.428|.642 |-.067(-1.45 |-1.22 |-.446|.685 .08
2 -.383 |-.377 |-.327]| .529 [-.012|-.61 |[-.869 [-.369(.733 |-.1 [-.98 |-1.521{-.356{.905 .239
3 -.61 |-.706 |-.254|-.184|.25 |-.799 {-.905 |-.289|-.24 |.34 |-.918 |-1.03 |{-.309|-.272).392
4 -.545 |-.465 |-.222{-.233|.645 [-.666 |-.6 -.255(-.249| .759 |-.738 |-.692 (-.272(-.248).809
5 -.221 |-.057 |-.131|.046 |.094 |-.829 |-.049 |-.129{.039 |.065 |-1.77 |-.075 |-.025|-.013(.025
6 -5.135/-1.83 |1.01 |{.655 |.23
7 .522 |-1.385|.250 [1.155|-.186|-.434 |-1.363|-.156{1.299|-.325|-1.59 |-1.368-.345|1.456-.484
8 -.859 |-.504 |-.285|.65 |-.08 |-1.482|-.847 |.325 |.855 |-.168|-2.152|-1.153|-.357(1.025}.277
9 -.98 {-.433 [-.344{-.028{.151 {-1.367{-.571 —.432 -.048] .232 |
10 -.6 -.145 |-.318/-.106.684 |-.667 |[-.198 |[-.319{-.115|.817 [-.711 |-.26 [-.288|-.11 |.855




From Equations 1 and 2, an equation for minor principal stress in
the 2nd Tayer is calculated as follows:

gy =0y - (01 - 03)

Equation 3, for minor principal stress in subgrade:

oy = AQ - Alh + A2h? R )
where:
h = depth in 1nch§s from the surface o .
A0 = .233285 + H1@ sz £3® (41 011 £16 + 108.767 £2% - 14.6181)
0 0
+ 112 H2P E16° (~24986.4 £29° + 3295.44)
1 1 1 1 1 1
AT = .013372 + H1® W2 (-4421.43 £1€ £29 + 5.32534 E29 E3®
1 1 1 1
-.380767 E3% +366.521 E1€ ) + H1® (.00553385 E3® -.200216)
a2, ,.b%_.e? c?.,d? c?
A2 = .00011311 + HT1® H2 E3® (-2.35541 E1€ E29 + .13664 E1

d2 a2, ,b? d2
+ .107941 E2% - .00546569) + H12 H2° (-2.14616 E2
. 2
+ .110538) - .000540568 H12
Equation 4, for deviator stress in subgrade:
(07 - 03) = AD - Alh + A2h? ... ()
where:
h = depth in 1nch§s from the surface .
AO = .339135 + E1°€ (52 3428 m2 29" - 21.6485 H1® H2P
b0 al . b° d°
+ 57.9236 H2P £2d ) + g3° (.711581 H1? H2P - 2.29282 E2
+ .0807088)
1 1 1 1 1 1
AT = -.0013966 + H1® H2P E3® (7.37200 E1C E29" - .379944 2
1 1 1 1 1
- .436305 E1¢) + H1? E3® (.0178911 H2®' & 0252902 E29)
1 1
+ E3% (.00192404 H2® - .000487605)




2 2 2 2 2
A2 = - .0000109923 + HT® H2P E3®" (.0635893 E1€ E2¢

~.00383969
2 2 2 2 2
E1¢° - 00256485 £29°) + W1 E3® (.000127151 H2P
2 2 2
+.000122254 £29°) + £3% (.00001019 H2® - .00000209092)

From Equations 3 and 4, an equation for the sum of principal
stresses in the subgrade is calculated as follows assuming
that g, = Ogt

(o] to, t 03) = (0] - 03) + 3 0,

The polynomial stress equations for railroad structures are
presented below. The coefficients of determination (R2) for
these equations vary with depth as shown in Figure 11. Compressive
stresses are considered as positive.

Equation 5, for deviator stress in the top layer (ballast
material):

(c] - 03) = A0 + Alh + A2h? . .. (5)

where:

->
1]

depth in inches from ballast surface

0 0 0 0 0 0
A0 = 6.90067 + H1® E1C £29 E3% (53278.1 e - 46431.5) + H12

c® . d° b? a®
E1" E2° (-130145.0 H2” + 113842.0) + 116.334 H1
bl

al_.cl..dl_.e!
Al = - .303037 + H1® E1~ E2° E3~ (-131815.0 H2" + 117753.0)
al cl dl bl al
+ H1® E1- E2° (246473.0 H2™ - 220326.0) - 133.453 H1
a%, .b?.,d2 c? e?
A2 = .0443057 + H1% H2" E2~ (-348002.0 E1~ + 202822.0 E3 )

2 2 2 2
+ 12 H2P (301938.0 E1C - 175891.0 E3%)

Equation 6, for minor principal stress at midpoint of top layer
(ballast material):

o3 = Cl + C2 .. . (6)
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where:

0 0 0 0 0
Cl = .664423 + H12 H2® E1€ £29 (-12.8779 E3% + 77.5752)
a%_.c%_ e? bo d°
+ M2 E1° E3® (7724.05 H2® + .0988775 29 )
0 0 0
c2 = H1% H2P (-31632.5 E1C + 3824180.0 E2% - 1974900000.0)
a®_.¢? d° af
+ H12 E1€ (-.584612 E29 - 256.957) - 46242800.0 H

Equation 7, for minor principal stress in 2nd layer:

03 = -(A0 + Alh + A2h?) .o (7
where:
h = depth in 1nches from ballast surface .
A0 = 1.78920 + H] H2b E2d (-.00536975 E] E3e + .000830849
cf e? b®_,d° c?
El + ,128764 E3 - .0200543) + H2" E2™ (.0243088 E1
0 0 0
E3® - .00372796 E1€ - .580973 E3® + .090371)
bl..d!_,e! al..cl al
Al = -.111305 + H2~ E2~ E3~ (.0774579 H1™ El - .000703219 H1
1 1 1 1
- 0214913 E1¢) + H2P E29 (-.000551022 H1® + .000150856)
a2 d2 e2 b2 CZ b2
A2 = .00714227 + H1” E2" E3~ (.163560 H2™ EY - .00176703 H2

c? a2 .d? e?
- .00626615 E1~ ) + H1” E2° (.0000921984 E3~ +.00000532471

Cz d2
E1" ) - .00000000107315 E2

Equation 8, for deviator stress in 2nd layer:
(0] - 03) = A0 + Alh + A2h? .. . (8)

where:
h = depth in 1nch§s from ba11ast surface

[}
A0 = 5.23725 + m1® 29 38" (516.472 H2P E1C - 137.697 E1C
0
_ 13.0602 H2®' + 4.41353) - .00706606 £29
1 1 1 1 1 1
Al = -.389912 + 1% E29 E38 (.0592021 H2P E16" - 3.75471 WP

1 1
.0067074 E1¢ + .343391) + .0000497097 E2d
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2 2 2 2 2 2
A2 = -.00379223 + 1% £29 E3® (17.8758 H2P E1CT - .14552 H2P

c? a?
- .88369 E1° + .0108234) + 5.27254 H1
From Equations 7 and 8, an equation for the sum of principal
stresses in the 2nd layer is calculated as follows assuming
that Gy = Ogi
(o0, + 0, + 03) = (0] - 03) + 3 g4

1 2

Equation 9, for minor principal stress in subgrade:

gq = A0 + Alh .. (9)
where:

h = depth in 1nches from ba]]ast surface .

AO = .229435 + H12 E1 E2d (-331576.0 H2b + 29371.8 E3® ) +
0
Hla F1¢ (245758. H2b - 21436.1 E3e ) - 7.97399 H1@

at_.ct_,d! bl el
Al = - .00315258 + H1® E1~ E2° (37214.9 H2" - 1118.31 E3" )

bl

al_.ct el al
+ H1® E1~ (-22232.2 H2 + 651.612 E3~ ) + .342981 HI

Equation 10, for deviator stress in subgrade:

(07 - 93) = A0 + Alh + A2KW’ . .. (10)
where:
h = depth in 1nches from ba11ast surface . .
AO = -.135338 + H1® H2P'E3S  (134.081 E1€ E2Y - 45.5381 E1°
0
- 2.71228 £29° + 1.00033) + E3° (.85696 E1¢ - .0195183)
al .bl__e! cl_.d! ¢l
Al = .00375682 + H1® H2® E3® (-1.46644 E1° E2° + .437029 E1
1 1 1
+ 0301024 £29 - .00963337) + E3% (-.00412002 E1°€
+ .0000975604)
a2, .b%..e? c?_.d?
A2 = - .000019561 + H1¥ H2° E3® (.00566798 E1° E2° - .00160626

d2

2 2
E1¢ - .000170594 E2° + .0000518243) - .0000000489157 E3®
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From Equations 9 and 10, an equation for the sum of principal
stresses in the subgrade is calculated as follows assuming

(c] t o, + 03) = (cr.l - 03) +3 g4

Influence of Dynamic Effect on Stresses

Irregularities in the riding surface interact with vehicle
characteristics and vehicle speeds to induce dynamic effects in
vehicle Toadings which may increase or decrease their static
weight at a particular location. For highway traffic a grade
crossing is a source of surface irregularities because of
geometrics and construction complexities. It has been
observed that dynamic lToads are produced by train movements at
a higher speed (41), even though the rail surface is essentially
smooth under train wheel loads. Therefore, it is important to
include the dynamic effect for both highway and railway traffic
in the stress calculations.

Highway Traffic.- It was stated earlier in this chapter that
for highway traffic the dynamic load above static weight varies
from 35 to 42 percent in an average pavement. This range was
considered as the 1Timiting value in this design. A newly
constructed grade crossing surface provides a smoother riding
surface, and hence, lower dynamic effects. The limiting value
of the dynamic load will be reached with time and number of
load applications. Therefore, an average increase of 20% above
static stresses due to the dynamic effect on the pavements adjacent
to the grade crossing was used in this design. Also, as illustrated
in Figure 4, it was found that the increase in the dyanmic Toad
over a grade crossing was approximately half of that on the
adjacent pavement surface. Therefore, a 10% increase of static
stresses due to the dynamic effect of highway loads on the grade
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crossing surface was incorporated in this design.

Railway Traffic.- Slight imperfection in the rail surface
or wheel roundness and lateral movement of the train, etc. create
dynamic loads which increase with train speed. Centrifugal forces,
superelevation, turning forces, etc. increase the dynamic effect
on curves. Talbot, et al. (41) measured rail stresses for various
locomotives and trains at varying speeds. The ratios of stresses
at several speeds with respect to stress at 5 mph are shown in
Figure 12. The effect of curvature is apparent. A 15 percent
increase in rail stress (straight track, 60 mph) was selected
from the figure to account for dynamic effects. This value was
used in design computations.

Design Technique

The stress equations presented in this chapter and the
material characterization described in the following chapter
involve many terms, therefore, a computer program was written
to calculate the stresses at different depths of railroad track
and adjacent pavement structures. Permanent deformations in each
structure are calculated as a function of these stresses, the
deformation characteristics of the materials, and the number of
repetitions of wheel loads applied in a design period are
calculated. The difference in these deformations (permanent
differential deformation) serves as the design criterion. If

this difference in deformations exceeds the permissible

maximum 1imit (established earlier considering rideability
need), layer thicknesses and their material properties are
revised and the whole analysis is repeated to estimate the
new values of the differential deformation. This is again
compared with the maximum permissible 1imit. This process
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continues until a suitable design is obtained. Figure 13 shows
the flow chart of the design system.

Summary

This chapter contained a detailed description of the design
system for highway-railroad grade crossings developed in this
study. Three design criteria were considered: 1) dynamic load
profile, 2) roughness index and 3) permanent differential
deformation. Critical values of these design criteria were
presented, and development of polynomial stress equations was
described. The dynamic effect on stress calculations is included
and finally the design technique is presented including a flow
chart of the total design system.
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CHAPTER III
MATERIAL CHARACTERIZATION FOR DESIGN APPLICATION

The analysis and design procedures for pavements as well as
for grade crossings are fundamentally based on the determination
of primary response variables such as stresses, strains and
deflections at different locations in these structures. These
variables are determined through the formulation and solution
of boundary value problems. In formulating the governing
differential equation, properties of the various materials which
comprise the structure are considered in the form of constitutive
equations. Generally these constitutive equations describe the
stress-strain relationship of the materials. In a complete
design system, however, determination of primary response
variables is not sufficient in itself, it is also necessary to
establish Timiting (failure) criteria in terms of these variables
for the loading and environmental conditions. In this study,
excessive permanent deformation due to repetition of loads
control the failure criterion as was discussed in the previous
chapter. In this chapter, material characterization will mean
both the selection of the constitutive properties and failure
criteria for a material. The material characterizations that
are used in this design procedure are discussed in the rest of
this chapter.

Surface Layer Materials

A surface layer in a pavement or in arailroad structure is
used mainly to 1) withstand the displacement and abrasive forces
associated with contact wheel loads, 2) deliver wheel loads over
an area 1arger than the contact area, thereby decreasing the
intensity of stress in the base course and subgrade, 3) withstand
deformations caused by wheel loads and temperature changes
without developing serious cracks and 4) withstand fatigue stresses
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caused by wheel load repetitions. In a typical railroad track
ties and ballast are combined to form a surface layer which rests
under the rails. In a flexible pavement system asphalt concrete
is used as the surface layer. The detailed description of ties,
ballast and asphalt concrete layers and their material
characteristics are given below.

