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KR: The Resilient Modulus of Subgrade Reaction 
J.A. FISCHER, M.R. THOMPSON, A.M. IOANNIDES, and E.J. BARENBERG 

ABSTRACT 

The concept of the resilient modulus of sub­
grade reaction (KR) is developed to ac­
count for the stress-dependent behavior of 
typical fine-grained subgrade soils. This 
new subgrade support parameter is defined as 
plate pressure or resilient deflection in an 
impulse plate load test simulated by using 
the finite-element program ILLI-PAVE. KR 
is expressed in the same units as the stan­
dard static modulus of subqrade reacti on 
(k), but the value of the former is signifi­
cantly higher. Thia indicates increased 
stiffness in response to rapidly moving 
loads. Factors influencing KR include 
plate she, deflect ion level, and subgrade 
type, A 30-in.-diameter plate was chosen in 
this study in conformity with qeneral 
practice. Equations relating Kn and de­
flection level are developed for four broad 
cohesive subgrade soil types: very soft, 
soft, medium, and stiff. The effect of a 
granular subbase on KR is also examined. 
The introduction of a granular layer in­
creases KR substantially. The importance 
of this effect, however, diminishes rapidly 
as subbase thickness exceeds 8 in. The 
beneficial effect of a granular subbase is 
consistent over the range of plate pressures 
investigated. 

In the analysis of slab-on-g.rade pavements [portland 
cement concrete (PCC), high-st r ength cementitiously 
stabilized materials], it i s necessary to idealize 
the charac·ter is tics of the supporting medium. In 
general, one of two fundamentally different hypothe­
ses concerning the properties of the subgrade is 
used. In the first of these theories, the soil is 
regarded as an elastic, isotropic, and homogeneous 
semiinfinite body. The term "elastic solid" is often 
used to describe this idealization. The majority of 
current analyses that treat the subqrade as a semi­
infinite, elastic half-space employ axisymmetric 
models. Thus they are only applicable to the inte­
rior condition, i.e., where the load is away from 
any edge or corner. 

In the other support characterization theory, the 
subgrade is regarded as a flexible bed in which sur­
face. pressure is proportional to surface deflection 
at each point, whereas adjacent unloaded areas are 
riot affected at all. This idealization is commonly 
called a dense liquid or a Winkler subgrade. The 
finite-element program ILLI-SLAB (1,2) employs a 
Winkler-type subgrade and can be used to study two­
layer cracked pavement sections, load transfer by 
aggregate interlock or dowels or both, variable slab 
thickness, variable subgrade support, and complex 
multiwheel loading at any position on the pavement. 
This model has been validated and used extensively 
in various University of Illinois studies (l,J). 

In the original version of ILLI-SLAB the-modulus 
of subgrade reaction (k) based on the plate load 
test is used for subgcade characterization. This is 
in conformity with general engineering practice as 

well as several other finite-element models. In 
ILLI-SLAB the value of k can be varied from node to 
node according to a pattern specified by the user. 
Note that k is independent of stress or deflection 
level, being essentially a linear, low-stress modu­
lus. Most subbase-subgrade support systems, how­
ever, display a load-deflection response dependent 
on stress level. Typically, a softer (lower kl re­
sponse is exhibited at higher magnitudes of stress 
or deflection. 

To develop suitable support relations to accommo­
date deflection-dependent subgrade behavior for 
ILLI-SIJ\B, various models proposed by others were 
reviewed in a study by the U.S. Air Force Office of 
Scientific Research (AFOSR) (_1). Special attention 
was paid to those that could be used to simulate 
nonlinear subgrade response. Thompson and Robnett 
(5) proposed a resilient modulus characterization 
for the elastic-solid foundation that not only in­
troduced soil nonlinearity but also, perhaps more 
importantly, accounted for the apparent increase in 
subgrade stiffness produced by rapidly moving, re­
peated loads. The aim of this study is to develop a 
similar resilient modulus characterization for the 
dense-liquid foundation. 

Data for the development of the necessary algo­
rithms were obtained by using ILJ,I-PAVE (6), an 
axi13ymmetric, resilient elastic-solid modei, to 
simulate repeated plate load tests. Equations were 
derived rel.ating KR and deflection. Note that 
this is no longer k from the static plate load test 
but a modulus character hing subgrade response to 
repeated (impulse-type) loading. The latter loading 
condition is considered more appropriate for moving 
wheel loads. 

SOIL AND MATERIAL CHARACTERIZATION 

General 

The resilient behavior of a soil or material is an 
important property for pavement analysis and design. 
A commonly used measure of resilient response is the 
resilient modulus, defined as follows: 

(!) 

where 

ER resilient modulus, 
a0 repeated deviator stress, and 
Er recoverable axial strain. 

Repeated unconfined compression or triaxial test­
ing procedures are often used to evaluate the resil­
ient moduli of fine-grained soils and granular 
materials. Resilient moduli are stress dependent: 
Fine-grained soils experience resilient modulus de­
creases with increasing stress, whereas granular 
materials stiffen with increasing stress level. 

Pine-Grained Soils 

Two models of stress-dependent behavior have been 
proposed foe the stress-softening behavior of fine­
g rained soils. The arithmetic model is demonstrated 
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in Figures 1 and 2 [AASHTO A-7-6 (36) I and the semi­
log model is shown in Figure 3 [MSHTO A-7-6(36)]. 
E>< t ensive rPl'lil i.ent labor«tory tcoting , nond .. struc ­
tive pavement testing, and pavement analysis and 
design studies at t he University of Illinois have 
indicated that the arithmetic model (Figure l) is 
adequa te for pavement analysis activities . 

In the arithmetic model the value of the resil­
ient modulus at the breakpoint in the bilinear curve 
(E'Ri) is a good indicator of a soil's resilient 
behavior. The slope valaes (K1 and K2) display 

c .. 
~ 
a:: 

Repeated Oeviotor Stress, u 
0 

FIGURE 1 Arithmetic model for tress-dependent 
resijjent behavior of fine-grained so.its. 
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less variability and influence pavement structural 
response to a smaller degree than ERi. Thompson 
and Robnett (~) developed procedures for predicting 
the resilient- behavior of fine-grained soils based 
on soil classification, soil properties, and mois­
ture content. They suggested the followi ng r egres­
sion equations relating ERi with static soil modu­
lus (E) and unconfined compressive strength (qul : 

ERi = 3.36 + l .9E 

ER;= 0.86 + 0 .307qu 

where 

~i breakpoint resilient modulus (ksi), 
E static modulus of elasticity (ksi), and 

qu unconfined compressive strength (psi) • 

(2) 

(3) 

These correlations indicate that ERi is substan­
tially greater than a static E. 

Granular Materials 

In contrast to fine-grained soils, granular mate­
rials stiffen as the stress level increases. Re­
peated-load triaxial testing is used to characterize 
the resilient behavior of granular materials. The 
resilient modulus is a function of the applied 
stress state, defined as follows: 

(4) 

where K and n are experimentally derived factors and 

IPAVA B 

.. .... 

12 

10 

.. 8 ..: 
:J .,, 
0 

:=; 

c .. 
fii ... 
a: 

6 

4 

2 

Optimum W-0.4°7. 

t5 20 25 

Repeated Dev iator St reas, a- 0 , psi 

FIGURE 2 Typical stress-dependent resilient behavior of a fine-grained soil. 
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~ 
:J 

"8 
:::E 

c 4 
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a: 
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Repeoted Deviotor SI ress, ""o, psi 

FIGURE 3 Semilog model for stress-dependent resilient behavior of a fine­
grained soil. 

e is the first stress invariant (01 + 02 +03). (Note 
that a = o1 + 2o 3 in a standard triaxial compression 
test.) Figure 4 is an ER-e relation for a sandy 
gravel [AASHTO A-1-b(O)). 

Rada and Witczak (7) have summarized and statis­
tically analyzed extensive published data on resil­
ient moduli for a broad range of granular materials. 
The average values and ranges for K and n are given 
in Table l for several granular materials and 
coarse-qrained soils. 

Other Materials 

Stabilized materials such as soil-cement, cement-ag­
gregate mixtures, soil-lime mixtures, lime-flyash-

zoo 

100 

• 8 0 

0 

I 
c .. 

so 

aggregate mixtures, and similar materials that have 
high strength and high modulus are frequently used 
as base and subbase layers. These materials are nor­
mally characterized as constant-modulus materials. 

RELATIONS BE'IWEEN KR AND DEFLECTION 

The finite-element program ILLI-PAVE (~l was used to 
develop the data (resilient plate load deflections) 
required to establish algorithms for KR and de­
flect ion. This program considers an axisymmetric 
solid of revolution. Nonlinear stress-dependent 
material models and failure criteria for granular 
materials and fine-grained soils (6, 8, 9) are incor­
porated into ILLI-PAVE. The prin~ipal stresses in 

i 

I 

IY" 
v v - , , 

.. .. 
a: ,,V 

v 
11 I zo / I ... T ..... 

101() 
20 30 •O ~O 60 'O BO 100 200 

8=cr1+ 2cr 3 , psi 

FIGURE 4 Resilient modulus versus e for a sandy gravel. 
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TABLE 1 Typical Resilient Property Data (7) 

Ka (poi) n• 
Granular No . of 
Material Data Standard Standard 
T'ype Points Mean Deviation Mean Deviation 

Silty sand 8 1,620 780 0.62 0.13 
Sand-gravel 37 4,480 4,300 0.53 0.17 
Sand-aggregate 

blend 78 4,350 2,630 0.59 0.13 
Crushed stone 115 7,210 7,490 0.45 U.23 

aER = KOn where ER is the resilient modulus (psi) and K,n are experimentally dedved 
factors from repeated triaxial testJng. 

the granular and subgrade layers are modified at the 
end of each iteration so that they do not exceed the 
strength of the materials as defined by the Mohr­
coulomb theory of failure. 

Studies comparing measured and ILLI-PAVE-pre­
dicted load-deformation respons'es, i;eported b.Y Raad 
and Figueroa (~), Suddath and Thompson (10), Traylor 
( 11) , and Hoffman and Thompson (12) , yielded favor­
able results. The I.LLl -PAVE appro'iich ha s been suc­
cessfully used in developing a highway overlay 
des ign procedure for flexible pavement based on non­
destructi ve-testinq data analysP.!'l ( l 3) as well a s 
mechanistic thickness design procedures for second­
ary-road flexible pavements (_!i) and soil-lime 
layers l.!.2.) • 

ILLI-PAVE was used to simulate repeated plate 
load tests on various subgrades. The rigid plate 
condition was represented by a steel loading plate 4 
in. thick (E8 = 30 x 10' psi). Plate diameters 
of 30, 21 , and 15 in. were considered foe various 
plate pressures. For each loading condition, a 
resilient (recoverable) deflection was determined 
from the ILLI-PAVE analysis. KR is analogous to k 
but is calculated by dividing the plate pressure by 
the calculated resilient plate deflection. 

Applied plate pressures ranged from 2 psi to 11c 
psi (C is the subgrade cohesion) . Pressures larger 
than 11c a.re not of practical interest, because at 
higher pressures significant permanent deformation 
(rutting) will occur in the subgrade. 

Four fine-grained subgcade types (very soft, 
soft, medium, and stiff) were investigated. Perti­
nent subgrade properties and characteristics are 
summarized in Table 2. Relations of the resilient 
modulus versus repeated deviator stress level are 
shown in Figure 5. 

Plate pressure versus resilient displacement data 
are presented in Figures 6 and 7. Relations of KR 
versus plate deflection for the various subgrades 
are shown in Figures 8 through 11. The subgrades 
show a definite softening behavior (reduced KR) 
with increasing pre!'ls ures. The softening behavior 

TABLE 2 Materials Property Summary 

Subgrade 

Very Gravel 
Property Soft Soft Medium Stiff Sub base 

Unit weight (pcf) 110.0 115.0 120 .0 125.0 135.0 
Coefficient of earth 

pressure at rest 0.82 0.82 0.82 0.82 0.6 
Poisson's ratio 0.45 0.45 0.45 0.45 0.38 
ER; (ksi) 1.00 3.02 7.68 12 .34 
ER, model (psi)" 5,00080.SO 

Friction angle (degrees) 0.0 0.0 0.0 0.0 40.0 
Cohesion (psi) 3.1 6.5 11.4 16.4 0.0 
Estimated kb (psi/in.) 50 100 150 ?.00 

8ER =KOR (fo; at, K, and 0 in psi). 
bstandard modulus of subgrade reaction. 

.. ... 

·;;; .. 
a: 
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Soft 

Ver Soft 

Repeated Deviotor Stress, psi 

FIGURE 5 Suhgrade soil material models for IL LI-PAVE 
analyses. 

is most pronounced for the soft:. subgrade (Pigure 9), 
where KR at a pressure of 11c is approximately 60 
percent:. of KR at 2 psi. For a given plate pres­
sure and subgrade type, a decrease in plate size re­
sults in a stiffer plate responi> (KR increases). 

ALGORITHM DEVELOPMENT 

A recent study by AFOSR at the University of Illi­
nois ( 4) indicated that an empirical relation of 
plate pressure versus deflection proposed by Butter­
field and Georgiadis (_!i) best represented the ILLI­
PAVE-generated data on KR and deflection. The 
basis of the equation is an idealization proposed by 
Burland and Lord (17). The equation is character­
ized by three parameters: an initial stiffness 
(kQ), a final stiffness (kf), and a pressure­
ax1s intercept (<;tu) (Pigure 12). The form of the 
equation is as follows : 

q = q" {I - exp f-(k0 -kr) (w/qu)l} + krw (5) 

where w is plate deflection. The equation was modi­
fied for presenting the ILLI-PAVE data for plate 
pressurP vPrsus re~ilient dioplaccmcnt. A nor­
malized deflection parameter (w/Dy) was substi­
tuted into the equation for w, where Dy represents 
the deflection at a plate pressure of 11c psi. The 
resulting equation is as follows: 

where 

p 

Dy 
plate pressure, 
deflection factor for a given sub­
grade type (very soft, soft, medium, 
stiff) , and 
subgrade constants. 
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FIGURE 6 Plate pressure versus resilient displacement for medium and 
very soft suhgrades. 
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FIGURE 7 Plate pressure versus resilient displacement for stiff and soft 
suhgrades. 

If this equation is divided through by the plate 
deflection (w), the p/w term is KR, the resilient 
modulus of subgrade reaction. The final KR al­
gorithm is as follows: 

KR = (1/w) [ A1 ( 1 - exp{-A2 [(w/Dy) - A3 ]}) + A4 [(w/Dy) 

-A3]+2] 

= A5 /Dy if (w/Dy) < A3 (7) 

Regression analyses were used to develop four 
equations, one for each subgrade type studied. The 
resulting equation parameters for the 30-in.-diam­
eter plate are summarized in Table 3. Values of the 

correlation coefficient (R), standard error of esti­
mate, and coefficient of variation for the equations 
are also presented in Table 3 . To be consistent 
with the relations of sub9rade resilient modulus 
versus stress level (see Figure 5) , KR is assumed 
to be a constant for pressures less than 2 psi. 

Note that KR obtained from these algorithms has 
values much greater than the corresponding static 
subgrade modulus (k) for any given soil. This is 
consistent with the observation that soils exhibit a 
much stiffer response when loaded by rapidly moving 
loads rather than by static loads. A similar obser­
vation was made regarding the relation between the 
values of ERi and static E. 
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FIGURE 8 KR versus deflection for various plate sizes (very soft suhgrade) . 
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FIGURE 9 KR vr.rRus rlllfllldion for various plate sizes (soft suhgrade). 

SUBBASE EFFECTS 

Effect of Granular Subbase 

A layer of granular material is frequently used as a 
subbase in PCC pavement construction. The struc­
tural c ontribution of the granular layer is general­
ly acknowledged by a ssigning a n increased design k 
to the combination of granular layer a nd subgrade 
(18-1Q) . 

Additional plate load tests employing a 30-in. -
d iame te r plate o n a granular subbase and sub9rade 
so il support system we re also simulated by using 
I LLl.- PAVE. The properties of the granula r s ubbase 
(gravel) are listed in Table 2. Three dif ferent 
granular subbase th ick nesses (8, 16, and 24 in.) 
were cons idered . The applied plate pressure was 2c. 
Figure 13 shows the effect of granular layer thick­
ness on KR for each of the four subgrades. It may 
be concluded that the introduction of a granular 
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TABLE 3 Regression Equation Parameters and Statistics 

Coefficient 
SE Eb of Variation 

Subgrade A1 A2 A3 A4 As Dy Ra (psi/in.) (%) 

Very soft ) 5.0 0.80 0 .1680 0.62 11.9 0.0400 0.993 3.9 1.4 
Soft 9.5 2.60 0.0594 10.25 33.7 0.0782 0.995 9.1 2.5 
Medium 7.0 3.74 0.0377 28.10 53.1 0.0734 0.997 9.1 1.4 
Stiff 5.0 5.30 0.0282 45 .90 71.0 0.0707 0.995 13.9 1.5 

acorrelation coefficient. 
bstandard error of estimate. 
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subbase up to 8 in. thick has a pronounced benefi­
cial effect on KR. For greater thicknesses of 
subbase, the effect on KR progressively decreases 
so that subbase thickness has only a slight effect 
within the 8- to 24-in. thickness range considered. 
The comments made in the previous section with re ­
gard to the apparently high KR values apply here 
as well. 

Plate pressure effects were also evaluated for an 
8-in. granular subbase layer and the soft and very 
soft subgrade types for plate pressures of c, 2c, 
and nc ps i. Comparative data for the no-subbase 
and subbase conditions shown in Figure 14 indicate 
that plate pressure has only a nominal effect. The 
stress-stiffening behavior of the granular material 
counteracts to some extent the stress-softening be­
havior of the fine-grained subgrade • 

Effect of Stabilized Subbase 

The effect of a subbase with high strength a.nd modu­
lus on a PCC pavement can be considered by increas­
ing k for the stabilized subbase-subgrade system. 
This procedure is recommended by the Portland Cement 
Association <.!.!!..•.ill and the Federal Aviation Admin­
i st.ration ( 20) . 

The ILLI-SL.AB program, on the other hand, con­
siders the stabilized subbase as a flexural subbase 
beneath the PCC layer. This is a more desirable 
procedur e than using an i ncreased k, because the 
elastic properties of the subbase and its degree of 
bonding with the PCC slab can be considered. 

SUMMARY 

The concept of the resilient modulus of subgrade 
reaction (KR) is introduced to account for the 
stress-dependent behavior of typical subgrade soils. 
This new subgrade support parameter is defined as 
the pressure producing unit deflection in an impulse 
plate load test simulated by using the finite-ele­
ment program ILLI-PAVE. KR is expressed in the 
same uni ts as the standard static modulus of sub­
grade reaction (k), but the value of the former is 
significantly higher. This indicates increased 
stiffness in response to rapidly moving loads. 

Factors influencing KR include plate size, de­
flection level, and subgrade type. A 30-in.-diameter 
plate was chosen in this study in con£ormity with 
general practice. Equations relating KR and de­
f lection level were developed for four broad cohe­
sive subgra de s oil t ypes : very s oft, s of t, medium, 
and stiff. The ef fect of a granular subbase on KR 
was also examined. The introduction of a granular 
layer increases KR substantially. The importance 
of Llihs effect, however, diminishes rapidly as sub­
base thickness exceeds 8 in. The beneficial effect 
of a granular subbase i s consis tent over the range 
of plate pressures investigated (c, 2c, and we 
psi). 
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Finite-Element Model with Stress-Dependent Support 
A.M. IOANNIDES, E.J. BARENBERG, and M.K. THOMPSON 

ABSTRACT 

The finite-element model presented is a mod­
ified and expanded version of the model 
developed in 1977 for the study of jointed, 
slab-on-grade pavements, ILLI-SLAB. A number 
of modifications to the original code are 
described . The most important of 1:-hese is 
the incorporation through a n iterative pro­
cedure of the deflection-dependent resilient 
modulus of subgrade reaction (KR). This 
parameter is considered more appropriate i n 
modeling nonlinear subgrade response to 
rapidly moving loads. Other changes include 
generation of contour plots of system re­
sponse, introduction of lines of symmetry, 
correction of the uniform subgrade stiffness 
matrix, specification of loaded areas in 
terms of global coordinates, and free-form 
input capability. To illustrate the impact 
of these innovations, results from several 
demonstration runs are summarized. The major 
effect of the proposed model is due to the 
higher values of KR compared with the com­
monly used static k. 

The determination of stresses and deflections in 
slab-on-grade pavements with joints or cracks or 
both has been a subject of major concern for several 
years. For many pavement structuces it has been 
v irtua.lly impossible to obtain analytical (closed­
form) solutions because of the complexity of geome­
try, boundary conditions, and material properties, 
unless certain simplifying assumptions are made. 
These, however, result in a modification of the 
characteristics of the problem. With the advent of 
high-speed digital computers, solution of these com­
p.lex structural problems has been greatly facili­
tated . One of the most powerful methods that has 
evolvecl is the finite - clement method. This method 
of analysis is widely accepted as applica'bl.e to a 
broad range of complex boundary-value problems in 
engineering. 

In the calculation of stresses in slab-on-grade 
pavements , it is also necessary to idealize the 
characteristics of the supporting medium. In one of 
the simplest and most popular support characteri2a­
tion theories , the subgrade is regarded as a flex­
ib1-e bed with surface pressure proportional to sur­
face deflection at each point, whereas adjacent 
unloaded areas are unaffected. This idealization is 
commonly called a dense liquid or a Winkler sub­
grade. Finite-element program ILLI-SLAB (_!,1) em­
ploys a Winkler-type subgrade and can be used to 
study two-layer, cracked pavement sections, variable 
load transfer across joints or cracks by aggregate 
interlock or dowels or both, variable slab thick­
ness, variable su.bgrade support, and complex multi­
wheel loading at any position on the pavement. This 
model has been validated and used extensively in 
various University of Illinois studies (1, 3 , 4). 

In the original version of ILLl-SW C!.l, the 
modulus of s ubgrade reaction (kl obtainea from the 
plate load test is used for subgrade characteriza­
tion. Th is is in conform! ty with general engineer­
ing practice. <>everal other fi n i.te-element models 
also use this approach (5-7). The value of k can be 
varied from node to nOde according to a pattern 
specified by the user at the beginning of the anal­
ysis. Note that k is assumed to be independent of 
stress or deflection level , being essen·tially a 
linear, low-stress modulus. Most subbase-subgrade 
support sye:tcmo, however, ulsl:Jlay a response depen­
dent on stress level. Typically a softer (lower-k) 
response is exhibited at higher magnitudes of stress 
or deflection. 