Ties.- Ties perform two main functions in a railroad track:

1) hold two lines of rails transversely to correct gage and

2) transmit the train load to the ballast material with a
diminishing stress intensity. Different kinds of ties such as
timber, concrete, steel, etc. are used in this country; among
them timber ties are used more frequently. Typical dimensions
of timber ties are 9 in. x 7 in. in cross-section and 8% to 9 ft. in
Tength. These are usually placed at 19 in. - 22 in. apart from
center to center.

In early analyses, it was assumed that the pressure
distribution due to train loads is uniform across the length and
width of the tie. However, experiments conducted first by
Cuenot in France and more recently by Talbot (39) in this country
proved this assumption to be erroneous. Actually, a Toaded tie
in a freshly tamped ballast material behaves 1ike a beam with the
supporting reactions concentrated under the points of application
of loads (the points under the rails) with a portion overhanging
the support on both sides. Figure 14 shows the composite
depression curves as developed by Talbot from his tests of tie
pressure in freshly tamped high-grade ballast. From this
figure it can be seen that the maximum downward deflection of the
tie occurs right below the outer edge of the rails which indicates
that the concentration of pressure distribution is also developed
in the same region. Pressure intensity along the length of the tie
decreases as the distance from the rail increases and becomes a
minimum at the midpoint and at both the ends. However, in this
study, it was assumed that the total wheel load is transmitted by the
tie on to the ballast through an area directly under the rail and the
dimension of the area is equal to that of a tie plate.
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The modulus of elasticity of timber ties is generally very
high (1,500,000 to 2,000,000 psi) compared to those of the
other layers such as ballast, base course and subgrade. It is
believed that the deformation within the tie jtself is very
small compared to that of other layers and hence it was not
accounted for in this study. Therefore no material characterization
of ties is considered here.

Ballast.- In a railroad track ballast is used to perform the
following main functions:

1) transfers the applied load from the ties and uniformly

distributes the load over the road bed

2) anchors the track both laterally and longitudinally

3) provides immediate drainage in the track structure

4) reduces the frost heaving of the track

5) facilitates the maintenance operations

6) retards the growth of vegetation in the track

7) provides some degree of resilience which absorbs

some of the shock from dynamic impact.

A variety of ballast materials are available, among the
most commonly used ones are crushed stone (1imestone or granite),
crushed slag, prepared gravel, pit run gravel, cinders, etc.

The sizes of the ballast material generally depend on the

types of loading that a track carries. Larger sizes up to 3 in.
of fer more resistance against crushing and hold the line and
surface better. Large size ballast materials are used in heavily
loaded freight lines. However, the flatter edges and angles on
large particles do not grip the ties as well as smaller sizes.
With large size ballast, it is also difficult to 1ift the rail

by a small amount for surfacing work. Considering all these,

the most preferred sizes of ballast materials seem to range

from 3/4 in. to 1% in. This allows a small 1ift and gives a more
finished 1ine and surface.

No adequate research to characterize ballast material has
been conducted up to the present time. However, most recently
Gaskin et al. published some work on the selection of railroad
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ballast (19). In arriving at their conclusions they performed a
Timited number of repetitive load tests in an attempt to
characterize the material. However, more work is needed in this
area to develop a representative mathematical model. Hargis (22)
studied the strain characteristics of Timestone gravel, typically
used as base course material in Texas. Since this material falls
quite close to the ballast material, it was decided to use this
as the representative sample for ballast and its characteristic
properties were used in this study.

Hargis (22) tested several limestone gravel specimens and
obtained data to calculate the modulus of elasticity of the
material. He plotted modulus values versus confining stresses
on a linear scale. He found that the modulus of limestone gravel
increases with the increase of confining stress. . It was also
observed from his data that the modulus value generally
increases with the increase in the number of load repetitions and
the magnitude of such load. He fitted the data on each plot with
the best-fit straight line. A typical plot relating modulus of
elasticity with the confining stress for limestone gravel is
shown in Figure 15. In this study the constitutive relation for
ballast material is considered as linearly elastic, i.e., modulus
value is independent of stress. The magnitude of modulus of
elasticity varies from 50,000 psi to 300,000 psi depending upon
the condition and degree of compaction of the ballast layer.

Again from the repetitive load test data, Hargis developed a
regression model to predict the permanent deformation in the
material caused by an arbitrary stress level and number of
repetition of such stresses. The regression model is shown below:

1og]oep= -1.8688 + 0.1666 log N + 2.4048 R

where
eP= permanent deformation, in percent
(01-0,)
R= 13
(07-03)¢
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(01-03) = applied deviator stress
(01-03)f= deviator stress at failure

N = number of load repetitions.
Figure 16 shows a comparison between predicted and measured
permanent strain in limestone gravel. Figure 17 shows a
relationship between deviator stress at failure and the
confining stress.

Asphalt Concrete.- This is a mixture of mineral aggregates and
asphalt used for surface layer in a flexible pavement. The
aggregate is generally crushed stone, crushed slag or crushed
gravel with sand and filler added.

The modulus of asphalt concrete is temperature dependent.

A typical plot of temperature versus modulus of asphalt concrete
is shown in Figure 18. It is important to use the modulus value
which corresponds with the actual temperature, since a variation
in modulus will greatly influence the level of stresses in the
structure. The permanent deformation in the asphalt concrete
layer of the adjacent pavement is believed to be very small
compared to that in other layers and therefore this is not
included in the design procedure. A typical failure in an asphalt
concrete layer is caused by fatigue. However, only permanent
deformation due to repetition of Toad is considered in this study
as the design criterion.

Base Course Materials

In pavements as well as in railroad tracks granular materials
(treated or untreated) are most commonly used in the base course
layer. Various kinds of such materials are in use at present
and they vary widely in their aggregate types, gradation and
in their constitutive representations. Comprehensive studies
on these materials were conducted by Smith et al. (37), Hicks (26).,
Barksdale (4 ) and many others. Typical granular (treated and
untreated) materials are discussed below.
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Untreated Granular Base Course Material.- In order to
examine whether untreated granular material should be characterized
by elastic or viscoelastic theory, Hicks (26) studied the time
dependency of these materials. He imposed stresses on these
materials over a variety of times of duration and found no
significant influence on their resilient modulus values and
Poisson's ratios. Creep test results on untreated granular base
and subbase materials used at the AASHO Road Test reported by
Coffman et al. (8) showed no indication of time dependency in
their characteristic properties. A1l the above studies clearly
indicate that constitutive representations of granular base
course (untreated) materials can be adequately expressed by
elastic theory. These studies also indicate that the resilient
modulus of these materials are stress dependent, especially on
confining stress. Dunlap (16), Mitry (31), Seed et al. (36) and
Barksdale ( 4) reported significant increases in resilient
modulus in granular materials with an increase in confining stress.
This nonlinear relationship between confining stress and resilient
modulus is commonly represented in the following form:

Mo =K o3

where

MR

04 confining stress

= resilient modulus

K and n = regression constants.

Figure 19 shows the variation of K and n for different granular
materials with their relative densities (26). Others related the
resilient modulus to the sum of principal stresses 6={(0;+0,t03)
as follows

Mg = K g

where K' and n' = regression constants.

Figures 20 and 21 show the 1influence of confining stress
and sum of principal stresses respectively on the resilient
modulus for a typical untreated granular material. Values of
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regression constants are also shown in these figures.

Stress analyses in typical pavement systems show that small
tensile confining stresses can be developed in the base course
layer. It is believed that the behavior of untreated granular
base course material with tensile confining stresses will be
different from that with compressive confining stresses, although
no test results are available at the present time. Heukelom
and Klomp (25) suggested that the action of tensile confining
stress causes local decompaction of the granular base which
results in a reduction of modulus. They also stated that due to
granular interlock and frictional resistance induced by the
vertical compressive stress, granular materials can sustain a
small tensile stress without failing. However, a reduction in
modulus value in the zone where a tensile confining stress is
present can be accounted for by assigning a low value for that
region corresponding to an unconfined condition. Hicks (26)
found that an untreated granuiar material in an unconfined
condition can have a vertical modulus of elasticity of 5000 psi
or more. In this study, 5000 psi was considered as the Towest
modulus value for a base course material when subjected to a
small tensile stress.

Deformations of granular base course materials under one
application of load representative of in-service stress
conditions are completely recoverable. However, a large number
of such load applications causes permanent deformation in the
material. In this study, such permanent deformation constitutes
the design criterion. Besides the magnitude of stresses and the
number of load applications, permanent deformation in granular
material is also influenced by the degree of saturation.
Permanent deformation increases with an increase in degree of
saturation, which indicates the importance of proper drainage
in the structure. Barksdale (4 ) studied the permanent
deformation on several untreated granular materials. He plotted
the permanent axial strain for 100,000 load repetition as a
function of deviator stress for a series of confining stresses.
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From these results he found that a hyperbolic stress-strain
representation, analogous to that used by Duncan and Chang (14)
to describe static triaxial tests, can be used to fit the

cycled stress versus permanent strain data. The hyperbolic
equation can be written as follows:

P = 2 —
: 91-93) - Re
1 - 2(C-Cos¢+03 Sin ¢)
(1 - Sin ¢)
where
eg = permanent axial strain (after a particular number of
load applications)
(01-03) = deviator stress
K o, = initial tangent modulus as a function of confining stress

n
3 (K and n are constants)
C = cohesion
¢

= angle of internal friction
R, = ratio of compressive strength to an asymptotic stress
(07-03)¢
(01-03) 1t
materials the value of Rf generally lies between .75 to 1.00.

Assuming that failure in the material will occur with no change in
the value of o3, the relationship between compressive strength

difference ; for granular base course

and confining stress may be expressed in terms of the Mohr-Coulomb
failure criterion as:
2 CCos o +2a,Sind
(01-04) ¢ = =
1 73'f 1T -Sin ¢
Now the above hyperbolic stress strain equation can be rewritten
as:

(G] ‘03)
(01 '03)
(07-03) 1t

E.i (]-
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where n

E; =K P (as defined earlier)

(01'03)u1t = ultimate value of deviator stress.
Figures 22 and 23 show how to obtain the values of E, and
(61'03)u1t from the stress-strain relationship.

In the design procedure, it is required to obtain the
magnitude of permanent deformation corresponding to a very large
number of load applications that will occur in a design period.

It is very difficult and time consuming to generate stress-strain
curves for such a large number of load applications. Therefore
the author developed an equation, from the data produced by
Barksdale (4 ), to predict the growth of such deformation for a
large number of load applications from known data corresponding

to a lower number of load applications. The permanent

deformation accumulates approximately logarithmically with the
number of load applications and the rate of accumulation of such
deformation is increased by an increase in magnitude of deviator
stress. Figure 24 shows the influence of the number of Toad
applications and the magnitude of deviator stress on the permanent
deformation. The equation which predicts the permanent deformation
at a desired large number of load applications is shown below:

p _ P .
end = Enk t {1og1o(ND) - 1og1o(NK)} (SLOPE)
where
EED = permanent strain at a desired large number of load
application, percent
ESK = permanent strain at a known number of load application
ND = desired large number of load application at which eﬁD
is required
" NK = number of load application which produces el .
-3 1.2623 A
SLOPE = 1.3507 x 10 (01-03) ) for O <(o]-c3)<30 psi

2.0191

and SLOPE = 1.0543 x 1074 (

01-03) for (0]-03)>30 psi.

Asphalt-Treated Granular Base Course Material (ATB).- Asphalt-
treated granular base course materials are most commonly used as
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flexible pavement base. There is a very limited amount of
published information available regarding the constitutive
properties of ATB materials. Smith et al. (37) found that the
constitutive properties of ATB materials are dependent on both
temperature and time (duration of load). This dependency requires
the use of viscoelastic theory to represent the constitutive
properties of these materials. However, elastic constitutive
representations for these materials may be used and temperature
and time (duration of load) effects can be accounted for through
the selection of appropriate constitutive values. The elastic
material properties must first be defined over the range of
temperatures and load durations of interest and then the values
of such parameters must be selected for applicable temperature
and load duration. Figure 25 shows the influence of temperature
on modulus values of a typical ATB material for a load duration
of 0.1 sec. (typical in-service load duration).

As with asphalt concrete, ATB materials generally fail in
fatigue. However, a thick lTayer of ATB material will also
accumulate some amount of permanent deformation due to the
repetition of loads. It is believed that these materials will
have very small permanent deformation compared to that in
untreated granular base course materials due to their higher
modulus value and compressive strength. Due to asphalt treatment,
granular base course materials develop a cohesive force which
prevents any sharp rupture or a sudden change under ordinary
conditions of loading. However, Goetz (20) found that with an
increase in asphalt content, the angle of internal friction
decreased sharply and at an almost constant rate; and the
cohesive value increased until a maximum value was reached
at about 4% asphalt and then decreased as the asphalt content
increased. Figure 26 shows the variation of internal friction
angle and cohesion due to increase in asphalt content in an
ATB material. At the present time no mathematical model for
predicting the permanent deformation characteristics of asphalt
treated material is available. In such a situation it was
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assumed that the same deformation law as was used for untreated
base course material can also be used for ATB materials. The
deformation equation was presented earlier in this chapter and is
again shown below:

(0y-03)

(0]'53)

€p=
a

R T
A11 the above terms were defined earlier. It can be observed in the
above equation that due to an increase in compressive strength and
modulus value in an ATB material, the permanent deformation eg
will be very small compared to that in untreated base course

material.