To account for this effect, the concept of the 
resilient modulus of subgrade reaction (KR) was 
introduced in a D.S. Air Force 0£fice of Scientific 
Research (AFOSR) study (8). This is no longer the 
modulus k , derived from the static plate load test, 
but a modulus characterizing subgrade response to a 
repeated (impulse-type) test. The latter loading 
condition is considered more appropriate for the 
type of moving loads applied by modern-day highway 
and airport traffic . In the AFOSR study , relation­
ships are developed between KR and deflection (w) 
for a broad range of fine-9rained soils . 

In this paper a description is given of how the 
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deflection-depenaent support relations a re incorpo­
rated into ILLI-SLAB to accommodate nonlinear sub­
grade behavior. Several other ILLI-SLAB improvements 
are also presented. The impact of these innovations 
is assessed by using a series of demonstration runs 
involving typical pavement sections and loading pat­
terns. 

ILL I-SLAB 

ILLI-SLAB was developed at the University of Illi­
nois in 1977 for structural analysis of jointed 
one- or two-layer concrete pavements with specified 
levels of load transfer at the joints or cracks 
<1•1>· The ILLI-SLAB model is based on the classical 
theory of a medium-thick plate on a Winkler founda­
tion (9) and can be used to evaluate the structural 
response of a concrete pavement system with joints 
or cracks or both. I t employs the plate-bending 
element with four nodes and 12 degrees of freedom 
known in the finite-element literature as ACM or 
RPB12 (10). The Winkler-type subgrade is modeled as 
a uniform distributed subgrade through an equivalent 
mass formulation (11). This is a much more realistic 
representation than the four concentrated spring 
elements used in other programs (5-7). A work 
equivalent load vector is used (10). - -

various types of load transfer systems, such as 
dowel bars, aggregate interlock, keyways, or a com­
bination of these, can be considered at the pavement 
joints with ILLI-SLAB. The model can also accommo­
date the effect of a stabilized base or an overlay 
(with either perfect bond or no bond). 

MODIFICATION OF ILLI-SLAB 

For the benefits of the finite-element method to be 
fully realized, it is highly desirable that programs 
using this method of analysis 

l. Accept easy-to-compile, user-oriented input 
data restricted to the absolute minimum required and 
in which, where possible, potential pitfalls for the 
user have been eliminated; 

2. Employ carefully selected default values that 
will reduce the amount of input data required; 

3. Perform error checks, especially in the case 
of default values, so that errors that are concealed 
by the otherwise normal execution of the program 
will be avoided; 

4. Be free of code errors; 
S. Organize the output so that it is neat, mean­

ingful, and user-oriented; 
6. Incorporate skillful data-base management for 

the efficient utilization of available memory core; 
7. Provide basic and higher-level routines; and 
8. Present the results in a summary or a graphi­

cal form. 

The ILLI-SLAB modifications presented in the follow­
ing are aimed at providing these capabilities. 

Stress-Dependent Subgrade Defin i tion 

The general expression for the relation between KR 
and w as developed in this study (30-in. -diameter 
plate) is (_!!) 

KR =(1/w) [A 1 (i-exp{-A2 [(w/Dy)-A3 J} )+A4 [(w/Dy) 

-A3) +2] 

=As/Dy if(w/Dy) < AJ (!) 

ll 

where Air A2, A3, A4, A5r and D are regression pa­
rameters determined from plate load tests simulated 
by using ILLI-PAVE ( 12) , a stress-dependent (non­
linear) finite-element-Program developed at the Uni­
versity of Illinois. By specifying these parameters, 
the user can define a stress-dependent subgrade. 
Parameter sets for the following broad subgrade 
types have been developed and are now an integral 
part of the revised version of ILLI-SLAB: 

l. Very soft (KR= 300 psi/in.), 
2. Soft (KR = 425 psi/in.), 
3. Medium (KR= 725 psi/in.), and 
4. Stiff (KR= 1,000 psi/in.). 

The figures in parentheses are recommended initial 
(small-deflect ion) values. These are significantly 
higher than the normally accepted static k-values, 
reflecting the increased subgrade stiffness that re­
sults from dynamic or rapidly moving loads. 

Other options available in modified ILLI-SLAB are 
as follows: 

1. Other: The user specifies the regression 
parameters individually to obtain a different rela­
tion of KR versus w. 

2. Winkler: This option is the stress-indepen­
dent, uniform Winkler subgrade, available in the 
original version of ILLI-SLAB. 

3. Sp.rings: Support is provided by four springs 
at the corner of each element (stress independent). 
This option allows validation by direct comparison 
with other programs but is not recommended for gen­
eral use. 

An iterative procedure, which compares support 
values (KR) corresponding to calculated deflec­
t ions with previously assumed or determined values, 
is used in the modified version of ILLI-SLAB. New 
support values are assigned for each subsequent 
iterat i on until compatibility is achieved between 
support system deflections and the user-prescribed 
support pattern. Furthermore the new model allows 
the user to assign different support values to se­
lected (or all) nodes. When one of the stress-de­
pendent subgrade types is used, subroutine ITERATE 
provides a procedure for checking convergence, up­
dating support values, and proceeding with add.ition­
al iterations as necessary. Subroutine ITERATE is 
structured to allow easy modification of the regres­
sion equations or addition of other subgrade op­
tions. The user controls the iterative procedure by 
three variables: 

1. ITMAX: This variable specifies the maximum 
number of iterati ons desired. Usually three itera­
tions are suf-ficient1 a value of !'IMAX = 6 is recom­
mended. 

2. TOLl: Convergence tolerance for updated KR 
compared with KR from the previous iteration. A 
value of TOLl ,. 0.05, i.e., 5 percent, is recom­
mended. 

3. TOL2: Convergence tolerance for percentage 
of nodes at which TOLl is not satisfied. Again, a 
value of TOL2 = 0.05, i.e., 5 percent, is recom­
mended. The recommended values of ITMAX, TOLl, and 
TOL2 are used as default values. 

Co.ntourinci Capability 

During a study conducted in summer 1981, the facil­
ity to generate contour s of stresses and deflections 
was incorporated i nto the ILLI-SIJ\B package (4). 
This was done through au>1ilia ry program CONT, which 
accepts ILLI-SLAB results as input data. Subroutine 
CONTOUR in this auxiliary pro<Jram passes these re-
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sults to a number of subroutines developed at the 
National Center for Atmospheric Research (NCAR). The 
s;;oftware uocd in these sublouline~ hHs been l'Jevel­
oped and is made available with the restriction that 
NCAR be acknowledged as the source in any resulting 
research or publications. The most important family 
of NCAR subroutines used in rLLI-SLAB is CONRAN. 
CONRJ\N, the standard version, plots contour lines by 
using random, sparse, or irregular data sets; adds 
lina l abeling and contour d:ish patterns; and plo t !! 
relative highs and lows. The data are triangulated 
and then contoured. Contouring is performed by in­
terpolating the triangulated data. Typical contour 
plots are shown in Figure 1. 

More Efficient Memory Core Utilization 

A major problem encountered by ILLI-SLAB users is 
that any attempt to refine the mesh used, especially 
when investigation of the stability and convergence 
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FIGURE 1 Typical contour plots. 
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of the numerical solution is desired or when seve~al 
slabs are us ed, faces the possibility of exceedinq 
mach i ne memory core capacity. This pr oblem has been 
add,ressed by the introduction of the capability to 
take advantage of any symmetry lines that may exist. 
In the modified ILLI-SIJW version, the user has the 
following options: 

1. No lines of symmetry exist (ISYM = 0), 
2. The x-axis is a line of symmetry (ISYM = 1) , 
3. The y-axis is a line of symmetry ( ISYM = 2), 

and 
4. The x- and y-axes are both axes of symmetry 

(ISYM = 3). 

Care was taken to introduce these options without 
impos ition of a burden on the user during the prep­
aration of the input data. Particularly undesirable 
are requirements to include the node numbers for the 
nodes along the line or lines of symmetry. In the 
new version of ILLI-SLAB, the various options re-
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lated with symmetry are specified by using a single 
input variable (ISYM), which may even be omitted if 
no symmetry exists. 

Subgrade Stiffness Matrix Correction 

One o .f the major advantages of lLLI-SLAB ovei:- other 
available progi:-ams is that the Winkler-type f ounda­
tion is no longer modeled by four concentrated 
springs at the corners of each slab element. Through 
an equivalent mass formulation, a uniform distrib­
uted subgrade is provided under each element. The 
formulation for the derivation of the stiffness ma­
trix for this subgrade (_!) foll.ows the same steps as 
the ones presented by Dawe <W, who first derived 
this matrix. In oawe's equivalent mass formulation, 
the product of mass per unit area and plate thick­
ness (ph ) replaces the subgrade modulus k (or 
l<R). Similar derivations using different sign 
conventions are also presented by Przemienieoki (13) 
and Zienkiewicz C!Q.l. -

The subgrade stiffness matrix used in ILLI-SLAB 
was compared with each of the matrices presented in 
these publications, which were furthe r compared with 
each other, with due allowance for differences in 
sign convention. The original formulation of the 
stiffness matrix in ILLI-SLAB (_!) was thereby cor­
rected. For earlier users of the prog ram , the cor­
rections in the stiffnes.s matrix are most obvious in 
the results from solutions of symmetric problems, 
where identical responses are now obtained at cor­
responding points, as expected. Although the change 
in the results of a typical run may only range from 
3 to 5 percent, it is important to have a balanced 
formulation to ensure the good behavior and conver'­
gence of the numerical solution. 

Specification of Loaded Areas in Tei:-ms of 
Global Coordinates 

In the original version of ILLI-SL11B, input data 
specifying loaded area or areas had to be in terms 
of local (element) coordinates. In this sytem the 
or;igin is set at the lower le.ft corner of each 
element and the a.xes extend from 0 to 2a in the 
x-direction and 2b in the y-direction for a typical 
element of dimensions 2a x 2b. The result was that 
the user had to go through the following steps when 
the loaded areas for the problem were specified: 

1. Determine the element numbers of the loaded 
elements adhering to a fixed numbering sequence, 
i.e., from bottom to top and from left to right. It 
should be noted that depending on the finene s s of 
the mesh used, each loaded area (such as a wheel im­
print) migh t apply a load on four or more elements. 
Thus, a large number of partially or fully loaded 
elements might be needed to define the loading pat­
tern in all but the simplest situations. 

2. For each of the loaded elements, determine 
the extent of the loaded subacea in terms of the 
local element coordinate s ystem. These coordinates 
should then be specified, one subarea per card, to­
gether with the load intensity in each case. 

3. Whenever there is a change in the finite-ele­
ment mesh used , such as when the mesh is made finer, 
the process must be repeated. 