Subgrade Materials

In any pavement design system, the properties of subgrade
materials are very important factors. The capacity of subgrade
support influences the structural design of pavements and
other structures. Usually subgrade materials are composed of
fine-grained sand and silt and clay fractions with high
plasticity index. The strength and performance of subgrade
materials are greatly influenced by environmental factors such
as temperature, moisture balance, drainage, etc. Edris (17)
conducted a comprehensive study on subgrade materials from
different climatic zones in Texas. These were composed of
different clay contents ranging from 20% to 70%. He developed
regression equations for resilient modulus and permanent
deformation for these materials with their temperature correction
factors. In these equations two factors, number of load
applications and soil suction, were most important. Other
factors which enter these equations are degree of saturation,
volumetric moisture content, volumetric soil content, deviator
stress, confining stress and mean principal stress. It was
decided to use these equations for the design purpose of this
study. The equations of resilient modulus and permanent
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deformation corresponding to clay contents of 20%, 39% and 70%
are presented below. Their values corresponding to any
intermediate clay content are calculated by quadratic interpolation
of these results.

Resilient Modulus.-

Soil with 20% clay content

h

= -1827.72 + 171705. 0[(hf)° -20,,0.081

My 101 + 0.6566(1-n) %

(1-4.4849 (0, -0,)” =016y | 64.6522(5)70-2%11-1.6108
(0]-03f'0‘16- 0.001155(om)°'063}-14.8816(n5)‘°'3°

)-0.16}

{1-1.5899(c ]

17%
Soil with 39% clay content

(hf)O 20,0.145

'I

)3 .3

M, = 7980.89 + 2981.64[ 101 + 64.397(1-n

R

=3(5)2-%¢1-3.7228

-2.25

{1-4.2008(01-03)'0'60} - 2.002 x 10

(01-03)'0'50 - o.1639(om)‘°'23}-0.1974(n$)

{1-4.2766(0,-05) -0.604,

Soil with 70% clay content

= -4791.99 - 27272. 4[(hf)0 20,0.084, 11 _ 45.0169(1-n)3-6

R

{1-3.733(01-03)'0'50} +1.706 x 10°7(5)3-6{1-5.0763

-0.60 -3.3
(G" '63)

- .1288(0_ 170-27340.05999(ns)

{1-5.8416(01-03) -0. 60

where: MR = resilient modulus, psi

hi = initial suction, psi
hf = final suction, psi
(1-n) = volumetric soil content, decimal form

nS = volumetric moisture content, decimal form
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S = saturation, %
(01-03) = deviator stress, psi
0, = mean stress, psi.

Permanent Strain.-
Soil with 20% clay content

)0 .65 0 395 -15

eP = 0.04076 - 1. 26791 (- 101-1.2067 x 10

10.4

5.35
L 1

)5.10)(1-n

(3]
(nS

Soil with 39% clay content
h

eP = 0.01519 - 0.000254 NO-63(1-24. 62205(h £,0.50, U h _1 -3
f og he
1.58,1,0.54 1 .0.60
-0.01297(0-05) (H;J }+ 61,1811 (1)
m
~0.52205(0,-a,) - 28(1)0-54,
1793 e
Soil with 70% clay content
he 0.61 , 1
P = -0.000186 - 0.000443 NO-*°[1-63. 0264(;%) (=)
f o3 he
0.24,1,0.24 1 ,0.40
-0.09398(0-04) 2 24 (1) + 123.8399 (=)

-t

m f

0.24(1,0.24

-5.9323(01-03 hf

]

where: eP = permanent strain, in percent
ht = test suction, psi
Oy = confining stress, psi.

The other terms are defined earlier.

Prediction of Temperature Correction Factors.- To determine
the influence of temperature on resilient modulus and permanent
strain, factors other than temperature such as number of load
cycles, deviator stress and soil suction were also considered.

A reference state: 72°F (22.2°C) temperature, 10000 load
cycles, 13.7 psi (94.5 kN/mz) deviator stress and soil suction
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corresponding to moisture content 2% dry of optimum moisture
content was used to determine the ratios of the above factors.
These ratios were used to determine the temperature correction
factors for resilient modulus and permanent strain. For a
climatic region where the subgrade experiences a temperature
other than 72°F (22.2°C), these factors are calculated. The
actual values of resilient modulus and permanent deformation of
a subgrade at a particular temperature can be obtained by
multiplying their predicted values at 72°F (22.2°C) with their
corresponding temperature correction factor.

The equation developed for the temperature correction factor
for the resilient modulus is:

] D \b,. (hyc,. (T.dy . (hyc,D b
g = ao‘a1(DO) +a2(h0) +a3(T0) d a4(h0) (DO)
N ve.s . (hyc.. hc,D b _ Db
+a, (7o) [1-a, (7)) “+ag (7) () -a5(5-) 13
5 NO 6 ho 8 h0 DO 7 D0
where: (%—) = deviator stress ratio
0
(%a) = s0il1 suction ratio
(%—J = temperature ratio
0
(%6- = number of load cycle ratio
b =-1.7013 + 6.2014 (PL)
c = 0.0271 - 0.2873 log (clay)
d = 0.0697 - 0.9846 (clay)
e = 0.0582 - 0.00226 (1/clay)
ag = -125.574(SL) - 2764.13(PL) + 21234.1 (SL X PL)
a, = -465.052(SL) - 2890.01(PL) + 23642.5 (SL X PL)
a, = -37.6644 + 279.813 (SL + pL)2
a3 = -15.0184 + 13786.434 (SL X PL)2
a, = 0.8088 + 0.3006 (clay)

ag = 30.8763 - 306.7167 (LL)2
ag = 7.5058(SL) - 6.0135(PL) + 41.1548 (SL X PL)
a, = 3.6476(PL) + 2.0336(LL) - 7.3402 (PL X LL)
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ag = 4.370(SL) - 6.1516(PL) + 53.4137 (SL X PL)
clay = clay fraction of soil in decimal form

LL = Tliquid Timit

PL = plastic limit

SL = shrinkage Timit

However , temperature correction for resilient modulus was not included
in this study since this was found to be insignificant in the total
design.

The equation to determine the temperature correction factor
for permanent strain is:

fop = 2ty (1) 4oy () () *01-a5 () 42 () ()
D \b
a5(DO) }
where:
b = 0.6761 - 0.2384 (1/clay)
c = -1.7043 + 1.9130 (200 sieve)
d = 2.3620 - 0.4128 (1/clay)
e = 0.3716 + 0.1700 (clay)
g = -114.111 + 159.212 (200 sieve)
ay = 119.823 - 166.053 (200 sieve)
a, = -81.345 - 41.866 (1/10og clay)
ag = 0.7882 + 1.4700 (SL)
a, = -0.0663 + 1.5214 (200 sieve)
ag = -0.2791 + 1.7426 (200 sieve)

200 sieve = the amount of soil that passed the #200 sieve in decimal form.

Summary

This chapter summarizes the material characteristics such as the
constitutive relations and deformation characteristics of different
materials that were used in this study. Typical materials for surface
layer, base course and subgrade were discussed in detail.

Although the resilient moduli of asphalt' concrete and
treated base course material are basically time and temperature
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dependent, it is suggested here that a proper selection of
elastic parameters corresponding to the actual temperature and
load duration can be used in the analysis and design purposes.
Nonlinearity in the constitutive relations was shown in
ballast material, untreated base course material and subgrade
material. The influence of temperature and environmental effects
on constitutive relation and deformation characteristics of
subgrade materials were incorporated. Permanent deformations
in an asphalt concrete layer in a flexible pavement structure
and timber ties in a railroad structure were assumed to be very
small and neglected in this study.
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CHAPTER IV
APPLICATION OF DESIGN TECHNIQUE

Several design examples are presented in this chapter to
i1lustrate the overall design procedure. The first step of the
design procedure is to determine the amount of traffic that is
to be served by the grade crossing. The railroad track in a
grade crossing must serve both the railway and highway wheel
loadings, whereas, the adjacent highway pavement is required
to serve only the highway wheel loading. The standard highway
and railway wheel loadings which were used in this design, are
described by Ahmad (55). The second step involves fixing the
layer thicknesses of each structure (railroad track and adjacent
pavement). The third step is the selection of materials for each
layer. Material selection involves careful consideration of its
characteristics and particularly for this case, resilient modulus
and permanent deformation characteristics. The characterization
of these material properties are equations which include the
influence of environmental factors such as temperature and suction
levels of subgrade material. As a fourth step, temperature,
suction and clay content information is input into the computer
program developed in this study, to calculate the differential
deformation between the railroad track and the adjacent pavement
structure. While developing the computer program limits were
placed on the values of some of the variables in order to make
sure that all calculated results stay within a reasonable range
of values. These limits are documented in the program in
Appendix C with comment statements. '

Selection of Environmental Data
The temperature influences the behavior of surface layer,

base course and subgrade materials. Proper selection of
modulus values for surface layer and base course materials is very
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important for the purpose of analysis and design. These modulus
values can be selected from Figures 18 and 25 in Chapter III. As
shown earlier in Chapter III,Edris (17) developed equations to
include the influence of suction and temperature on subgrade
materials. Barber (3) showed how to calculate the pavement
temperature from weather reports. When temperature influence

is not considered the input data for temperature is 72°F.

Besides temperature, three levels of suction values such as

initial suction hi’ test suction ht’ and final suction hf
corresponding to subgrade materials with 20%, 39% and 70% clay
content are required as input in the program. These values

will be different for different climatic zones. The procedure
explained below gives details of how each of these values of
suction are determined.

Russam (35) developed the relationship between Thornthwaite

moisture index, which is a function of climatic conditions,

and equilibrium (initial) suction level for different types of
subgrade materials as shown in Figure 27. This relationship is
not valid in areas where there is a high water table. Carpenter (6)
used Russam's curves and calculated the initial suction level in
different climatic zones of Texas considering the subgrade to

be composedvof heavy clay and considering no influence of the
water table on suction level. His calculated values of initial
suction and the corresponding Thornthwaite moisture index are
presented on the map of Texas in Figure 28. Figure 29 shows the
relationship between the clay content and the ratio of suction
at any desired clay content to that at 70% clay content. Using
this figure and Carpenter's calculated values of initial suction
for heavy clay (assumed to be composed of 70% clay content) in
different climatic zones, corresponding suction values at 20%
and 39% clay content can be obtained. Figure 30 shows the
‘relationship between the ratio of final suction hf to initial
suction hi and clay content. Figure 31 shows the relationship
between the ratio of test suction ht to final suction hf and
number of load cycles. Using these three figures, final and
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test suctions corresponding to each initial suction can be
obtained as follows:
h0 - initial suction of heavy clay (70% clay content) from
Figure 28
h. - initial suction of any soil
Figure 29 gives the suction ratio, Yq
i =
hf - Final suction of any soil

Initial suction, h o
Figure 29 gives the suction ratio, Y
Figure 30 gives the final-to-initial suction ratio, Yo

Final suction = hf = Yzh = Y]Yzh

h, - Test suction of any soﬂ1 °
Figure 29 gives the suction ratio, Y1
Figure 30 gives the final-to-initial suction ratio, Yo
Figure 3] gives the test-to-final suction ratio, Y3

Test suction = h, = Y3hf = y2Y3h = Y1y2Y3h

i 0
In the computer program, it was assumed that the ratio of
test suction tofinal suction would remain nearly the same after
40,000 load cycles. The value of hO is read in as input data
and other values of hi’ hf and ht are internally computed in
the program.

The following example problems will illustrate the design

process using the computer program developed in this study.

Example Problem No. 1.

Input Information:
It is assumed that the average temperatures in top layer,

base course and subgrade are 90°F, 85°F and 72°F respectively.
The Tocation of the grade crossing lies in a climatic zone
having a Thornthwaite moisture index of -10. The number of
repetition of wheel loads (required to serve a design period)
is considered to be 1,000,000 for both highway and railway
traffic. The base course under both highway and railroad are
asphalt treated.
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Railroad Track:
i) Top layer (Ballast)

Thickness 18 inches

Resilient Modulus (Not temperature

dependent) (Fig. 15) 50,000 psi
ji) 2nd Layer (Base Course)

Thickness 12 inches

Resilient Modulus (Asphalt treated),

85°F (Fig. 25) 120,000 psi

C, cohesion (Fig. 26) 25 psi

¢, angle of internal friction,
(Fig. 26) 45
iii) Subgrade

0

The nonlinear equations developed for resilient
modulus and deformation characteristics of
subgrade material require the following informa-

tion (17):
Initial Guess of Resilient
Modulus 15,000 psi
Actual Clay Content 30%
Suction Level for 70% Clay
Content (Fig. 28) 57.00 psi

Highway Pavement Structure:
i) Top Layer (Asphalt Concrete)

Thickness 4 1inches
Resilient Modulus, 90°F,
(Fig. 18) 350,000 psi

i1)  2nd Layer (Base Course)

Same as used in railroad track structure
iii) Subgrade ‘

Same as used in railroad track structure.

Deformations in each layer in the railroad track and highway

pavement including the differential deformation as calculated in

this example are shown in Table 3. It should be noted that the

railroad track deformed more than the highway pavement. Major
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TABLE 3.- DEFORMATIONS CALCULATED IN EXAMPLE PROBLEM NO. 1

Deformations (inch)

Differential

Total

Type of Type of | No. of Load | Top 2nd Deformations | Deformation
Structure | Loading | Application | Layer | Layer | Subgrade (inch) (inch)
Highway Highway
Pavement Traffic 1,000,000 0.015 0.176 0.191
Railroad Railway
Track Traffic 1,000,000 0.979 | 0.025 0.212 1.216
Railroad Highway

Traffic 1,000,000 0.272 | 0.007 0.090 0.368 1.393

Track




portions of these deformations were in ballast and subgrade
materials as expected. The differential deformation is 1.393 inch
which is an unacceptable (Fig. 9) amount according to the
criterion of differential deformation established in Chapter II.

Example Problem No. 2

The input information is identical to Example Problem No. 1
except in this problem unstabilized bases were used in both
railroad track and highway pavement structures. The following
are the input information for unstabilized base:

2nd Layer (Base Course)

Thickness 12 inch
Resilient Modulus, nonlinear and independent
of temperature, expressed in the following equation:

My = 15,000 03'5
where
MR = resilient modulus, psi
04 = confining stress, psi
C, cohesion (Fig. 26) 0
¢, angle of internal friction (Fig. 26) 50°

The calculated deformations in this example are shown in Table 4.
From these calculated results it can be seen that the ballast and
the subgrade under the railroad deformed more than previously and
the hichway pavement, due to higher stresses in the subgrade, also
deformed more than previously. The differential deformation is
increased to 2.015 inch which is still larcer than the acceptable
1imit established in Chapter II.

Example Problem No. 3
From the results of the first two example probiems, it can

be easily seen that an unstabilized base is required in the
highway pavement structure. This allows the highway pavement
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TABLE 4.- DEFORMATIONS CALCULATED IN EXAMPLE PROBLEM NO. 2

Deformations (inch)

Total Differential
Type of Type of | No. of Load | Top 2nd Deformations | Deformation
Structure | Loading | Application | Layer | Layer | Subgrade (inch) (inch)
Highway Highway
Pavement Traffic 1,000,000 0.083 0.370 0.453
Railroad Railway
Track Traffic 1,000,000 1.548 | 0.118 0.218 1.884
Railroad Highway
Track Traffic 1,000,000 .422 | 0.045 0.118 0.584 2.015




to deform uniformly with the railroad track by which the

differential deformation is reduced. It is expected that the use

of a stabilized base in the railroad track along with an unstabilized
base in the highway pavement would reduce the differential
deformation even more and make the design more acceptable.

Therefore, in this example a combination of an unstabilized base

in the highway pavement and a stabilized base in the railroad track
was used. The basic input data are shown in the previous two
examples. Calculated results are shown in Table 5. The differential
deformation is reduced to 1.131 which is closest of all designs yet
considered to being within the acceptable limit (Fig. 9). The design
in this example is accepted as standard for the remaining example
problems in this cahpter, some of thwich will investigate the
influence of changes in eemperature and climatic zones (suction levels).

Example Problem No. 4

The basic input data as used in Example Problem No. 3 are
used in this example except for the change in temperature. It is
assumed that the average temperatures in the top layer, base
course and subgrade are 95°F, 90°F and 80°F respectively. The
change in resilient modulus values due to the temperature
changes are as follows:

Resilient Modulus of Asphalt Concrete,

95°F (Fig. 18) 250,000 psi
Resilient Modulus of Asphalt Treated
Base, 90°F (Fig. 25) 90,000 psi

The calculated deformations are shown in Table 6. Due to the

changes in the resilient modulus values the stresses and

consequently the deformations are changed in each layer. The
deformations are increased in every layer compared to those in

Example Problem No. 3. The differential deformation is also increased
to 2.181 inch, making the design clearly unacceptable. This

example clearly indicates that a design that is nearly acceptable in

a particular temperature zone may be completely unacceptable in
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TABLE 5.~ DEFORMATIONS CALCULATED IN EXAMPLE PROBLEM NO. 3

Deformations (inch) | Total Differential
Type of Type of | No. of Load | Top Z2nd Deformations | Deformation
Structure | Loading | Application | Layer | Layer | Subgrade (inch) (inch)
Highway Highway
Pavement Traffic 1,000,000 0.083 0.370 0.453
Railroad Railway
Track Traffic 1,000,000 0.979 | 0.025 0.212 1.216
Railroad Highway
Track Traffic 1,000,000 0.272 | 0.007 0.090 0.368 1.131
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TABLE 6.- DEFORMATIONS CALCULATED IN EXAMPLE PROBLEM NO. 4

Deformations (inch)

Total Differential
Type of Type of | No. of Load | Top 2nd Deformations | Deformation
Structure| Loading | Application | Layer| Layer | Subgrade (inch) (inch)
Highway Highway
Structure| Traffic 1,000,000 0.080 0.427 0.507
Railroad Railway
Structure | Traffic 1,000,000 1.548 | 0.017 0.229 1.794
Railroad Highway
Structure| Traffic 1,000,000 0.793} 0.005 0.096 0.89%4 2.181




another temperature zone.

The influence of different climatic zones and different
subgrade clay contents on deformations in highway pavement and
railroad track were studied using the design of example 3 as a
standard. Four different climatic zones with Thornthwaite moisture
index of -30, -10, +10, +20 and two subgrades with 30% and 70% clay
contents were used in this study. The calculated deformations are
shown in Table 7. From these results it can be seen that the
deformations in the highway pavement increase with an increase in
Thornthwaite moisture index, i.e., the deformation is larger in a
wetter zone, as would be expected.

A consistent difference in relative displacement is maintained
throughout these example problems. The difference is due to the
deformation of the ballast under railroad and highway loadings, a
total permanent displacement of 1.251 inches. Any improvement in
this difference must come as a result of differential deformation
between the highway and railroad sublayers. If it is assumed that
track resurfacing will be done periodically so that the accumulated
permanent deformation in the ballast will never be more than half of
this value, the performance of the crossings in each location may be
compared as in Table 8.

This table shows that when the crossing is built on silt (% clay =
30%), it will have an unacceptable amount of permanent deformation in
all except the driest climate. On the other hand,.well drained
crossings built on clay (% clay = 70%) will approach an unacceptable
amount of deformation in the wet zones where the Thornthwaite Index
is 10 or above.

The information in Tables 7 and 8 illustrate several important
points about railroad grade crossing design.

e few crossings of the sort considered here can be
expected to perform satisfactorily without a regular
track resurfacing program.
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TABLE 7.- DEFORMATIONS CALCULATED FOR DIFFERENT CLIMATIC
ZONES AND DIFFERENT CLAY CONTENTS USING THE
DESIGN OF EXAMPLE PROBLEM NO. 3

Thornthwaite| Clay Total Highway | Total Railroad | Differential
Moisture Content | Deformation Deformation | Deformation
Index % (inch) (inch) (inch)
-30 30 0.138 1.3437 1.204
-10 30 0.453 1.584 1.131
+10 30 0.515 1.602 1.086
+20 30 0.487 1.586 1.099
-30 70 0.475 1.860 1.385
-10 70 0.437 1.676 1.239
+10 70 0.293 1.429. 1.137
+20 70 0.156 1.327 1.171

TABLE 8.- DEFORMATIONS CALCULATED FOR DIFFERENT CLIMATIC
ZONES AND CLAY CONTENTS ASSUMSING PERIODIC
TRACK RELEVELING

Thornthwaite| Clay Deformation of Sublayers (inch)| Differential

Moisture Content - Deformation

Index % Highway Railroad +0.025 dinch
-30 30 0.138 0.092 0.671
-10 30 0.453 0.334 0.744
+10 30 0.515 0.352 0.788
+20 30 0.487 0.336 0.776
-30 70 0.475 0.610 0.490
-10 70 0.437 0.525 0.537
+10 70 0.293 0.179 0.739
+20 70 0.156 0.077 0.694
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e it is important for the designer of a crossing to know
how fréquent]y the track is releveled since the behavior
of the ballast is the most important single feature of
grade crossing performance.

e the type of subgrade soil and the climate in which it
is found is the next most important feature of grade
crossing design. In general, clays are more resilient
than silts. Wet climates and warm temperatures require
more frequent track releveling and pavement maintenance,
as well as initially thicker or stiffer pavements.

e because the ballast settles so much, it is worthwhile to
design the adjacent pavement to have a large enough permanent
deformation that the differential will not become unacceptable
in the period between track releveling programs. This can
be done by a careful selection of the thickness of the
unstabilized base course used in the pavement.

 Because a railroad and its adjacent highway pavement deform at
different rates, it is important to emphasize the need to carefully
design the crossings for structural compatibility.

Lighter traffic than used in this study will require lighter
crossing designs, but the same attention must be given to subgrade
soil and the climate in which it is found.

In a1l of these studies, it is assumed that adequate drainage
has been provided. If one wishes to consider the effect of poor
drainage, an input suction value of around 10 psi for a heavy clay
subgrade should produce the desired effect, since, the suction value
of heavy clay at 2% dry of optimum moisture content was found to be
110 psi (17).
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Conclusions.- This study establishes a unique design
criterion of differential deformation between the railroad
pavement and adjacent pavement structures for the design of a
highway-railroad grade crossing. Actually, the differential
deformation produces the dynamic load in highway traffic which
gradually causes the loss of rideability and total grade crossing
failure. Different structural dimensions in railroad track and
adjacent highway pavements and selection of different construction
materials will increase or decrease the differential deformation.
This is explained in example problems in Chapter IV. However,
individual deformations in each layer are also important design
parameters. A design may look promising from the point of view
of differential deformation criterion ; but it should be rejected
if there 1is Tlarge deformation in an individual layer.

The influence of environmental factors on subgrade materials
is included in this study which made the whole design system
more general. A study of the influence of environmental factors
on the magnitudes of the differential deformation is presented in
Chapter IV. There it is illustrated that for a heavy traffic
situation in a climatic zone with a Thornthwaite moisture index
of -10 and an average subgrade temperature of 72°F, an unstabilized
base should be used in the highway pavement. This will allow the
highway pavement to deform uniformly with the railroad track.
However, in a climatic zone with a higher Thornthwaite moisture
index (wetter area) and with higher subgrade temperature, the
deformation in the highway pavement would be significantly
large, causing a situation that may require the use of a stabilized
base or a thicker base in the highway pavement.

When good drainage condition and low water tables are
expected at a given location, the suction level in the subgrade
will be controlled by the climate. The equivalent suction level
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value corresponding to the Thornthwaite moisture index of a
particular area is obtained from Figure 28 (Chapter IV). However,
a designer can change this value as he wishes in accordance with
the expected drainage or water table condition of a particular
area of interest. Poor drainage will decrease the suction Tevel,
and an input of 10 psi should represent fairly poorly drained
conditions.

If some slight descrepancies are observed in the calculated
results, they can be explained by the relative inaccuracy of the
equations developed in Chapter II to predict the stresses in the
lower layers and the deformation in the subgrade. The inaccuracy is
especially noticeable in the equations predicting the confining
stresses at different depths of the subgrade layer (R2 ranged
between 0.2 - 0.6)

Recommendations.- The following recommendations concerning
further work to improve on this design system are:

1) Laboratory tests should be designed and conducted to
improve the material characterizations of ballast and base course
materials and particularly stabilized base course materials. .

2) It is necessary to improve the polynomial stress equations
for the lower layers. It is believed that improvement of these
equations can be achieved by generating more equations with smaller
upper and lower limits of the variables.

3) The equations of resilient modulus, permanent strain and
temperature effect of subgrade material should be made simpler.

It is believed that higher accuracy can be achieved 1in these
equations by using only the most important variables and using
constitutive relations that are indicated as important by
mixture theory and rate process theory.

4) An iterative scheme should be added to the computer
program to automatically search for the optimum design thicknesses
under a given condition of traffic, climate and soil type.