As a result of the complexity of this process, 
espec ially when it was used, as it was, with the 
fixed-form input format, a large portion of all 
problems encountered by ILLI-SLAB user s was related 
to specifying loading patte-rn da-ta . To overcome 
these difficulties, subroutine SUBAREA was coded to 
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allow input data specification in terms of the glob­
al coordinate system. In this system the origin is 
located at the lower left corner of the slab ar­
rangement and the axes extend to the extreme corners 
of the arrangement of all the slabs in both the 
x- and y-directions. The advantages of this system 
are obvious: 

1. Element numbering, although retained in­
ternally, does not enter into input data preparation; 

2. Only as many loaded areas as actually exist 
need be specified; the global coordinates and the 
extent of each loaded area now acquire a more re­
alistic physical meaning for the user; and 

3. The global coordinate system is independent 
of the mesh used, being solely determined by the ar­
rangement of slab or slabs analyzed. 

Free-Form Input Capability 

With the addition of several new subroutines, ILLI­
SLAB can now accept f ree-form input data by using a 
problem-oriented language (POL) consisting of 
simple, easy-to-remember English-type statements. 
This has been made possible by accessing the SCAN 
library of routines developed at the Civil Engi­
neering Systems Laboratory (CESL) at the University 
of Illinois (14-1§). SCAN has been used as a teach­
ing and research tool for a number of years at the 
University of Illinois. It is also the front end of 
the POLO system, including FINITE (7) , and is used 
in a number of production systems at CESL. 

Only those parameters that are different from the 
default values need be provided when the free-form 
input capability is used. This will save time in 
preparing the input data file and executing the pro­
gram. The free-form subroutines are set up to issue 
diagnostic error messages before execution in the 
event of improper input data. These greatly f acili­
tate debugging the input data file and are particu­
larly useful to new users of ILLI-SLAB. 

Miscellaneous Changes 

In addition to p roviding a user-oriented input data 
capability, it i s desirable to have a user-oriented 
presentation of the results from a given run. Early 
in this study particular attention was directed to­
ward improving the output format by the introduction 
of appropriate c ar riage control characters, elimina­
tion of unnecessary iines of output, and replacement 
of these by othe r meaningful output information. 
The changes inco r porated in the revised version of 
ILLI-SLAB are a i med at providing a well-organized, 
clear echo of the input file so that the parameters 
and loading cond i tions used can be easily checked as 
well as at givi n9 the user a neat, usable output. 
Of great i ntere s t to the user is the summary of 
maximum values of deflection and stresses and the 
nodal numbers at which these occur, which is given 
at the end of the output. 

A second group of changes involved the elimina­
tion of several code errors ("bugs") that were re­
vealed by numero 'JS error checks. Comparisons with 
FINITE show that at least the major routines of 
ILLI-SLAB, such o ~ stiffness matrix assembly, inver­
sion, and solutio,, and determination of stresses and 
deflections, are free of any code errors. 

TYPICAL EFFECTS WITH MODIFIED ILLI-SLAB 

To illustrate the capabilities of ILLI-SLAB and the 
impact of the r,, :,difications described earlier, a 
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number of demonstration runs are presented. Two 
typical pavement cross sections are considered in 
this invP11ti')ation . The first is a 10-ln . portland 
cement concrete (PCC) pavement consisting of panels 
that are 20 ft square and 20 ft by 12 ft, with or 
without load transfer between adjacent slabs . These 
dimensions are typical of airport and high.way pave­
ments, respectively. The contour plots shown in 
Figure 1 were obtained from one of the demonstration 
runs with a highway pavement. For the cases involv­
ing load transfer, a second, mirror-image panel was 
added to the right of the panels shown in Figure 1. 
The second pavement section considered is a 12-in. 
pavement incorporating a stabilized base layer with 
a modulus (E) of 1.5 x 105 psi. This pavement 
consbts of panels 15 ft by 12 ft and is typical. of 
pavements proposed fo the U.S. Air Force (USAF) 
alternate launch and recovery surf ace (ALRS) proqram . 

The two pavement sections are loaded by a 9-kip 
highway load or typical USAF aircraft loading pat­
terns, namely, the F-4, the c-130, a nd the F-lU . A 
typical. soft subgrade is assumed with two alterna­
tive charactedzations. The first is the conven­
tional static subgrade modulus (kl, which was 
assigned a value of 120 to 150 psi/in. by using the 
WINRLER option in ILLI-SLAB. The second is the pro­
posed resi l.ient modulus {KRI, which wae oct at 425 
psi/in. by using the SOFT option. Associated· with 
the latter opinion is stress dependence, provided by 
the iterative scheme in ILLI-SLJ\B. 

In an effort to clarify the picture presented by 
the results of these demonstration runs , ·three dis­
tinct effects are identified and discussed sepa­
rately in the following. 

Effect of Load Transfer 

To investiga te the impact of loaa transfer systems, 
1oad transfer by aggregate interlock was provided in 
some runs and these are compared with those i n which 
only one panel was used. It was intended to inves­
tigate the two extreme case-s , that o f no load trans­
fer efficiency (LTE .. 0 percent) and that of full 
load transfer efficiency (LTE ~ 100 percent). For 
the latter an aggregate interlock factor (AIF) of 
1 x 105 was specified, producing LTEs between 97 
and 99 percent . 

Under conditions of full load transfe r, maximum 
deflection is reduced to half its value for the con­
dition of no load transfer. The effect of load 
tr a nsfer on maximum bending stress is shown as a 
stress ratio in Table 1, which indicates that full­
load-transfer stress is about O. 6 times the no-load­
t ransfer stre.ss. It is also observed that the pro­
posed change to a resilient modulus Sltbgrade 
characterization has only a minor effect in this 

TABLE 1 Effect of Load Transfer 

Pavement Loading Subgrade Stress Ratio' 

PCC 9-kip k; 150 psi/in. 0.61 
SOFT 0.63 

F-4 k; 150 psi/in. 0.61 
SOFT 0.62 

C-130 SOFT 0.62 
ALRS F-4 k ; 120 psi/in. 0.59 

SOFT 0.61 
C-130 SOFT 0.62 

Note: AH runs are for eUgc.Jonding conditjon. PCC == portland cement 
i:o11i: rete; ALRS ::::: altern11Ut launch and recovery surface. 

nSlrC.St ra t fr> ;;: omllx for l. TE • I 00 porcotll divided b)' Otna:): for LTl~ =- 0, 
wJ1ore LTE -= Jo:H.I 1t.r\nsfor c:itric-hwcr ('1ene1ctlo11 Bcro.u Jn 11ir on unlt;J.ad<id 
iide divided by nulXimnm doOec:rlon 1dong joint o n londod 1ldt1). The cor­
r1:1ponding: l.lofll.'lc1io n rciUo JJ 0.SO ra.r L TE =- 100 pe.rci:.11 1. All compnri· 
sont are for the flr;d 11ern1ton. 
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:-:espect. As expected, LTE is more pronounced (al­
beit only slightly) in the case of the less !'!tiff 
ALRS pavement. 

Effect of Resilient Modul.us Characterization 

As explained earlier, it is considered that a resil­
ient modulus subgrade characterization would be more 
appropriate for airfield pavement systems under 
transient loads than the conventional static plate 
load test subgrade modulus . The k-value used to 
characterize the subgraae in finite-ele.ment programs 
like ~LLI-SLAB should be replaced by a stress-depen­
dent KR-value, which at low stress levels is sub­
stantially grater than that of the static k. In the 
cases analyzed in this paper, the WINKLER subgrade 
was assumed to have a otatic k-valu of 120 to 150 
psi/in. This is considered equivalent to the stress­
dependent SOFT subgrade option in ILLI-SLAB . The 
low-stress-level K1rvalue for this subgrade is 425 
psi/in., according to the algorithms described pre­
viously. 

The effect of this change is shown in Table 2 by 
comparing the responses of the SOFT and WINKLER sub-

TABLE 2 Effect of Resilient Modulus 

Specified Deflection" ,b Stressb ,c 

Pavement Loading LTE (%) Ratio Ratio 

PCC 9-kip 0 0.53 0.91 
JOO 0.54 0.93 

F-4 0 0.55 0.88 
100 0.56 0.90 

C-130 100 0.49 0.81 
ALRS F-4 0 0.46 0.87 

100 0.47 0.89 
C-130 100 0.40 0.80 

Nole ; Al l runs a.r-e for edgc-•fOildln& condhlon. PCC ~ portln.nd ccm\Snl con· 
crcta: Al-RS 11:1 allernMc l:mn<1 h 11nd r-ccovery •urr:acc. 
AJ)cOcction nnJo - rn u1lmum tlon~cHon ror SOF'l' divided b)' m:utlmum do­
O•ctlon fo r IYJNKt.ER. 
bAlJ COmlHtrli.ont UC for lhe nrst Iteration. 
CSfrcss raHo ._ rn11xhnum i trcss: ror SO divided by nuax ill\um Ire~ for 
WIN KLEI\, 

grades in the form of deflection and stress ratios. 
Deflection ratios are seen to vary between 0.40 and 
0.56, whereas stress ratios have values between 0.80 
and 0.93. Thus, the proposed resilient modulus sub­
grade characterization leads to lower calculated de­
flections and stresses: stresses are affected to a 
smaller extent than deflections. Table 2 also shows 
that the impact of the proposed change is more sig­
nificant as the load becomes more severe (C-130 in­
stead of F-4) or if the pavement system is less 
stiff (ALRS rather than PCC pavement; no load trans­
fer). 

Eftect of Stress Dependence: Iterative Scheme 

Associated with the stress-dependent options in 
ILLI-SLAB , including the SOFT option employed in 
these demonstration runs, is an iterative scheme. In 
this scheme at the end of each iteration a check is 
performed for the compatibility of calculated de­
flections and assumed support pattern (i..e ., KR­
values). If this compatibility is poor, a new itera­
tion is performed after the support pattern has been 
updated untU specified convergence tolerances are 
achieved. Usually no more than three iterations 
were requiren to achieve convergence within a tole-r­
a.nce of 5 percent. 

Table 3 is an attempt to filter out the effect of 
the iterative scheme by presenting in terms of de-
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TABLE 3 Effect of Stress Dependence 

Specified Deflection b ,c Stressc,d 
Pavement Loading" LTE (%) Ratio Ratio 

PCC F-4 0 1.03 1.0 I 
100 1.00 1.00 

C-130 0 1.10 1.05 
JOO 1.03 1.02 

F-111 0 1.04 1.07 
ALRS F-4 0 1.06 1.02 

100 1.01 1.00 
C-130 0 1.14 1.07 

100 1.05 1.03 
F-111 0 1.12 1.05 

No1t:: All runs are for the SOFT suba.r:ndo and edge-loading condil _on . PCC = 
ptltlland cement conctete ; .ALRS = alicrn nte launch and recovery ~urface . 
81terative schcime has no effect for 9-kip highway lo11ding. 
boeflection r-rt rlo =maximum defJection for last it c1r11.tion divided by maximum 
de-Otict Ion for n.r.u h or:tt Ion. 
cCQnV"orgence lo ler:rncc:s: TOLI = S parccnt; 0 1 ... '2 = s percent. 
dS1rcss raUo = rnaxhmnn itress for lltst ilorotion dl't'ided by maxjmum stress 
for first iteration. 

flection and stress ratios the responses after the 
first and after the last iteration. Deflection 
ratios range between 1. 00 and 1.14, whereas stress 
ratios fall between 1. 00 and 1. 07. Thus the effect 
of the iterative scheme is to increase the maximum 
deflections and stresses obtained after the first 
iteration, thereby counterbalancing some of the 
change produced by the resilient modulus described 
previously. 