5) A technique to achieve the effect of gradual stress built
up as the dynamic load increases with the increase in differential
deformation should be added to the computer program.
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6) Recommended uses of the design system:

)

This design system can be very effectively used to find
the most effective ballast depth_in different climatic
and soil conditions

Using this design system, performances of presently
available commercial crossing materials can be predicted.
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APPENDIX B
NOTATION

A0,A1,A2 = coefficients of polynomial stress equations
ag-ag = coefficients of the equation for temperature
correction factors
ao,a1,a2 = exponents in polynomial stress equations
b,c,d,e = exponents in temperature correction factor
equation
bo,b1,b2 = exponents in polynomial stress equations
C = cohesion, psi
CLAY = clay fraction in soil in decimal form
C1,C2 = coefficients of polynomial stress equations »
co,c],c2 = exponents in polynomial stress equations fi -
do,d],d2 = exponents in polynomial stress equations o
%6-= deviator stress ratio
E; = initial tangent modulus, psi
E1,E2,E3 = modulus of elasticity, psi
eo,e1,e2 = exponents in polynomial stress equations
fug = temperature correction factor for resilient
modulus
| fc,, = temperature correction factor for permanent
strain
H1,H2 = thickness of layers, inch
h = depth in inches from surface
. hg,hj = initial suction, psi
he = final suction, psi
ht = test suction, psi

%—-= soil suction ratio
0

/
K,K ,K1,K2,K3,K4= regression constants
LL = Tiquid limit
MR = resilient modulus
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N,ND,NK
N

No

/

n,n

nS

PL

R

R2
RI
Re

200 sieve

80981 ’B.i.i SB.ij
Y] ’Y29Y3

28 oy

0
\')'xl ,\)2 ,\)3
9

g

m

(0y-05) =

number of load repetition
number of load cycle ratio

regression constant

volumetric moisture content

plastic Timit

ratio of applied deviator stress to deviator
stress at failure

coefficient of determination

roughness index inch/mile

ratio of compressfve strength to an asymptotic
stress difference

saturation

shrinkage limit

rate of increase in permanent strain

temperature ratio

variables used in statistical experiment design
the distance a vehicle travels, miles

quadratic response surface

measured excursion of rear axle, inches
volumetric soil content

the amount of soil passed the #200 sieve in
decimal form

Tevel of variables used in statistical experiment
design

coefficient of response surface equation

suction ratios
permanent strain

sum of principal stresses, psi
Poisson's ratio

major principal stress, psi
mean stress, psi

deviator stress, psi
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(01-03)f = deviator stress at failure, psi
ultimate deviator stress, psi
angle of internal friction.

(01-03)u1£

S
1l
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APPENDIX C

FORTRAN LISTING FOR COMPUTER PROGRAM
WITH INPUT AND OUTPUT INFORMATION
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CAQD NO 1

X£1 1s
XE2 Is
X=3 Is
XH1 1s
XH2 IS

CARD NO 2e

HBASE IS
HXC 1S
XPHT 1s
HRF IS
HXK Is
HXN IS

CARD NO 3,
NLCATA IS
NLHWAY 1S
NLRWAY IS
TEMP IS
CARD NO 4o

ACCLAY IS
sSuclizo (s

CARD NO Se

RE1 1s
RE2 1s
nF3 1s
RH1 IS
RH2 Is

CARD NO A,

RBASE IS
RXC 1s
RPHI 1S
RRF 1s
RXC 1s
RXN 1s

I NPUT FORMAT =e-mecececcaccan—x
FORMAT (SF10e2)

MODULUS OF TOP LAYEF 0OF HIGHWAY PAVEMENT, PSI
MIDULUS OF 2ND LAYER OF HIGHWAY PAVEMENT,PS! «
MO CULUS OF SUBGFRADE 7F HIGHWAY PAVFEMENT,PSI =
TH ICKNESS OF TOP LAYER OF HIGHWAY PAVEMENT,.INCH
THICKNESS OF 2ND LAYER 2F HIGHWAY PAVEMENT, INCH

FORMAT(6F10e2)

0 FOR UNSTABILIZED AND 1ed FOR STABIL!ZFD BASE IN
HI GHWAY PAVEMENT

CIFESION FOR HIGHWAY RASE,PSI]

ANGLE OF INTFRNAL FRICTION FOR HIGHWAY BASE.NEGREFS
FACTOR (Ce? = 1eC) FNR BASE MATEIRIALS

RE CRESS ION CONSTANT OF MOOULUS OF BASE MATERTALS
REGRESSION CGNSTANT OF MODULUS OF BASE MATSRTALS

FOFMAT(3T10,F1062)

NU MBER OF LOAD REPETITION FROM WHICH HXK AND HXN IS
OBTAINEDs THIS IS GENERALLY 10000

NUMBER OF HIGHWAY LOAD REPETITION

NUMBER OF RAILWAY LOAD REPETITIODON

AV ERAGE SUBGRADE TEMPRERATURE.DEGeFs

FORMAT (2F 104 2)

CL AY CONTENT OF SUBGRADE IN PERCENT
2 e SUCTION LEVEL FOR SOIL WITH 70 PERCENT CLAY,PSI

FORMAT(SF10a2)

MOCULUS OF TOP LAYER OF RAILROAD TRACK,PSI
MODULUS OF 2ND LAYER OF RAILROAD TRACK,PSI =«
MOCULUS OF SUBGRADE OF RAILROAD TRACK,PSI =
THICKNESS OF TOP LAYER OF RAILRDAD TRACK, INCH
TH ICKNESS OF 2ND LAYER 0OF RAILRDAD TRACK, INCH

FORMAT(6F10e2)

9 FOR UNSTABILIZED AND 140 FOR STA3ILIZED BASE IN

RA ILROAD TRACK

COMESION FOR RAILROAD BASE ,PSI

ANGLE OF INTERNAL FRICTICN FOR AILROAD BASE.DEGREES
FACTOR (0Pe7 = 1e0) FOAR BASE MATIRTAL

RE GRESSINON CONSTANT OF MODULUS OF BASE MATERIAL
RECRESSION CONSTANT OF MIDULUS OF BASE MATERIALS

* INITIAL GUESS IF MATERIAL IS NONLINEAR
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INPUT INFORMATICN

HIGHWAY PAVEMENT

THICKNESS (INCH) MODULUS VALUES (RPSTI)
TOP LAYER 2ND LAYER TOP LAYER 2ND LAYER® SUBGRADE®
4400 12,09 350000407 25070, 0¢C 150C0,00

UNSTABIL1IZEC RASE

COHESICN PHI RF K N
(PST) DEGe
0400 50400 0,705 15000400 0s5C
SUBGRADE
CLAY CONTe= 30,00 PERCENT
EQeaINToSUC AT 70 CLAY CONT= STPe 0N PST
SUBGRADE TEMP= 72400 DEGeF

RATLRQOAD TRACK

THICKNESS (INCH} MODULUS VALUES (PSI)
TOP LAYER 2ND LAYER TOP LAYER 2ND LAYER* SUBGRADE=*
18400 12400 &0000e N2 12370992400 15000400

STABILIZED BASE

COHESION PHT RF K N
(PSI) DEGe
254 00 45400 Ce 705 1500000 0450

* INITIAL GUESS IF MATERTIAL IS NCNLINEAR

QUTPUT INFORMATION

DEFORMATIONS (INCH)

STRUCTURE LCADIND NO CF LOAD TOP 2ND SU3G TOTAL DIFFERE
TYPE TYPE REPETITION LAYER LAY ER RADS NTTAL

HIGHWAY HIGHwWAY 100000 Ns100 3,773  3.879

RPAILROAD RAILWAY 100000¢C De97S NeD 3N 1e825 24633

RAILROAD HIGHwWAY 1000000 0a 272 e 008 1+ 280 146E€0 Ca218




OO NAN OO DIAIANANONAHAOOOOONA NN N

N

ek kRCRR I X R Ay IR ek ah kAR kN ke kK k&
dekwkkkxkkk MAIN PROGRAM Rxk kkw xx

THIS PRPOGSAM DESIGNS A HIGHWAY-RATILROAD GRADE CROSSING

THIS PENGRAM CALCULATES YTHE DEFORMATIONS JF EACH LAYER NF HIGH-
WAY PAVEMINTS AND RAILROAD TRACK SEPERATELY

THE DIFFEIINCF IN DEFDORMATIONS RETWEEN HIGHWAY AND RAILROAD
CCNTRNLS THE DNESIGN SYSTEM

POSITIVE STRESS MEANS COMPRESSIVE

FOLLNWING AR € SOME ASSUMPTIONS REQUIPED IN THE PROGRAM

TO OBTAIN THE CALCULATED RESULTS WITHIN RFASONABLE LIMITS

AT MIC-POINT OF BA_LAST LAYER, MINIMUM VALUES OF CONFINING STRESS
IS Je5 PSI AND DEVIATOR STRESS IS 20,7 PSI

MAXe VALUE OF RATIO OF APPLIED DEVIATOR STRESS TN DEVIATOR
STRESS AT FAILURE IS 0e75 1IN BALLAST LAYER AND

MAXe VALUE OF RATIO OF APPLIED DEVIATIR STIESS TQ DEVIATOR
STRESS AT FAILURE IS Ne999 IN 2ND LAYER

MINTMUM VALUE OF CONFINING STRESS IN 2ND LAYER IS <01 PSI AND
MAX TMUM VALUE IS 140 PRSI FOR BOTH HIGHWAY AND RAILROAD

MINIMUM VALUES OF DEVIATOR STRESSES IN 2ND LAYER ARE 10,0 PSI
AND SeC PS1 FOR HIGHWAY AND RAILROAD RESOECTIVELY

CONFINING STRESS IN SUBGRADE IS Oesl PST MINIMUM AND DEVIATOR
STREESS IS 10 PSI MINIMUM
REKEEERRRREEE BAR TR RN ARREE T P AR AR ARK KAk KRRk R kR r Nk AR A AR e

COMMIN /AZ1/ XE1,XE2¢XEIsXH1 4 XH24,PEL1,RE24RE3IHRHL 4RH2

COMMON /AZ2/ BASE +XC +PHI JRF ¢ XK+ XN+HBASE RBASE
COMMON/AZI/ZACCLAY yCLAY +SUCI704SUCI(3)+SUCT(3),SUCF(3)

COMMON /74287 TEMP NLDATA NLANAL ¢ NLHWAY s NLRWAY , TOLIM2,TOLIM3
COMMON /AZS5 / HXCoHPHI ,HRF y HXK ¢ HXN4 RXC s RPHI 4RRF s RXK s RX N
COMMON ZAZE/ RCS2(S)+RDS2(S)IeRTS2(5)+RCS3I(5),RDSI(S),RPTSI(5)
1+RD2(S) +RDIL ) e RXWRY

COMMON /AZ7/ CS2(5)sDS2(S5)sTS2(5)+CS3(S5),I2S3(5),TS3(5)+02(5).D3(S)
COMMON /AZ8/ SIGMA3 ,DEVSTR ST 4SDsSMeXsY XD eXD24XD3

COMMON /ZAZ9/ XMR2,XMR3,FXMR3 PLDEF2,PLDEF3,DELPFDELP,EI
COMMON /AZ210 /DVSTR1 4CONF1 4DVSTFL,,DELP1 XDELP1+PLDEF1 +XPLDFt,TOTOF1
CALL READIN

CALL OuTeUT

CALL HWSTRS

PHI= 34141592 654%HPHI /180

XC=HXC

RFE=HRF

XK=HXK

XN=HXN

TOTDF2=N0,40

TOTDF3=060

NLUANAL=NLHwWA Y

DO 1 I=1,3

SIGMA3I=CS2(1 )*1e2

DEVSTR=DSZ2 (1 )*] 42

BASE=HRASE

IF(BASEeEQel o0 ) EI=XE2

CALL PRDEF2




110

111

112

TOTDF2=TOTDF 2 + PLDCF2
§3=CS3(I)&k1e2
SD=DS3(I)*1e2

CALL PRDEF3
TOTDF3=TOTOF 3+PLDEF3
CONTINUE

CALL BALAST

CALL RWSTRS
PHI=34141592 €S4*RPHI /180,
XC=RXC

RF=RAF

XK=ZRXK

XN=RXN

X=RX

Y=RY

RTDF2=0e0

RTDF3=040
NLANAL=NLRWAY

DO 2 I=1,3
SIGMA3=RCS2( 1) %115
DEVSTR=RDS2( I)¥1 15
BASE=RBASE
IF(BASEFeEQel o0) EI=RE2
CALL PRDEF2
RTDF2=RTDF2+PLOEF2
S3z=RCST(1) %1 615
SD=RDS3(1)*1 15

CALL PRDEF3
RTOF3=RTDOF 3+ FLDEF3
CONTINUE

XXNF2=0e0

XXDF31=0e0
NLANALSNLHWAY

00 3 1=1,3
SIGMA3=RCS2( I)*.464
DEVSTR=RDS2( 1) *e44
BASE=RPASE
IF(RASEeEQel o0 ) EI=RE2
caLl PRDES2
XXDF2=XXDF 2+ FL.CEF2
S3=RCS3 (1) ¥ 44
SD=RDS3( 1) *e 44

CALL PRDEF3

X XDF 3=XXDF 3+ FLDEF2
CNNTINUE
RLW1=PLDEF1 ¢+ RTOF2+RTOF3
FLW2 =XPLOF 1+ XXDF2 +XXDF3
HWYTOT=TOTDF 24TOTDF3

RLWTOT=TOTOF 1+RTDF2 +RTDF3+XXDF 2+XXDF 3

DIFFER=PLATO T-HWYTOT

WRITE(64,110) NLHWAY,TOTDF2, TOTDF3,HWYTOT

EORMAT(10X,* FIGHWAY?® 03XQ'HIGHUAY'olX-I10017XOF6.3'2XOF603'1XOF6.3
1+77)
WRITE(6+711) NLRWAY,PLDEF1,RTDF2,RTDF3,RLW1
FORMAT(lOX.'FAILQOAD',ZX.'PAILWAY'.IX.Ilo.\X.F7.3.2X.F6.3.2X.
1 FRe3s1XsFbe 34//)
WRITFE(A.112) NLRWAY, XPLDFYt, XXOF2,XXDF3,RLW2,DIFFER
FORMAT(lax.’FAILQDAD'.2x.'HIGHVAV'.IX-IlWoIX.F7.3-2XoF6.3.2X.F6.3

s 1XsF 632X 2FTe2,//)
RETURN

END
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SUARIUTINE R EADIN

CCMMON /AZ1/ XEL+sXE2,XE34XH1 4XH2 ¢REY yRE2yRE3yRHY yRH2
COMMON /AZ2/ BASELXCPHIZRF XKy XNyHBASE sRIASE
CCMMON/AZR/ACCLAY oCLAY,SUCTITN,SUCTI(3),sSUCT(3),SUCF(3)
COMMON /AZ4/ TEMP NLDATAZNLANAL,NLHWAY yNLIWAY, TOLIM2,TOL IM3
COMMON /AZS / HXCyHPHI ¢HPF s HXK g HX Ny RXC s RPHI RRF § RXK s RXN
PEAD(Se1) XE1+XE2 4 XE3 9 XH]1 4 XH2

FORMAT(SF10e 2)

READ(S+2) HBASE sHXCoHPHI ¢HRF 4HXK s HXN

FORMAT(5F10Ce 2)

READ(R 3 INLD ATA,NLHWAY NLRWAY, TEMP

FNIMAT(2I10, F10e2)

READ(S5,4)ACCLAY,SUCI 70

FORMAT (3F1 Ne2)

READ(S,1) PE1,FE24RE3,RH14RH2

READ{(%,2) RBASESRXCyRPHI JRRF sFXK RXN

CLAY=ACCLAY/ 100,40

SUCTI(1)=SUCl 70

SUCF(1)=1eN5?3UCI?0

SUCT(1)1=1sNn%* SUCF (1)

SUCT(2)=0e4543%xSUCI 70

SUCF(2)=18%3SUCT(2)

SUCT(2)=1e 1% SUCF(2)

SUCI(2)=0s2545%SUCTI7N

SUCF(3)=14a%SUCI(3)

SUCT(2)=1e 3% SUCF(3)

PETURN

END

SUBRDUTINE PRDEF2

CCMMAON /AZ17 XE1+XE24XE3 s XH1 s XH2 ¢RE1 yRE2,RE3 4 PHT JRH2
COMMON /AZ2/ BASE, XC PHI+RF 4 XK XNJHBASE ,RIASE

COMMON /4247 TEMP ,NLDATAZNLAMLNLHWAY s NLPWAY s TOLIM2,TOLIM3
COMMON /AZ8/ SIGMA3,DEVSTRyS3+sSDeSMeXeYeXDeXD2,XDI

COMMON ZAZ97 XMR2+XMR3,FXMR3,PLDEF2,PLDEF3.DELP,FDELP,EI
IF(BASEeEQsl oN) GO TO 1S

El=XK*SIGMA3 #xXN

IF (Elel.Te5N00e0) EI=500040

CONTINUE

DVFAIL=(2+s0% XC*COS(PHI ) ¢2e0XSTGMAIRS IN(PHI I )/ (1=SIN(PHI))
U TDEV=DVFAIL/RF

SRATIO=DEVST R/ULTDEV

IF(SPATINeGE el s0) SPRATIN=e999

DSLP=DEVSTR/ (E1*(1~-SRATIOQ))

IF(NLDATALEQeNLANAL) GO TO 1

C *exxk £Q4 THAT F INDS THE VALUE CF DELP FOR NANAL #*x&s+&

C

EQe FNR DILP DUE TO NQe OF LOAD APPLICATION DURING DESIGN PERIOD
SLOPE=¢7013507%DEVSTR®%1,2623

IF(DEVSTReGT ¢2%aN) SLOPE=4NN010543%DEVSTRE&2,0191

FNDEL P=DELP+ (ALOG1" (FLOAT(NLANAL))~ALOGIN(FLOAT(NLDATA)) ) *SLOPE
NELP =FNDELP

DELP=DELP/10 060

FLDEF2=X=*DEL P

RFTURN

END
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1717

101

291
124

2r2

1175

106

107

293
204

173

SUSROUTINE OLTPUT

COMMON /AZ1/ XEL ¢XE2 4XE3,XH]1 4XH2 3 REL1 +RE2+RE3sRH1,RH2

COMMON /AZ2/ BASE +XC+PHI yRF s XK 3 XNsHBASE yRBASE

COMMON/ AZ3/ACCLAY sCLAYZSUCI7?2,SUCTI(3),SUCT(3),SUCF(3)

COMMON /AZ4/ TEMPNLDATAZNLANAL ¢ NLHWAY ¢ NLRWAY s TOLIM2,TOLIM3
COMMAON /AZS 7/ HXC sHPHI HRF ¢ HXKsHXNyRXC s RPHI 4RRF 4 RXKsRXN
WRITE(6.1717 )

FORMAT(1IHL)

WRITE(5,1n1)

FORMAT(10Xs? INPUT INFORMATION?,//+33X: "HIGHWAY PAVEMENT!,//)
WRITE(6,102) XH]I XH2,XE1 s XE24XE3

FORMAT(13X,* THICKNESS (INCH)*, TS0, *MODULUS VALUES (PSI)*,//,
1 10X+ 'TOP LAYER? 42X +'2ND LAYER? s1SX,*TOP _AYER,3X,'2ND LAYER®®*,
22X+ "SUBGRADE ¥ 3 /y T12+F6e2+T234F 5424 TAS5,F100242X4F10a2492XsF10e2,4/)
IF(HBASELEQe 1e00} GO TO 201

WRITE(6,103)

FORMAT{19X,? LNSTABILYZED BASE')

GO TOo 202

WRITE(65,104)

FORMAT (10X * STABILIZED BASE?')

CONTINUE

WRITE(64105) HXCoHPHI yHRF ¢HXKyHXN
FnQMAT(lOX.'COHESIDN'.AX.'PHI'oSX"PF'.BX.'K'.ﬁX.'N'o/'
1 LIX,*(PSI? .T23.'D~:G.'./.lOX-Fﬁ.z;st.F&2.5x.F5.3.2x.F9.2'3x.
2 Fle24/)

WRITE(6.106) ACCLAY, SUCI70,TEMP

FORMAT (17X ,* SUBGRADE® ,/ +10Xs*CLAY CONTe=! sFBe2¢2X s 'PERCENT 4/
1 10X,*EQeINT ¢SUC AT 70 CLAY CONT=', FBe2:2Xs'PSI*s/s 10X,
2 'SUBGRADE TEMP=', FBe2,2X+"'DEGeF*'4//)

WRITE(6,107)

FORMAT(T33,!'RAILROAD TRACK',/)

WRITE(64102) RH1:RH2+RE1,RE2,RE3

IF(RBASFeEQe 1el) GO TO 203

WRITE(6,1C3)

GO TO 204

WRITE(5,104)

CCNT ITNUE

WRITE(6,105) RXCsPPHI 4RRF 4RXK¢RXN

WRITE(5,118)

FORMAT(//+10 X" * INITIAL GUESS IF MATERIAL IS NONLINEAR'»//)
WRITE(6.,109)

FARMAT (10X CUTPUT INFORMATICN',//,T49, 'DEFNRMATIONS (INCH)"»//,
110X, *STRUCTURE® 41X +*LOADIND? 42X, *NO OF LOAD? 42X 4 'TOP? ¢ SX 4 "2ND*, 5X,
2'5UBG'.3X.'TCTAL'.SXy'DIFFEPE'./cl2X.'TYPE'.6X.'TYPE"3X.

3 'REPETXTION'-ZXQ'LAVER'.SX.'LAYER‘.3X.'RADE'.I!X.'NTIAL'./)
RETURN

END
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1

SU3RCUTINE X ¥MOD3

REAL MR

DIMENSTITIN EP (1€) e MR(1C )4DATA(LIS)2Z(10),ZZ(1ND)
COMMON/AZI/Z/ACCLAY yCLAY sSUCI70,SUCT(3),SUCT(3),SUCF(3)

CCMMON /4247 TEMP G ILDATAGNLANAL o NLHWAY ¢ NLRWAY,,TOLIM2,70LIMY
COMMAON /AZ8/ SIGMAZR DEVSTR$S3+SDsSMeXeY XD XD2,XD3

COMMON /AZ9/ XMR2 ,XMR3I,FXMR 3 ,PLDEF2,FLOEF3,DELP,FDELP,EI
SM=(SD+2,0%53)/%,0

DI 5 K=1,3

ND1=SUCI(K)

D2=SUCT(K)

DI=SUCF (K)

07=SD

D3=s™

D9=3523

D10=10590C0

GN TN (110,20 43%}),K

CONT INUF

XSATUR=94,4,90

XPRSTY=0e30319

DAa=XSATUR

DS=XORSTYRXS ATUR /1000

DA=1=XPRSTY

MR(1)==4791e G9 =2727244 #( (D3/D1)1%%,2 *D10%*,084) * ( 1=-45.0169
13062 %34 6%( 1= 3473350725 (=06) ) +1s706%10e%k(~74 ) %DARE 45 %k (1-5,0763
2407k %k (w96) ~0612882D8%%(=227) ) +04N5999%DS%%k(=~3,43)
3% (1=-528416%0 783 (=46)) )

IF(MR(1)eGTe25C00a) MR(1)=25000s0

IF(MR(1)eL.Ta EN00e0) MR(1)=500N,0

GO T9 5

CONTINUF

XSaTUR=89, 31

XPR3TY=Ce 360 &2

D4=XSATUR

DS=XPRSTYe«XSATUR/1000

D6=1 =XPRSTY

MR(2)=7980e¢89 ¢ 2981464%( (D3/D1)1%%e2 %*D12#*%,145)%( 14644397
13%D6%K 343 &(1=442N08%D7kk(=96)) -2,002%10s%%(=3,)%DA**x2,0%(1-3,7228
2ADT7* € (=g65) =0s1630%08%%k(=423) ) =-0e1974%DS%k%(=~2425) *(1-442766
IRDTRE(=96) )} )

IF(MR(2)4GTe 20000e0) MR(2)=200004"

IF(MR(2)el.Te SCO0eN) MR(2)1=500040

GO TO 5§

CONT INUE

XSATUR=64404

XPRSTY=Ne3482

Da=XSATUR

D5=XPRSTY* XS ATUR/120 .0

DA=1=XPRSTY

MR(3)==13274 72 417170Se¢0%( (D3/D1)%%e2% D10%%,081) * (1+0,6566
1#06%%148 €( 1-844849%D7%%(-016)) +64065224DA%%(=426) *(1-1,6108

23D7%2&k(-y16) =4001155%08%%,063)- 14,88162D5%&(=43)%(1~1,5899407 %%
3(=e16Y) ) )

TF(MR(3)4GTe 15000e0) MR(3)=1500060

IF{MR(2)sLTe E000e0) MR(3)=5000,0

CONT INUF

A=e 5032258%MR(1) =~2437691¢MR(2) +2.B8736842%MR(3)

B== 38064516 ¥MR (1) +15¢280135%¥MR(2) =114473684%¢MR(32)
C=644516129% NR(1) =164G77928%MR(2) +10+526315%MR(3)
XMR3 =4+ DO%CL AY +C*CLAY¥%2

RETURN

END
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SU3BROUTINE FPRDEF 3

DIMENSION EP (10),MR(10),DATA(15),2(10),22(10)
COMMON/AZ3/ACCLAV.CLAY’SUCX70-SUCI(3)sSUCY(3)oSUCF(3)

COMMON /AZ4/ TEMP ,NLDATA NLANAL s NLHWAY s NLRWAY TOLIM2,TOLIM3
COMMON /AZB/ SIGMA3 sDEVSTR+S53+SDsSMs Xs YeXDeXD2,XD3

COMMGON /AZ9/ XMR2,XMR3 JFXMR3 ,PLDEF2,PLOEFI,DELP FDELP,ET

SM={ SD+340%S 2}/ 340

DO 5§ K=1,3

D1=SUCI(K)

D2=SUCT(K)

D3=SUCF(K)

D7=SD

D8=SM

D9=53

D10=NLANAL

GO TO (10,20 430) 4K

CONTINUE

EP(1)=~60001 86 =¢000443%D10%%e4S ®{1-63,02648%(D2/D3 ) *%e61
1%( (1/(D9*D3I )% %e25 - 09398kD74%424%(1/D3) **e24) +123,8399*
2( 1/7(DB8%D3)) %k o4 -5,9323%xD7%%e24%(1/D3)*%e24 )

IF{EP(1)elLEe 0e0) EP(1)=0e0

GQ TO S

CONTINUE -
ED(2)=0e0151 6 =~CeCO0C254%D1C**,63% (1=24,622N54(D2/D3 ) *k%eS¥ .
10 (1/(D9%D3) Jk#,38 —o01297+D7+%1458%#(1/D31n%e54) +6141811% i
2(1/7(D8R%D3) ) e 6 —Ne52205%DTH%1,58%x(1/D2)xks54 )
IF(EP(2)sLEe0e0) EP(2)=060 -
GD TO S