Bec:.:a use the application of the iterative scheme 
increases execution time, it is important to draw 
some conclusions as to when such an increased ex­
pense is justified by the changes in response pro­
duced. Table 3 shows that the iterative scheme ef­
fect becomes substantial (i.e., 10 percent or more) 
for the more severe loading patterns (edge rather 
than interior; F-111 or C-130 rather than F-4) on 
the less competent pavement systems (ALRS rather 
than PCC section: LTE = 0 percent rather than 
LTE = 100 percent) . The iterative scheme has no ef­
fect in the case of the 9-kip highway load, and only 
one iteration is required to achieve the 5 percent 
specified tolerance. 

In general the effect of the iterative scheme is 
not dramatic. This may be attributed partly to the 
development of the algorithms used in the current 
version of ILLI-SLAB by simulating rigid plate load 
tests with ILLI-PAVE. The plates used in these tests 
are much stiffer than any ordi'nary pavement slabs, 
and their radius of relative stiffness (1) is much 
higher than the values encountered in pavement 
slabs. Westergaard (17) and other investigators have 
pointed out the effect of the radius of relative 
stiffness on the response of the subgrade-pavement 
system. 

Finally Table 4 presents the combined effects of 

TABLE 4 Combined Effect of Proposed Changes 

Specified Deflection" Stressb 
Pavement Loading LTE(%) Ratio Ratio 

PCC 9-kip 0 0.53 0.91 
100 0.54 0.93 

F-4 0 0.57 0.89 
100 0.56 0.90 

C-130 100 0.50 0.83 
ALRS F-4 0 0.49 0.89 

100 0.47 0.90 
C-130 100 0.42 0.82 

NQle: AIJ run i !ltd for (ldgc·londing coqdicion. CU:rnge:J conslsl or 1ubgrndo 
Ch;trmctt: rJt.mlio11 bY resilient 1110<.luJu Kn (.a 425 p11i(l 11 ,; S01:i') ln•IC'ad or J. l Ii(! 
sub1rude _modulus k (~ 110 ur l SO psi/In.) 1:t.11d s tress dcpendc.nce,-itcnnlvu nhome. 
PCC =- por Ua.nd cc11ncn1 con rnua~ ALRS :r nh arn1uin lnun(:h .:iind n:tcovcry .-urf.:1ce. 
"Dii:Ooc lio u ratio ._ mnxlmum dcflccUon oft e r t hnni;es dlvlLl"d by m:.,Jdmurn do· 
flection before ch3nges . 
bstress ratio = mi:t.xjmum stress after changes divided by maximum stress before 
changes. 
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the resil ient modulus and of the iterative scheme. 
The deflection ratios range between O. 42 and O. 57 
and are in general substantially lower than the cor­
responding stress ratios, which lie between 0,82 and 
0.93. This indicates that the impact of the proposed 
changes is much more significant with respect to de­
flections than stresses. Furthermore, the effects 
are more pronounced in the case of the more severe 
load patterns or the less competent pavement systems. 

SUMMARY 

Classical slab-on-grade pavement analysis procedures 
(such as those proposed by Westergaard) cannot ac­
commodate nonlinear subgrade support conditions, 
complex loading patterns, cracked sections with 
varying LTEs, and subbase effects. The modified 
ILLI-SLAB model developed in this study alleviates 
many of these inadequacies. 

Computer program ILLI-SLAB (1), developed at the 
Univers ity of Illinois, offers great flexibility in 
modeling loading conditions (i.e., position, size, 
and intensity of loaded area or areas) and load 
transfer systems. The objective of this study was 
to modify the subgrade model in ILLI-SLAB from a 
simple, linear spring (Winkler) type to a stress­
dependent (more accurately, a deflection-dependent) 
mode l, i n which the resilient subgrade modulus 
(KR) decreases with increasinq deflection (w). 
Such a model was developed and incorporated into 
ILLI-SLAB by using an iterative scheme. According to 
this scheme, a s elected i nitial vaJ.ue of KR (depen­
dent on subgrade type) is corrected after each it­
eration. After a number of iterations, the values of 
KR before and after the last iteration differ by 
only a specified small percentage. 

The impact of the iterative KR model was inves­
tigated for several typical pavement systems sub­
jected to edge loading. Some of the sections in­
cluded load transfer systems, The major effect of 
the proposed KR model stems from the difference 
between the value of the resilient subgrade modulus 
(initial Kn-value assigned in the iterative pro­
cedure) and the static k typically used. The effect 
of iterative analysis is limited and becomes more 
pronounced for c onditions producing more severe 
pavement responses (thin structural sections , traf­
fic overloads, edge loading, no load transfer). 
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Structural Model for Concrete Block Pavement 

A.A.A. MOLENAAR, H.O. MOLL, and L.J.M. HOUBEN 

ABSTRACT 

A structural model for the calculation of 
stress, strain, and deflection in a concrete 
block pavement is desr.rihP~. This modal is 
based on the ICES STROOL computer program 
that was recently exte nded by the introduc­
tion of a so-called RIGID BODY element. It 
is shown that by means of this model excel­
lent agreement between measured and calcu­
lated deflection profiles is obtained. 
Furthermore, time functions were derived 
from the observation of 20 concrete block 
pavements in service. These functions show 
the i nc r e ase of the s ubg r ade modulus, the 
stiffness of the joint s a nd the bedding 
layer, and the decrease in the deflection 
with respec t tu the number of equivalent 
100-kN single axles. By means of ICES 
STRUDL and the developed time functions ten­
tative design charts are developed in which 

the number of years until a given rut depth 
is reached is related to the initial sub­
grade modulus and the average daily equiva­
lent 100-kN single axle loads. Although 
concrete block pavements are common in 
western EuropP (i1hn1.1t one- third of the paved 
area in the Netherlands c onsists of such 
pavements), this pavement type is not well 
known in the United States. Therefore a 
general description of the most characteris­
tic features of concrete block pavements is 
given. 

Concre te block p av ing is the most recent development 
in e l ement (segmental ) paving, whic h is bu i lt by 
lay i ng down small elements on the (improved ) s ub­
grade. Element paving has been used since the Middle 
Ages. wooden setts were sometime s used as elements 
but, especially at first, nontooled natural stone 
was the only pavement material that had sufficient 
resistance to the traffic loading by steel wheels. 
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After the introduction of the rubber tire at the 
end of the 19th century, clay bricks were applied on 
a large scale in the Netherlands (1,2). Because of 
the absence of quarries, natural stone was more ex­
pensive than bricks. 

After World War II the rectangular concrete block 
was developed as a substitute for the rect:-angular 
brick, which was needed for the construct i on of 
houses. Concrete blocks are now used much more than 
bricks because of the substantially. higher cost of 
the bricks. Outside the Nether lands bricks are 
hardly used. In Germany and Belgium concrete block 
paving has also been used on a large scale since 
19501 in a number of other countries concrete blo.cks 
have been i ntroduced hesitatingly since 1960 (3). 

The profile of a concrete block pavement is shown 
in Figure 1 (~).For the subbase, sand or a granular 

conc re te block l aye r 
beddin g sa nd laye r 

bas e 

sub-bas e 

subgr ade 

FIGURE 1 Profile of concrete block pavement. 

material of higher quality is used, depending on the 
cost {avai lability) of the materials. It is impor­
tant that t;;he subbase have high permeability. The 
base, which is not necessary for lightly traf~icked 

pavements (pedestrian areas, roads with hardly any 
trucks), may consist o·f granu.lar material such as 
slags, natural gravels, or crushed rock (the resis­
tance to crushing has to be high) or stabilized 
material, especially cement-stabilized material. A 
stabilized base requires special provisions for the 
discharge o f the rainwater that percolates through 
the joints. The bedding sand layer, which is neces­
sary because the subbase is too rough and often too 
hard, consists of stable sand (bedding sand) and 
sometimes fine gravel. FOr optimum load spread.ing 
(by friction) in the concrete block layer it is 
necessary not only that the joints between the 
blocks be narrow ( 2 to 3 mm) but a.lso that they re­
main filled with jointing sand. 

CONCRETE BLOC;KS 

In countries with a long tradition of concrete block 
paving the blocks are manufactured in plants spe­
cialized for this purpose ( 4) • Elsewhere the blocks 
are often manufactured by -using modified wall ma­
s onry plants (3); in general these blocks are of a 
lower quality. -

Block Types 

There are rectangular concrete blocks (with a rec­
tangular, square, or hexagonal horizontal s ection) 
and dozens of nonrectangular (shaped) concrete 
blocks (1_--~). A further division is made into three 
categories (Figure 2). Category A consists of non­
rectangular blocks interlocking on all four faces; 
category B, nonrectangular blocks interlocking on 
two faces only; and category c, rectangular blocks 
that do not interlock. 

Historically in the Netherlands rectangu.lar 
blocks have been used almost exclusively. Outside 
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cn t e-gory A ~oLci;o ry C 

Uni - b l oc k Ipro- bloc k r ec t angul ~ r l> l oc k 

FIGURE 2 Categories of concrete blocks (with chamfer). 

the Nether lands nonrectangular blocks are the most 
widely used, which is explained by the (presumed) 
better performance of such pavements, the absence of 
skilled paviors (nonrectangular blocks often fit 
together in just one way) , and so forth. 

ln general, concrete blocks have a chamfer around 
the wear i.ng face to reduce spalling, caused by 
blocks rotating toward one another, and to reduce 
differences in level between adjoining blocks in the 
road. Furthermore, chamfered blocks are easier to 
handle. The horizontal dimensions of concrete 
blocks are in general about 200 x 100 mm 2 , and the 
thickness varies from 50 to 120 mm. The block type 
and the laying pattern determine the number of ac­
cessory blocks needed. 

Specifications 

In several countries there are specifications for 
concrete paving blocks <!-10). In general the spec­
ifications refer to materials, manufacturing, di­
mensions, dimensional tolerances, and quality 
(strength, durability, and so on) • Most important 
for the pavement performance under traffic and the 
life of the blocks a r e the dif f erences in size and 
the strength and the durability of the blocks. 

Concrete blocks may have only slight differences 
in size in order to make laying and, if necessary, 
repairing of the block pavement easy and exact and 
to assure that there are narrow joints everywhere so 
that the permanent deformation, both vertical (rut­
ting) a·nd horizontal (in the d i rection of travel, or 
creep, and perpendicular to it), is limited. The 
horizontal differences in size in particular have to 
be small, and therefore most specifications call for 
a tolerance of about 2 mm: the tolerance for thick­
ness is, in general, larger (up to 5 mm). 

It has been widely assumed that strength and dur­
ability (in particular abrasion resistance) are in­
terrelated. Therefore the strength requirements are 
higher than necessary to prevent failure of the 
blocks during ma·nufacturing, transport, and process­
ing and under traffic loading. ln the countries of 
the Southern Hemisphere in general the strength 
requirements are lower than those in Europe and 
North America because resistance to damage by freez­
ing and thawing is usually no problem. The lowest 
strength s pecifications mentioned in the literature 
are compressive strength of at last 40 N/mm• and 
flexural strength of at least 2. 5 N/mm 2 (in the 
Netherlands flexural strength of a-t least 5. 9 
N/mm2 is specified). 