CONTINUE

XSATUR=64404

XPRSTY=043482

D4=XSATUR

D5=XPRSTY®XS ATUR/1000

DA=1~XPRSTY

EP(3)=0e04076=12679%( (1/D2)%%465%D10%%,395 ) %(1=142C67%]1Ca*x*
1(=15¢) *{ D4 *%k5435/DSk%Se1%(1/D05)%*x1044 ) )

IF(EP(3)eLEe CaD) EP(3)=0e0

CONT INUE

=45032258%*EF(1) -2 37691 %EP(2) +208736842%xFP ()

Ez==3 8064516 ¥EP (1) +15,280135¢EP(2) —11e473684%ERP(3)

F=6e 4516129%EP(1) =164977G28%EP(2 +10 o 526315%*=P(3)

DELP=D+ EXCLAY +F*CLAY*¥2 -

DELP=NELP/1C 0 ®

CALL TEMPOF

DELP=FDELO®DELP

PLDEF3I=DELP* Y

RETURN

END

SUSROUT INE X NOD2

COMMON /AZ1/ XEY o XE2 s XE3 o XH] 4 XH2 4 RE1 JRE24RE34RHIJRH2
COMMON /AZ2/7 BASE (XC +PHI 4PF XK 4 XN, HBASE y RRASE
CCMMGN/AZ3/ACCLAY.CLAYySUCI?O‘SUCI(?).SUCT(S)oSUCF(3)
COMMON /AZ4/ TEMD.NLDATA.NLANAL-NLHwAY.NLQWAYoTOLIMZ'TOLXMB
COMMON /AZ3/ SIGMA3 +DEVSTRIS3+SDeSM,y Xe YsXD4XD2,X0D3
COMMON /AZ9/ XMP2 » X MR3 s FXMR3 ,PLDEF2, PLDEF3,0ELPFDELR,EI
XMR2=XK*S3 ®%x XN

IF(XMR2eLTe500CeC) XMR2=5C00sC

RETURN

END
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SUBROUT INE HWSTRS

COMMON /AZ1/ XE1 +XE2¢XE34XH1 ¢XH2 4RE1 ,RE2\RE2,RH1 4RH2

COMMON /AZ2/ BASEJXC+PHIZRF XK s XNHBASE +R3IASE
CCMMON/AZ3/ACCLAY 4CLAY ,SUCI70,SUCI(3)4SUCT(3),SUCF(3)

CCMMON /AZ&7 TEMP yNLDATA NLANAL ¢ NLHWAY  NLRWAY ,TOLIM2,TOLIM3

COMMON /AZ5 / HXCyHPHI 4 HRF, HXK ¢ HXNsRXC s RPHI ¢ FRF 4 RXK y RXN

COMMIN /AZ7/ CS2(5)+DS2(S5)yTS2(5)4CS3(S5)+DS3(5),TSI(5),D2(5),D3(5)
COMMON /AZ8/ SIGMA3 JDEVSTR+S3+SDeSMeXsY 4XDsXD2,XD3

COMMON /AZ9/ XMRZ2,XMR3,FXMR3,PLDEF2,PLDEF3,DELP,FDELP,FI
TOLIM2=1900e O

TOLIM3=1000. €

X=XH2/340

Y= (BOsO0=( XH1+XH2) )} /340

XK=HXK

XN=HXN

H1=XH1

H2=XM2

E1=XE1

E2=XF2

E3=XFE3

FNE2=XE2

FENE3I=XxF2

1COUNT=1 o
TATE2=040

TOTE3I=N.D

XXE2=040 -
XXE3=0e 0 ’
DO 2 1 =1,3

D2(1)= XHL + ( (I-1)+045)*X

D3(I)=(XHI+XH2) +( (I-1) 40¢5S)xy

xkkekkkx SIGN CONVENTION = ZOMPRESSIVE STRESS IS POSITIVE kk¥xkakwt

«%k  EQUATION FCR SIGMA] #*kwaikrksphhkhkhhakey

AOD=1¢ 67219 +HLAR( =g 7N6)REL 2R (~e392)0E24k(4487) *¥(7734523%H2%%
1{=~e271) =295 e904%E3x%(0076)) +HI*k(~4706) *kT2%%x(4487) *(-~3,88815%
2 H2%k(=4271) +2411753)

A1==a28409 +HIX%(-1eC6E8)RH2¥E( -4 T72B)*E2%%( 4642 )¥EI* (=067 )%
1(=112,814¢E]1 #%k(~9428) +e157376) +H1EXk(=1,068)%kE2%%(,642)% (5468131
2% Flex(=,428) =-40205118)

A2=4a 00835535 +HL &% (=1445)%H2%* (~1422)*F2%%(4685) *(1747337
1#E1%¥(~ed0€) WEINE(-008) -e011T177) +HI*¥(-1445)252%%(+635)
2%(=e 24379B%E 12¥(=4446) +4000723757)

STIGMALl= AD+ALAD2( 1) +A2%D2( 1) **2

*kk EQUATICN FOR SDEV2 #xkskkkwdkh

AN= =2440236 + H2¢®(~¢377) RER%¥ (¢4529) * EIxk(=6012) *( 1946,78x%
1 HI#*% (=, 383) 21 %%k (=327 )=-892432902%C1 kv (=3327)=-28,5221%kH1*xx(~4383))
2+E1RR (=¢327) ¥E2R¥ (4529 ) ¥ (=TS166T72%HI*%k(—3383) 43964 I68FETJR{~-e012))
34C 2% % (¢529)% (1168648%kHI*%k(=4383)#12s0964%H2%%(~4377)~5e38283)

Al=¢e14B848S+H1*k¥ (=961 )RH2R® (=869 )aE2%%ky 7334( =58 7292%E1 kk (=0 369)*
1E3%&2 (= 41)+2664T7S*E1*%(=4369 )= 0125271 «E3kk(=01)) +H2*E(-9869)%
2E2%8 (47331 %( =4 2T7EESSRE 1% %k( -4 369)+4228BI7%E T4 x(=41)=-40850578)

420 10790123 +H2¥%( =152 ) *Elk*(—¢3SC)¥E2R2(4905)%(-1429101%HL*®
1] (~eOB)%E3%k% (—0279)+e 39407k HIR R (~aIB)+e5NA4332ETkk(~4239))
2HE1 X 2(= ¢ 356) sE2¥ X (4 F0E) (=~ 0685944 %H2k A (=] 4521 )= 0037057 7&
3HL#%x (=4 98) ¢4 00 558257)

SDFEV2z AD =A1*D2( 1) +A2%D2( [ )% %2

SCONF2=SIGMA 1-SDEV2

IF(SDEV2sLEe 1760} SDEV2=1940

IF(SCONF 24 GT o100} SCONF2=149

IF(SCONF24LE ee01) SCONF2z=,01

S3=SCCNF2

SD=SDEV?2

IF(HBASF4EQe 1eC) GO TO 15
CALL XxM0OD2




15
AR

GO ¥2 1a

XMR2 = X2

CONT INUE

XXE2=XXF2+XMR2
€s2(1)=83

DS2( I )=SNEV2
TS2(!1)=SOEV2 434 0%SCINF2

C ®v¥ EQUATICN FOR SCONF3 *ekxkk &k

ANz 4 2332R5+ Finx(=,61)kH2 A% (~0 706) *E3%%(425)% (414011%F1 %% (=0254)
1 #4198, 767wC2 0k (= o184) =1846131 J4HIK k(=0 B1)XH2XR (=g 706 RE1RK(=4254)
2 %(~24G8624%E2¢*(~4184)+2295444)

Al1=e 013372 +H1%¥ (=g 799 )*H2x$ (=4 305)* (—-4421443%E1¥%(~4289)
1#F20k(~e24) +45¢32534RE2k%( =424 )%EIxK(434) =4 330767*E34*(,434)
243564 S21%T 1R %(=¢289) ) +HIRkk(=aT99)*(+C0553I854E3%%(434)-4200216)

A2=4NNN11311 + Hl ¥% (=g 31B)*H2¥x (= 1,03 )*F 3%« (4392)% (=24 36541
14F1+%k(=a30G) $E2KR (= 4272) +0 1366481 %%(-4309)+e107941%E2%k%(~0272)
2=aPNBLESHI) +HI* B (=eF1 B)FH2EX(=14031%(=2e14616%E2%*¥ (~0272)

3 +all0E38) = (0NCS40568¢HI*%(~-0913)

SCONF3= AQ=A1%D3(T)+A2«D3(1)#*2

IF(SCONF3eLE @7el) SCONF3=,1

C #** EQUATION FQO SDEVI ®¥saskbskexn

a1

42

A0=e 330135 ¢ Flak(=¢222)%E3Rk(645) * (52, 3428%H1%x(=4545)
1 244 (=e2213 ) ~21,6435%HI 2k (=545 ) *H2 4R (=4 465)+5749236%H2X*(=94¢€5)
2REN e (=4233) 1+ EIx(4645)1%( 2711531 % H1Ax(=4545)%H2a%(~e465)
3 <24 2G2R2%E2xk(~4233) +08C7088)

Al=z=o0N13966 + HI¥¥(~s666) ¥H2¥X (=25 )KEIRX(4759) * (T4 37209%
IEYRK (=g 2SS ) RE2¥ & (=289 ) =5 379944%F2%%(~3280) ~443630S5%EL1%%(~4258)) .
PHHL ¥ (= oh56) SE3RE (4 759)% (4 0178911 ¥H2&* (=4 56)+402529024ENkA(=4249)) -
F4EIRA( 47591 % (¢ 0N192408%H2KE(=95) =4 000437605) .
A2==e N000109G234HLI ¥R (=9738) RHZ A%k (~46G2 ) AFIk X (4809)%(40635893%
IEIR ¥ (=g 272 ) KEQ¥#(=4248) -400383I96F98E1sx(~a272)=4N0256485% -~
2E2% % (= oa248)) +HI¥%( =738 )*%E3xk(,809)%x( 000127151 %H2%%(=e632) +
37NN 122254%E 2% % (= o248 ) J+E3I*%(48CI) & (4 00001919%xH2%k& (=692
8 —4000002C9062)

SDEV3I=AN=AL1*C3(1)+A2*D3(1)%x%x2

IF(1eEQelea ANDeSDEV3elLE «260) SDEV3I=247

IF(1eFE0e2e ANDeSDEVIeLEwleS) SDEVI=1eS

IF(] aEQe 3¢ ANDe SDEVIsLE01e0) SDEVI=14”n

CS3(1)=SCONF 2

DS3(1)=SDEV3

TSI(I)=SDEV3+34 0%SCONF 3

SA=CSA(1)

Se=DS3( 1)

SM=TS3(I)/3eC

cALL xMm0D3

XXE3I=XXE3+XMR3

CONTINUE

E2=XXE2/340

E2=XXE3/3.0

TITE2=TQTE2+E2

TOTE3I=TOTE3+E3

IF(ICOUNTeGT o103 ) E2=TOTE2/1COUNT

IF(ICOUNTeGT ¢10) E3=TOTE3/ICOUNT

IF(ASS(E2=-PNE2) ¢GTTOLIM2)} GO TO 41

IF(ABS(E3=-PNE3)eGTaTOLIM3) GO TO 41

GO TO a2

PNE2=F2

PNE3=E?

ICOUNT=ICOUNT+1

GO TO 44

CONTINUE

RETURN

END
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SUBROUTINE RWSTRS

COMMON /AZ1/ XE1 )XE2 s XE3oXH1 4 XH2 4REL +RE2+RE3JRHL4RH2

COMMON /AZ2/ BASE.XC sPHI JRF 4 XK 9 XNyHBASE 4RI ASE
CCMMON/AZ3/ACCLAY 4 CLAY sSUCI70,SUCTI(3)4SUCT(3),SUCF(3)

COMMON /AZ4/ TEMP 4 NLDATANLANAL s NLHWAY o NLRWAY 3 TOLIM2,TOLIM3

COMMON /ZAZ25 7/ HXC o HPHI sHRF s HXK s HXNyRXC ¢ RPHI ¢ RRF s RXKRXN

COMMON /AZ6/ FCS2(S),RDS2(S5)sRTS2(S}),RCS3(S)+RDS3(5),4RTSI(S)
1+RD2(S)sRDI(E)+sRXRY

COMMON /AZ8/ SIGMAI DEVSTRsS3,SDsSMeXs¥eXD4XD2,yX03

COMMON /AZ9/ XMR2:XMR3 FXMR3,PLDEF2,PLDEF3,DELPFDELPJEI

TOLIM2=10004 0

TOLIM2=1000,40

RX=RH2/3e0

PY= (8040={RHF ¢FH2)) /30

XK=RXK

XN=R XN

H1=RHKH1

H2=RH2

€1=RE

E2=RE2

€3=RF3

RNE2=RE2

ANE3=RE3

I COUNT =t

TNTE2=040

TOTE3=040 [
RRE2=040 .-
RRE3=Ne 0 -
DO 1 I=1,3

PD2(1)= RHI+((I=1)+0e5)*RX .
RO3(II=(R41+¢RH2) +((1=-1)+40e5)*RY

ke« SIGN COMNENTION *%x% COMPRESSIVE STRESS IS POSITIVE #xsadukisdxkis

*xk& FQUATION FOR RCONF2 s&kktkkkkywkedkrk

8921478920 +HI¥¥(4522) *H2*x%k(-16385) *E2%¥*(14155) *(-¢0NS536G75 *
Fle®{4250) WEIke(=4186) +,000830843 *E 1+« (¢250) +4128764%E3%%
(=e186) ~a0200E43) + H2e#(~14385) *F2%x%x(14155) *( +40243088 =
E1%%(4250) $E3%k*k(=4186) 400372796 * E1%E(¢250) =+ S5S87973 »x E3I*%

(-e18€) +4€90371)

Al==e 111305 4H2%%(~14363) *E2¥%(14299) *E3e* (-4 325) *(4,0774579 *

1 Hi%kk(—4438) *E1#5(=4156) ~6000723219* Hls%(~-,434) -,0214913 *
E1ed(—a156) ) +H2%k®(=14 363) *E2%*(1.299) *( -4 000551022 xH] *x
(~e434) +4000150856)

A2=4 007148227 +HI®*(~1453) *E2¥2(1+456) kF34ha(~-4484) *( 4163560 *

1 H22&(=14368) XEl2k(=q345) ~400176703 *H2«%(~14368) =-+C0626615 *

2 Flas(=,345) ) +HI*%(=1659) #E2%%x(14456) #( 42000921984 * EIk*

2(~2884) + 400000532471 % Fl1%%(=4345))-4,00N00000107315%E2%%(14,456)
RCONF2==(A0+ ALEPD2( 1) +A2*%RD2( 1) %*2)

*kk EQUATION FOR RDEV2 ¥ 122 SI RS2 R22 2L 8

NV e

N

AN=54 23725 +HI*X(=4359) *E2*¥(465) REIAR(=,08) «(516e472%H2%%
1 (-e504) ¥E1*x(~q285) =1374697%C1%#( =y 285) =134N602%H2 %k (=4 504)
2 #4441353) =4 0070h6068E2%%( 465) ’
A17=0389912 +H1 k% (=1,482) *E2%%(4855) *E3x*(=-,168) *(, 0592021 *
1 H2¥2(=4B8487) *E1%%(¢325) ~347587 1 *H2 %2 (=4847) «4NOK7074¢F 1 ¥x%
2 (e325) +43433G91) +40000497097*E2%%( 4855)
A23=4 70379223 +H1*%(=24152) ¥*F2«%(1,025) *EI*=(=4277) *( 17,8758%
1 H2%%(-14153) *E1&&k (-4 357) ~e14552%H24%(=12153) «,88369% £] %=
2 (=ea357) +40108224) +S¢27254%HI*%(=2,152)
FODEV2=A0#AL* RD2 (I 1+A2¥RD2(] ) *%2




n

1%
14

ay

IF(RCONF24GT ala ) RCANF2=140
IF(RCCNF24LF sa"1) RCONF2=,01
IF(RDEV2eLEe SeC) RAWEIV2=Se"
S3I=RCCNF2

SD=RDEV2

SM=(5D43453%S52)/3e°
IF(R3ASFeE06 1e0) G3 TO 15
CALL XMND2

GO TQ &

XMR 2 =REZ

CCNTINUF

RRE 2=RRF 2+ XM R?2
RCS2 (1 )=RCOANF2

RDS2(1)=RDEV2
RTS2(I)=(SD+ 2« 0*RCONF2)

%k EQUATION FOR RCONF3 skktxkbapdrsedvrk

ANzZ¢ 229435 + HI*¥(~4G58) *E1*% (=9 344) *E%x(=,028) x(=331576.0 ¥
1 H2%x(=4433) +29371¢8 *E3%¥(e151) ) +H1%*(=438) *E 1 &% (=9 344) *
2 (245758e40% H2*Kk(=¢433) =21436e1% E3x*x(e151) ) ~Te 97399%kHI %k (~998)
A1==eOCA15258 +HI vy %(=14367) *F1%¥(=0832) *E2%%(=4C48) *x( 372149 *
1 HO®®(=4571) =1118431%E3#%(4232) ) +H1*¥%(-14367) *E1RR(-0432) *
2 (=22232,2%H28%(~+571) +£S51a€EY2%EIRN(4232) ) +4 342G 81 xH1 %% (~1367)
RCINFI=40+A1 *#RD3 (1)

IF(RCONF3eLE e%e1 ) FPCONF3=Cel

*xx¥ EQUATION FOR PDEV3 kREk ok ik K kRRKE S

AOZ=e 135338 #HiIk#(=9&) *H2uk(=e145) *E3*#(0684) *x{]1 34,041
1 *E1%«(=4318) *F2*¥(=-0106) =~ 45,5381 &S 1¥%( =g 318)=2¢ T1228%E2%*
2 (=a1068)+100933) FEIRK( 4684 )% (o BSHIEFE 1R (=g 318)-0 0195183)

Al=eNOI7SEB2 $HI Wk (= o BAT ) *H2¥¥ (=4198) *E3¢*(+317) *(=-1+46644%
1 Flee(=4310) *E2%x(~-0115) +eA437023%E 1 kx(=¢ 319) +e0301024 #E2%%
2 (=s115) =+0C963337) +E3%%(.817) *(~aN0A412002%E1*%(~0313)

3 +4NCACITEEHD &)

A2==¢400N0195 EL+HI ¥ (=g T11) kH2R*(—426) *E3IXK(4855) *(2CN566798 *
1El%k (=4288) »E2¢=z(-e11) e 0N16N06264E1%%(=4288) =4000170594 *
2E2¢&(=411) +4000nE18243) ~e ACNODNOARGI ST 3%k (4 855)

KRDEV3I=AN+A1 ¥ RO3( 1 )+A2%RD3(1)*x*2

IF(1eEQels ANCoaROEV3IeLE 42eC) RDEV3=2e0

IF(1eEQe2e ANDeRDIV3eLEeala5) RDZV3I=1e5

IF(1e50e3e ANDeRDEV3alLEelell) RDEV3I=1,40

RCS3(1)=RCONF3

RDS3(1)=RDEV 3

PTS3I(I)=RDEV3I+3+C*RCUNF3

S3=RCSI(])

SD=RODS3(I)

SM=RTS3(1) /3«0

CALL XMOD3

RREI=RRYEI+XMR3

E2=RRE2/3.,0

ER=QRE3/3.0

TATE2=TOTE2+E2

TOTE3=TOTE3I+E3

IF(ICOUNT,GT elC )} E2=TOTE2/ICCUNT

IFCICOUNTs GT ol n) E3=TOTE3/ICQUNT

IF{ARS(E2=-RNE2)eGTeTOLIM2) GO TO 41

IF(ASS(Z3=-RNE3)eGTeTOLIM3) GO TO 41

GO T 42

RNE2=FE2

RNF3=E3

ICOUNT=ICOUNT+1

GO TO aa

CCNTINUE

RETURN

END
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SUBROUTINE BALAST

COMMON /AZ1/ XE1 +XE29sXE3¢XH1 9XH23REY yRE24sREIZRHL 4PH2

CCMMON /4247 TEMP ¢NLDATAZNLANAL s NLHWAY  NLIWAY  TOLTIM2, TALIM3I
COMMON /AZ1C /DVSTR]L o CONF1 4DVSTFL, DELPL ,XDZLP1,PLDEF1 XPLDF1,TOTDF1

D=RH1/24+0
c DEVIATOR STRESS IN THE BALLAST LAYER
[of
H1=RH}
H2=RH2
E1=RE1
E2=RE2
E3=RE3
AN=64 90067 ¢+ HI%X{=4221) *El1xk(=-e131) *E2k%(o,046) *EI%x%(4,094)
1%(53278e1 3H2%%(=q057) ~4643165) + HlIx¥(=,221) *Elkk(=4131) *E2
2%% (4046) #(=-13014Se0%kH2%%(~40CS57) + 113842,) ¢ 1164334*H1%%(=4221)
Al==e 3N3NI7+HI2x(=4829) *E1#x(=4129) XFE2¢&(4039) *F3Ix%x(4065)
1% {=13181500 *H2%k¥(~-0049) +11775340) +H1%%(=4829) *E1x*x(-4129) *E2
2%%(9039) *(2464T340%H2%*(~4048G) =22032640) «1334453%kHIx%(~4829)
A2=0 04843057 4 H1®x(=1477) *H2%k%k(=e075) *FE2¥x(=4013) *x(=348002. =*E1}
Lhk(=oq025) +202822e0%E2%k%(4025)) + HI*k(~1477) XH2*&k(=gN75)%x( 301938
20 NAEL¥E (=4 025) ~1758F1,0 *EIex(,4)25) ) .
| DVSTR1=A0+A]1 3D+A2$D* +2,0 A
| . IF(OVSTR14LT e20eN) DVSTR1I=2040 N
[of
C CONFINING STRESS AT MID=POINT 0OF BALLAST

Cl=e 664422 +H1+%(-54135) ¥H2%%(-14+83) *E1*%(1,01) RE24* (4 655)*

1 (=1248779%E Ikk(423) +7745752) +H1xX(-54135) %xFE1+R(1601) sEI**x

2 (223) %(T772405 *H2%k¥(=1481) +e0988775%E2%%(4655) )
C2=H1¥%(~Sel 35) *H2%%(~1483) *(-31632.5% T1xx(1.071) +3824180.0% E2

1%%(4655) -197490C0C0e0) +HL1*2(~5,135) *E1%4(1,01) *(=04544612 *E2
2¢%(2655) ~2564957) -4624280040 *H1%%(=54135)

CONF1=C14C2

IF(CONF1eLTa CeS) CONFL1=(0e5

DVSTFL=364 7501 *CONF 1 %2 45352

RATIO=DVSTRY /DVSTFL

IF(RATINWGT 4 «75) RATIO=e75

NLANAL=NLRWA Y

DELP1=10s%%( =1486384041666% ALOGII(FLOAT(NLANAL) )I+2,4048%RATIO)
DELP1 =DELP1 /100,47

PLDEF1 =DELP1 *RH]

DVSTR1=DVSTR 1*044

CCNF1=CONF1* Cqa

DVSTFL=364 7501 *CONF1*%45352

RPATIO=DVSTR]1 /OVSTFL

IF(RATIDGGTs ¢75) RATIO=e7S

NLANAL=NLHWAY

XDELP1=1De** (~12B688+Co1666* ALNGII(FLOAT(NLANAL ))+244048%RATIO)
XDELP1=XDELP 1/10N N

XPLOF1=XDELP 1 *RHY

TATOF1=PLDEF 1 +XPLDF1

RETURN

END
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10

2n

19

SUSROUTINE TEMPDF

COMMON/AZ3/ACCLAY sCLAYSUCTI70,SUCTI(3)+SUCT{3),SUCF(3)
COMMON /AZ47 TEMP NLDATASNLANALJNLHWAY ¢ NLRWAY,TOLIM2,T0OLIM3
COMMON /AZB/ SYIGMA3,DEVSTR,,S53,SDySMyXeYsXDsXD2,XD3
COMMON /AZG/ XMR2XMR3,FXMR3,FLDEF2,PL OEF3,DELP,FDELP,F1
DIMENSION FD (3)+XFD(3)DIVFCT(Y)

NN 1 K=1,3

RO=SD/13.7

RT=YEMP /7240

FEN=NLANAL/10000»

GO TO(10+20430)sK

CONTINUFE

RS=SUCI(K)/1 10,0

XCLAY=e70

XSL=e14

P200=e91

GO TGO 15

CONTINUFE

RS=SUCI(K) /500

XCLAY=e39

XSL=e14

P200=e71

GO YO 15

CANT INUF

RS=SUCI(K) /72840

XCLAY=¢2

XSL=e 23

P200=e72

CONTINUE

B=0e 6761=042 334%{(1/XCLAY)

C==147043414 6130%P200

D=2¢ 3€20=0¢4128¢(1/XCLAY)

E=Ne 3716417 00%XCLAY

AQ0==114,111+159,212%p200

41=21194823~1 664 053%P200

42=-814345-416866 *(1/ALOG10(XCLAY))

A3=04 7882+14 4700%XSL

Aaz==0e0663+1 45214%P200C

AS==0e2731 +1 ¢7426%P200C

XFD(K)=AN4+AL SRSERCHA2KRTERRDARNKRE R (] =AZXRS ¥4 C+AQ*RSXCUARD**B
1 =AS*RD*%8)

DIVFCT(K)I=AD A1 ¥RSEXC+A2%K]1 4 ®RDARNSRER( 1 =AJARSEEC+AJERSk&C*RD*%P
1 -—ASkQD*%B)

FO(KI=XFD(K) /DIVFCT(K)

FO(K)=ABS{FD (K))

CONT INUE
XCA=e5N322584FD(1)-24376F1%FD(2)4248736842*FD(3)
XCB==3,8064516%FD(1) +15.280135*FD(2)~1144736842FD(3)
XCC=€ed51612G%FD(1)-16e977928%FD(2)+105253154FD(3})
FDELP=XCA+XC EXCLAY4XCC*CLAY **x2

RETURN

END
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