Properties 

Because they are manufactured in steel_ molds, con­
crete blocks vary only slightly, especially in the 
horizontal dimensions. The strength of concrete 
blocks is so great that failure due to traffic loads 
r arely occurs; blocks with a variable width (e.g., 
Ipro blocks) are more susceptible to failure than 
blocks with a constant width. Concrete blocks are 
resistant to minera.l oil and fuel, but they are af-
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fec ted by ino rgani c acids (hydrochl or ic , n itr ic, a nd 
so on), o rganJ.c ac ids (lac t:ic), a nd vegetable a nd 
anima l o ils and f dLi,;. By ad(lition ot pigmen ts con­
crete blocks can be given d iffer e n t col ors . These 
colored blocks ha ve fu nctiona l uses (traffic mark­
ings ) o r a re us ed f o r aesthetic r easons . Concrete 
b l ocks are suff i c ient l y s kid a nd a bras i on resis t a nt. 

GENERAL ASPECTS OF CONCRETE BLOCK PAVING 

Prope rties , Advantages , and Disadva.ntages 

A concrete block pavement consists of small, precast 
concrete elements, which can be torn up and used 
again (],~). The main advantages of concrete block 
paving are as follows: 

1. The pavement is able to conform with the un­
equal s ettlement of the subgrade without further 
disintegrat ion (cracking); 

2. The subgrade rema ins easily accessible to 
underground serv ices (ca bles and piping) , e xcept in 
the case of a stabil ized subbase; 

3 . The bl oc ks can be relaid ( r esto ration of 
l ocal settlemen t , reconstruct ion , and so on) easil y , 
qu ickly , and with hardly a ny loss of m~ ~~rial ; 

4 . The g reat b l ock s trength makes a c oncret e 
bloc k pavement (with a base ) resistant to heavy and 
static (c once ntrated) loads ; 

5. The pavement is resistant to mineral oil and 
fuel; 

6. The paveme nt can be opened to traffic immedi­
ately after construction or relayi ng; 

7. Small a nd irregular sur f aces can easily be 
paved; 

8 . Because concrete can be given a lmost anr 
s hape there are many block types, diffP.rPnt sizes 
and thicknesses , a nd accessory bloc ks [half blocks, 
ftbishop hats" for herringbone bond B (Fig ure 3), and 
so on) and t he r efo re there are many p ossible appli­
catiens ; 

9. The sk id resistance remains su.ffic i ent, also 
because the joints tend to p revent a wa ter film on 
the pavement ; 

10. The pavement gives diffuse light r: e .flection, 
especially when uncolored or light-co lored blocks 
are used; and 

11. Application of different-colored concrete 
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blocks, possibly laid in different patterns, offers 
possibilities for optical traffi"-CJllidance markinga 
and, from an aesthetic point of v iew, attractive 
pavements. 

The most important disadvantages of concrete 
block paving are as follows: 

1. A block pavement is not suited for vehicle 
s peeds more than 50 to 60 km/hr beca us e at high 
speed the fresh (gran ular) jointing sand is sucked 
away or, whe n t he roa d surface is wet, washed away 
by the vehicle tires, which causes a loss of cohe­
sion in the block layer and faster deterioration 
(rutting, rotating, and possibly pulling out of the 
blocks); furthermore, the riding quality is low. 

2. The rubber of tires and the spillage of oil, 
soil, and so on, under traffic within some 6 to 12 
months lead to a certain amount of imperviousness 
(luting) of the jointing sand (which l eads to more 
load spreading in the block layer) i nevertheless the 
joints remain more or less permeable. Therefore not 
only is a considerable crossfall (about 1:30) neces­
sary, but also the drainage of the pavement requires 
special attention. 

3. Under traffic the blocks may creep (move in 
the direction of travel) iind they may be pressed 
away sideways. Because of the slight differences in 
the horizontal dimensions of the blocks (which means 
narrow joints everywhere) these movements are small, 
provided the joints are well filled and there is an 
adequate curb; the laying pattern and the block type 
are also important. 

4. Block laying by hand, especial l y t he tradi­
tional craft method, is rather labor intensive 
(which is not always a disadvantage), but the pavior 
has a difficult profession (injuries of the back oc­
cur frequently) , The chance of injury and possibly 
the construction cost can be reduced by the so­
called lay-down method and by mechanized block lay­
ing (in which about 1 m2 of concrete block is laid 
on the prepared bedding sand layer at one time with 
a small machine) • 

Applic ations 

Concrete block pavements are well suited to the fol­
lowing uses (1_,_.!) : 

1. Traff-icked zones i n built- up regions , e . g ., 
pedestrian walkways , residential streets , par ki ng 
lots , bus stops , and f uel stations , in whic h fre ­
quently there are cables a nd pip i ng , traffic speed 
is low, spillage of oil and f ue l sometime s occurs , a 
func tional div ision is often desired , and aesthettcs 
can be important1 

2. Trafficked zones in rural areas , especially 
rural roads and farmya rds, in which both traffic in ­
tensity and traffic speed in general are low, bu t 
axle loads can be heavy a nd d i r tyi ng by s uch agents 
as soil frequently occurs (wh i c h may c ontri bute t o a 
fast luting of the jointing sand) ; 

3. Industrial yards like factory grounds and 
container terminals, in which settlement often oc­
curs (almost all container terminals are situated on 
reclaimed land in alluvial areas), the traffic loads 
are heavy , and the contact pressure is often high 
(stacked containers) ; 

4. Small and irregular surfaces; and 
5 . Temporary pavements (recycling). 

Laying Patterns 

Concrete blocks can be laid in different patterns 
(bonds) ; the most important bonds are shown in Fig-
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ure 3 (j -j). With rectangular blocks and some non­
rectangular blocks (e.g., Uni blocks) all patterns 
can be made, but many nonrectangular blocks fit to­
gether in just one way, so these blocks can only be 
laid in one bond (e.g., !pro blocks can be laid only 
in the stretcher bond) • 

The laying pattern, which can be used functional­
ly, affects not only the horizontal movements of the 
blocks in the direction of travel and perpendicular 
to it but also the structural behavior (strength) of 
the block pavement under traffic. In this respect 
the herringbone bond is preferable to the stretcher 
bond and the basket weave. 

AVAILABLE DESIGN METHODS 

In countries with much experience in concrete block 
paving, the design consists of the selection of a 
suitable standard pavement given the traffic loads, 
the prevailing environmental and subgrade condi­
tions, and the available materials. In other words 
design is based on the experience of the pavement 
engineer. 

outside western Europe a number of design methods 
have been developed that are par tly modified for 
rigid and flexible pavements (11-15) or are based on 
the results of full-scale laboratory experiments 
(16-18). Until now no analytical methods were 
a~ilable that fully took into account the specific 
properties of the discont i nued concrete block layer. 
Therefore a need was felt to develop such an analyt­
ical model so that a proper evaluation of the be­
havior of concrete block pavements could be made and 
it could be determined which factors are the key 
parameters that govern the behavior of such pave­
ments. In the following sections the development of 
such an analytical model will be described and it 
will be shown how the key parameters vary with time. 

MODELING OF THE CONCRETE BLOCK PAVEMENT 

Even though the top layer of a concrete block pave­
ment consists of small elements, it is tempting to 
analyze the concrete block pavement by means of 
1 inear elastic theory, assuming that the layers are 
homogeneous and isotropic . This is because graphs, 
t ables, and computer p r og rams are readily available 
for the analysis of linear elastic structures. In 
most cases, however, application of linear elastic 
theory to concrete block pavements will result in an 
improper descr iption of the behavior of this pave­
ment. This is best illustrated by Figure 4 in which 
a measured deflection profile and one simulated by 
linear elastic theory are shown. From Figure 4 one 
can observe that the deflection profile i s rather 
peaked. Such a peaked profile can only be simulated 
by means of linear elastic theory by assuming a low 
elastic modulus for the concrete block layer, but 
even then the decay of the deflection wi th respect 
to the distance to the loading center is more grad­
ual than the decay that is normally observed in the 
field. The inability of linear elastic theory to 
describe the deflection behavior of concrete block 
pavements has led to the c onclusion that a better 
structural model for this pavement type should be 
used. 

Finite-Element Model 

In order to be able to include the discontinuities 
(joints) of a concr ete block pavement, a finite-ele­
ment program was used. For this case the ICES 
STRUDL program was selected because recently a spe-
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cial element type called the Rigid Body has become 
available that could be used for a p roper schemati­
zation of the concrete blocks. This element was 
developed at the Structural Mechanics Division of 
the Delft University Civ il Eng i neering Department 
(19). 

The main features of this element are shown in 
Figure s. It consists of a rigid undeformable body 
that is connected to other elements or other rigid 
bodies by means of linear springs. How this element 
is used with other elements in modeling a concrete 
block pavement is described in the following sec­
tions. 

Concrete Block Layer 

For this layer three assumptions were made: the 
blocks do not deform, no horizontal forces are 
transmitted by the joints, and the blocks do not 
rotate. 

1. Deformation: In the pavement model the 
blocks are represented by rigid bodies because it 
was assumed that the deformation of the blocks them­
selves is negligible. This is a reasonable assump­
tion because the Young's modulus of the concrete 
blocks is about 30 000 MPa, which is about 300 times 
larger than the Young's modulus of the bedd ing layer. 

2. Horizontal forces: De flection measurements on 
in-service concrete block pavements (20) as well as 
the behavior of two prototype pavements that were 
subjected to repeated plate loading tests (21) indi­
cated that the shape of the deflection bowl--;as much 
like the deflection curve of a pure-shear-layer 
pa vement . The failure mode that was observed on the 
p rototype concrete block p avements was shear fail­
ure, and only a limited amount of bending was ob­
served. 

3. Rotation: Assuming that the concrete block 
layer behave s like a pure shear laye r implies that 
no ho rizontal forces are transmit ted in the joints 
and that no rotation of the blocks occurs. 

The joints of the block pavement are represented 
in the model by linear springs (Figure 6). The 
underlying assumption is that the relative displace­
ment between the blocks is so small that a linear 
joint stiffness is a reasonable estimate. The stiff­
ness of these springs is denoted by k (in newtons 
per mill i meter) • 

Bedding Sand Layer 

As indicated in Figure l, a bedding sand layer is 
construc ted just b.e neath the bloc k l ayer . In the 
model th i s l ayer is represented by vertical springs. 
This means that t his layer c a nno t absorb bending 
moments either . The stiffness of these s p rings is 
represented by the bedding constant c (in newtons 
per c ubic millimeter). Figure 7 shows the bedding 
sand layer. 

Base, Subbase, and Subg rade 

For modeling the base, subbase, and subgrade CSTG 
elements were used. This means that these layers 
are the only continuous layers in the system and 
that they are capable of absorbing bending moments. 

Element Mesh 

The element mesh that was used in the evaluation of 
concrete block pavements is shown in Figure 8. The 
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distance to loading center lml 

I. l. 5 

measured deflection profile 

linear elastic simulation 

2. 

FIGURE 4 Measured deflection profile compared wilh profile simulated by linear elastic theory. 

FIGURE 5 Rigid body element. 

size of the rigid-body elements corresponds to a cut 
through herringbone bond B (see Figure 3) . The cal­
culations were .made by assuming plain strain condi­
tions. Th load applied to the structure was a fal.l­
ing-weight-deflectometer (FWD) loading, which means 
a 50-kN load on a circular 0.3-m-diameter plate. 

TESTING THE STRUCTURAL MODEL 

The usefulness of the model was tested by simulating 
deflection bowls obtained from several in-service 
concrete block pavements. The measurements were 
carried out by means of the Delft University FWD 
(Figure 9). 

It should be noted that the deflections were mea­
sured at six points that are located O, 0.2, O.J, 
o.s, l. , and 2 m from the center of the loading 
plate. The deflections were measured close to the 
loading plate bl!canse in that region the l<1rgest de-

FIGURE 6 Modeling of the concrete block layer. 
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FIGURE 7 Modeling of the bedding sand layer. 

F1GURE 8 Finite-element mesh. 

flection decay takes place. This decay needs to be 
measured accurately in order to be able to make pre­
cise estimates for k and c from the measured deflec­
tion profile. 

The measured deflection profiles were simulated 
by means of the ICES STRODL program in the following 
manner. First the subgrade modulus was calculated 
from the deflection measured at 2 m from the loading 
center by means of the following formula (~) : 

log E = 3 .868 - 1.009 log d2 (1) 
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where E is the subgrade modulus in megapascals and 
d 2 is the deflection at 2 m from the loading cen­
ter in micrometers (P = 50 kN). Next the joint 
stiffness (k) and bedding layer stiffness (c) were 
calculated from the measured deflection profile by 
means of trial and error. The resulting calculated 
deflection profile fitted well to the measured pro­
files. A typical example is shown in Figure 10 (ll). 
Because in almost each case good correspondence be­
tween the measured and the simulated profiles could 
be obtained, it was concluded that the f ini te-ele-
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FIGURE 9 Falling-weight deflectometer. 

ment model adopted is indeed a proper schematization 
of the real pavement behavior, and it can therefore 
be _used with confidence f_or d_e_sign purposes. , This 
will be discussed in a later section. 
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RELATION BE'IWEEN SURFACE CURVATURE INDEX AND 
STIFFNESS OF CONCRETE BLOCK 
JOINTS AND BEDDING LAYER 

Because it is quite expensive to run the ICES STRUDL 
computer program, it is desirable to have a method 
f or the selection of reasonably accurate starting 
values for k and c. It was therefore determined 
whether a first estimate of k and c could be ob­
tained f rom the surface curvature index (SCI) of the 
measured def.lection prof ile, becaus e SCI is normally 
a good indicator of the stiffness of the pave men t 
layers. SCI is defined here as follows: 

SCI= do - do .s (2) 

where a0 is the deflection at the loading center 
of the fill.ling weight i n micrometers (P a 50 kN) and 
do.s i s the def lection at a distance of o. s .m from 
the loading center in micrometers. From the results 
of the simulations it appeared that such relations 
could indeed be derived. They are given in Figures 
ll and 12. 

With these relations a first estimate of k and c 
can easily be made. If these starting values are 
used for k and c, normally only two or three com­
puter runs are needed Lv m11tch the calculated pro­
file with the measured one. It is obvious that 
these graphs are especially useful in the evaluation 
of existing pavement s. 

STRUCTURAL PERFORMANCE OF CONCRETE 
BLOCK PAVEMENTS 

As might be expected, rutting is the most important 
defect- that- can be observed in concrete block pave­
ments. There is usually a considerable amount of 
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FIGURE 10 Agreement between measured and calculated deflP.r.tion profile& for an in-service concrete block 
pavement. 
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FIGURE 12 Relation between SCI and bedding layer stiffness (c). 

initial rutting, which is mainly caused by postcom­
paction of the bedding layer, base, and subgrade. 
There is, however, a rapid decrease of the rutting 
rate with increasing number of load repetitions. 

An interesting aspect of concrete block pavements 
is that the deflections decrease in time rather than 
increase, which is the case with flexible and rigid 
pavements. The decrease in deflection is caused by 
stiffening of the subgrade, base, bedding layer, and 
joints between the concrete blocks and is caused 
mainly by traffic and pollution or intrusion of fine 
material into the joints. 

In order to be able to make a realistic design of 
a concrete block pavement one needs to have a proper 
insight into the stiffening of the construction with 
time. By means of a careful analysis of 20 differ­
ent roads having a concrete block top layer it was 
possible to derive some of the most important time 
functions (Figures 13-16) (20,24). Figure 13 shows 
the increase of the subgrade-modulus with respect to 
the number of 100-kN equivalent single axles. Figure 
14 shows the decrease of the falling-weight SCI with 
respect to the number of 100-kN equivalent axles. It 
should be noted that the number of axles was not 
determined by means of axle-load surveys but is the 
best possible estimate. For instance, on most pave­
ments the main part of the loading was caused by bus 
traffic 1 from the bus time schedule and the axle 
loads of the buses the total number of axle loads 
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could be assessed. Figures 15 and 16 were obtained 
by combining the relations given in Figures 11, 12, 
and 14. 

It is obvious that these time functions together 
with the number of equivalent axle loads are the 
most important parameters in the design of concrete 
block pavements. How they are used to develop ten­
tative design charts is shown in the next section. 

TENTATIVE DESIGN CHARTS FOR CONCRETE 
BLOCK PAVEMENTS 

Based on the time functions for the subgrade modu­
lus, bedding layer stiffness, and joint stiffness a 
number of computer runs were made with the ICES 
STRUDL program and subgrade E, k, and c values that 
are representative for different pavement ages or 
that occur after given numbers of load repetitions. 
From the calculated maximum deflection, the associ­
ated rut depth was derived by means of the following: 

N 
UPIN = ~ Ueln (an~+lrn - an~-t.n) 

n=1 

where 

• pavement deformation of a concrete block 
pavement after the design number of load 
applications (N) , 

~ maximum deflection occurring at the nth 
load repetit i on, and 

a,b ~ constants. 

(3) 

For nn+An' nn-An' see Figure 17, which is a schematic 
representation of the above- mentioned rut-depth 
equation. 

The rut-depth equation used is in fact the same 
as that developed by the Belgian Road Research Lab­
oratory for use in the design of flexible pavements 
<n•li> . It is modified in the se nse that it takes 
into account the variation of the max i mum deflection 
during the pavement life. It is obvious that the 
amount of rutting is dependent not only on the maxi­
mum deflection but als o on the magnitude of the con­
stants a and b. From the analysis of the 20 in-ser­
vice and the two prototype concrete block pavements 
that were subjected to repeated plate loading tests, 
no accurate values for a and b could be der i ved. 
Nevertheless, it was concluded that a = 2 and b = 
0,2 are reasonable estimates to be used in tentative 
design charts. 

By using the results o f the ICES STRUDL runs t o­
get he r with the rut-depth equation and t he proposed 
values for a and b, charts were derived in which the 
number of years to a given rut depth can be deter­
mined from the average daily number of 100-kN single 
axle loads and the elastic modulus of the subgrade 
as constructed. An example of these charts is given 
in Figure 18, which is based on a final rut depth of 
25 mm, a reasonable functional rut-depth limit. The 
structural rut-depth limit can be seen as 35 mm. 

It should be noted that Figure 18 is not really a 
design chart. It is in fact a performance expecta­
tion charti i.e., the pavement engineer is able to 
determine how well the c oncre te block pavement will 
perform given the prevailing subgrade conditions. If 
the expected pavement life is considered too low, 
the subgrade modulus can be improved by applying 
heavier compaction or by applying a base. 

Efforts are now being made to determine the ef­
fect of including a base on the life of a concrete 
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FIUUKI<.: 14 Relation between the number of equivalent 100-kN single axles (N) and decrease in SCI. 

block pavement. Wi t;h this determination the method 
presented can be used as a real design method, be­
cause then it will be possible to select base thick­
ness and base stiffness in relation to the subgrade 
stiffness , number of load repetitions, and allowable 
rut depth. 

CONCLUSIONS 

Based on the results of the analysis of concrete 
block pavements presented here, the following main 
conclusions can be drawn: 

1. Concrete block pavements can be modeled by 
means of a finite-element model consisting of rigid 
body elements representing the undeformable concrete 
blocks; 

2. By means of the finite-element model an ex­
cellent correspondence between the calculated and 
measured deflection profiles is obtained; 

3. The maximum deflection as well as SCI as mea­
sured on concrete block pavements decrease with in­
creasing number of load repetitions, and the sub­
g rade modulus as well as the joint stiffness and 
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Effect of Concrete Shoulders on 

Concrete Pavement Performance 

S. D. TAYABJI, C. G. BALL, and P. A. OKAMOTO 

ABSTRACT 

A field program of strain and deflection 
measurements was conducted by the Construc­
tion Technology Laboratories for the Minne­
sota Department of Transportation to evalu­
ate the effects of frozen s uppor t, 
tied-concrete shoulders, and tr idem-axle 
loading on concrete pavement performance. 
The effects of tied-concrete shoulders are 
presented. Field measurements were obtained 
at three pavement project sites located on 
I-90 in Minnesota. At two of these sites, a 
6-in.-thick tied-concrete shoulder was used. 
Mei'lsnrements included edge ;ind corner de­
flections and edge strains. Loadings applied 
were a 20-kip single axle, a 34-kip tandem 
axle, a 42-kip tandem axle, and a 42-kip 
tridem axle. Theoretical analysis was also 
conducted by using a finite-element program 
to determine the effect of a tied-concrete 
shoulder on concrete pavement response. 
Field me asur ements and theoc-etical analysi s 
indicate tha t concrete pavement performanc e 
i s improved whe n a tied s hou l der is us ed . 
Deflections along a tied-shoulder joi nt can 
be conserva tively t aken as 85 p ee-cent of 
those along a free edge. Based on study re­
sults and analysis of data, it is concl uded 
that for application to the AASHTO thickness 
design procedure, only one-half of the 
design 18-kip equivalent single-axle load 
applications needs to be considered for con­
crete pavements incorporating a tied-con­
crete shoulder. This recommendation results 
in a reduction of 1 in. in the required 
main-line slab thickness given by the AASHTO 
design procedure. 

A field proqram of strain i'lnn c'!Pflection mQasurc­
ments was conducted by the Construc tion Technology 
Laboratories for the Minnesota Department of Trans­
portation (MnDOT). The objective of the measurement 
program was to evalua t e the effects of frozen sup­
port, tied-concrete s houlders, and tridem-axle load­
ing on concrete pavement performance. Results of the 
investigation are reported separately for each of 
the thxee topics. Res ults of the froze n-support and 
tr i dem-axl e l oad i ng s tud i es are given in reports 
pre pared f or MnDOT (]:,1 > • 

Concrete shoulders have been used adjacent to 
in the United States 
recently it has been 

shoulders has improved 

main-line concrete pavements 
for almost 20 years. More 
noted that the use of tied 
the performance of concrete 
the use of widened l a nes has 

pavements. Similarly 
also resulted in im-

p roved pavement pe rforma nce . The improved perfor­
ma nce is due to r educed edge strains, r ed uced edge 
and corner deflections, a nd reduced water infiltra­
tion along the pavement edges. 

Current thickness design methods for concrete 

pa vemen ts do no t consider the contri bution of tied 
s houlders and wi de ned lanes . Use o f t hese de s ig n 
me thods res ul t s i n the same thic knes s requirement s 
for conc r ete pa ve ment s with o r without tied s houl ­
d ers or lane widen i ng . However , bot.h tied shoulde r s 
and wide ned lanes contribute to improved pavement 
performa nce by reducing deflections and stresse s in 
the main-li ne pavement . Therefore it shoul d be pos ­
sible to use a less t hick mai n-line pavemen t a nd ob­
tain t he same pavement per forma nce as that of a 
thicker pavement withou t tied shoulde rs or lane 
widening. 

A field study was sponsored during 1976 by MnDOT 
to evaluate the effect of tied-concrete shoulders 
and wi dened lanes . The field study involved l oad 
t esting of several newly construct ed concrete pave ­
ment se.c tions wi th a nd without tied shoulders and 
widening . The report to MnDOT (3) showed signifi­
cant r eductions in pavement strai-;;s and deflections 
for pavements with tied shoulders and lane wi de ning. 
Implementation of the study results has not been 
carried out because of c once rn that sufficient per­
formance data gathered over a period of time were 
not available. 

To alleviate these concerns and to obtain further 
field data to quantify the beneficial effects of 
using tied- concre te s houlders and lane widening , a 
fo llow-up study was cond ucted at l oca i ons included 
in the 19 76 study . These pavement sect i ons have ex­
perienced about 6 years o f traffic . The study i n­
c l uded fie l d l oad testing , da ta a nalyses , a nd 
deve lopme nt o f !l)e t hods to facilita t e i ncorpora t ion 
o f t he study fi nd ings into Minnesot a ' s c onc r ete 
pavement design procedure. 

Field testing was conducted during October 1982 
and February 1983. This paper presents the results 
of field testing, analysis of results, and recom­
mendations to incorporate study results in Minne­
sota's thickness design procedure. 

Rll('KGROUND 

A br ief dis cuss ion is p resent ed to h ighlight t he 
important aspects of the 1976 field study (3). FOr 
th i s study measur ements we re o bt ained dur i ng t he 
f a ll o f 1 976 at four pavement proiects l ocated in 
Mi nneso t a. Th ree of t hese projects, p r o jects l , 2 , 
and 3 , we r e i nc l uded fo r retes t i ng in the c ur r en t 
study. 

Measured pavement strains are shown in Figure l 
for project 1 and in Figure 2 for project 2. The 
reduction in edge deflections due to the tied-con­
crete shoulder is shown in Figure 3 for project l. 
A similar reduction in measured edge deflections due 
to the tied-concrete shoulder was also obtained for 
project 2. Based on these field measurements, lab­
oratory slab testing, and theoretical analyses, 
recommendations were made for reduction in main-line 
slab thickness for pavements using tied-concrete 
shoulders. These recommennnt. lons based on edge­
strain reduction are shown in Fi g ure 4 in which the 
permissible thickness reduction in the outer lane 
due to the tied shoulder ranged from l to 2 in. 
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Recent studies conducted at the Unive-rsity o f Il­
linois for FRWA have also demonstrated that main­
line pa vement response is greatly improved by the 
use of tied-concrete shoulders (.1_). Theoretica l 
analysis showed that calculated edge deflections and 
stra in in the outside lane of a pavement with a 
tied-concrete shoulder were greatly reduced as com­
pared with those in a pavement without a tied-con­
crete shoulder (4). 

As part o f -the University of Illinois study, 
field measurements were made to determine joint ef­
ficiency ac ross the outside lane shoulder joint 
along the I-74 and I -80 e xperimental portland cem.en t 
concrete (PCCJ shoulders (4). Joint efficiency is 
defined as the ra tio of the deflection o f the un­
loaded slab to the deflection of t.he loaded slab . 
Field measurements are summarized i n Table 1. As 

TABLE I Field Data on I-74 and I-80 PCC Shoulders (4) 

Mean Edge Deflection (mm) 

Load-Transfer 
Traffic Efficiency 

Project Shoulder Design Lane Shoulder (eff}' 

Tie bars, key way, and 
granular su bbase 0.1143 0.1118 97.8 

Tie bars, key way , and 
no subbase 0.1448 0.1016 70.2 

Keyway and granular 
su bbase but no tie bars 0.2108 0.0330 16.0 

Tie bars and intermedi-
ate granular su bbase 0.2311 0.0889 38.5 

Tie bars and coarse 
granular subbase 0.2464 0.0762 31.0 

Tie bars and no sub-
base 0 .2159 0.1016 47.0 

8Denection of the unloaded slab djvided by deflection of the loaded slab times 100. 
bPCC shoulders 10 yr old , 
cpcc shoulders 9 yr old. 

shown in Tabl e 1 , s houlde r sections with tied key­
ways on I-74 had retained j o in t efficie ncy in excess 
of 70 percent even afte r 10 years of service . It is 
also seen from Table 1 that the tied-shoulder sec­
tions on I -80 without keyways had much lower joint 
efficiencies. 

Studies referred to earlier positively indicate 
that use of a tied-concr·ete shoulder with a keyway 
qreatly improves main-l ine pavement performance. 
However , except for the MnDOT 1976 study ( 3), none 
of these studies incorpora.tes the beneficial effect 
of a tied-concrete shoulder when the design slab 
thickness is determined for the main-line pavement. 

RESEARCH OBJECTIVES 

Objectives of the study were as follows: 

1. To measure load-induced strains and deflec­
t ions in pavement sections incorporating tied-con­
crete shoulders and 

2. To analyze test results to establish the ef­
fects of tied-concrete shoulders on concrete pave­
ment performance. 

PAVEMENT TEST SECTIONS 

F ie ld measurements were obtained at three pavement 
project sites i n Minnesota . Thes e projects were in­
c luded in a 1976 field study on concrete shoulders 
and lane widening Cl>. A. brief descr iption of each 
project follows. 
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Project 1: Designation State Project 2280-30 
(TR-90) is a roadway 27 ft wide consisting of an in­
side 1.:1110 15 ft wide anll <1u outside ane ll t:t wide 
with an outside tied keyed concrete shoulder 10 ft 
wide . Shoulders are tied at 30-in . spacing by using 
No . 5 tie bars 30 in. long . Shoulder thickness is 6 
in . The pavP.mPnt is plain conorctc slabs 9 in . 
thick with skewed joints at a repeated random spac­
ing of 13 , 16 , 14 , and 19 ft. The subgrade at the 
site was classified aR R i l y clay to clay loam and 
had a gravel subbas.e 5 in. thick over it . Dowe.l 
bars were placed only in the 12-ft-wide outside 
trafric lane . Dowels are No. 8 round bars spaced at 
12 in. on center;s ; the first dowel is located 6 in. 
i nward from the pavement edge. Panels selected for 
test are located at stations 538+65 and 540+10. 

Project 2: Designation State Project 2280-30 (TH-
90) is a roadway 27 ft wide and an outside tied 
keyed concrete shoulder 10 ft wide, Dowel size and 
location are the same as those for project 1. Pave­
ment thickness is 8 in. Subgrade at the site was 
classified as silty clay to clay loam and had a 
gravel subbase 6 in. thick over it. The modulus of 
subgrade reaction was reported to be 270 pci. Panels 
selected for test are located at stations 520+55 and 
521+81. 

Project 3: Designation State Project 22RO-'ll ('l'H-
90) is a roadway 27 ft wide with an inside lane 15 
ft wide and an outside lane 12 ft wide . 'l'he pavement 
is reinforced concrete slabs 9 in . thick with skewed 
joints at a spacing of 27 ft . Su.bgrade at the site 
was classified as clay loam to silty clay loam to 
sandy clay loam. A gravel subbase 5 in. thick was 
used. Dowel bars were placed only in the 12-ft main-
1 ine pavement portion of both traffic lanes. Dowels 
are No. 8 round bars spaced 12 in. on centers. 
Panels selected for test are located at stations 
985+53 and 987+11. 

All three projects are located on I-90 between 
Albert Lea and Fairmont, Minnesota. Two test sites 
were selected at each project. At each site both 
inside and outside lanes were instrumented and 
monitored to evaluate pavement response . At some of 
the sites the panels tested in 1976 were retested . 
care was taken to assure that the sites selected 
were representative of the project. 

INSTRUMENTATION 

All pavement test sections were instrumented to mea­
sure load-induced strains and deflections. In addi­
tion pavement temperature and slab curl were 
mon ored. Curl is a changA in the vertical profile 
of the slab resulting from changes in the slab 
temperature. 

Strain gage and deflectometer locations for proj­
ect l and 2 test sections are snown in Figure 5. 
I11sLtu111entation locations were similar for project 
3 . 'l'hese locations were selected to obtain the 
maximum values of s l tcd.n and deflection tor the dif­
ferent load positions . Curl measurements were made 
at deflectometec locations . Concrete temperatures 
were measured in instrumented test blocks placed in 
the subbase adjacent to the pavement. 

Load Strains 

Concrete strains were measured with electrical-re­
sistance strain gages 4 in . long cemented to the 
pavement surface . Gages were placed at the free 
edge , shoulde.r edge, transverse joints, and joint 
corners and in the i nterior. Gage positions and 
loading locations shown in Figure 5 are referred t.o 
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in subsequent discussions. All gages were placed in 
recessed grooves to protect them from direct appl i­
cation of wheel loads. 

Load De£lections 

Load deflections were measured with resistance­
bridge deflectometers bolted to the pavement . ~ead­

ings were r:t!ferenced to encased rods driven into the 
subgrade to a depth of 6 ft. Construction details of 
the deflectometer are presented in Research and 
Development Bulletin 083 (2_) of the Portland cement 
Association. 

Curl Measurements 

Pavement curl was measured with 0.001-in. indicators 
placed at the same locations as the deflectometers. 
The dial indicators were bolted to the pavement and 
the movement was referenced to encased rods placed 
in the subgrade. Curl readings were taken approxi­
mately once an hour. 

'l'Pmperaturc Mensur£:11h:o11ts 

Changes in pavement temperature were measured with 
copper-constantan thecmocouples embedded in concrete 
blocks . The laboratory-cast blocks were l ft square 
and 8 or 9 in. th i.ck . Thermocouples were located 
0.125, 0. 50, 1, 2 , 4, and 6 in . from the top and 
0 . 125 in. from the bottom sur£aces . Temperature 
blocks were placed 1n the subbase adjacent to the 
highway at least 12 hr before testing. Air tempera­
ture was mon "itored with a thermocouple shaded from 
the direct sun . 

Monitoring Equipment 

Data were monitored and recorded with equipment car­
ried in the Construction Technology Laboratories ' 
field instrumentation van. Strain and deflection 
data were recorded with a high-speed computer-based 
data acquisition system. Twenty-two channels of 
instrumentation were monitored and recoi;ded simul­
taneously for each vehicle loading. computer pro­
grams were written to monitor, record, and tabulate 
al.l field data, 

Temperature data were recorded with a 24-channel 
continuously monitoring temperature recorder. All 
monitoring and recording instrumenlation was cali­
brated before testing. 

'!'EST PROCEDUilES 

Strain ;int1 deflection do.ta we re ct11,;orded for a 20-
kip single-axle load (SAL), 34-kip and 42-kip tan­
dem-axle loads (TAL) , and 42-kip tridem-ax.le load. 
T..oading was applied with two semitrai.lers. One ap­
plied the 20-kip SAL and 34- kip TAI.. The other ap­
f:>lied the 42-kip l'AL and 42-kip tridem-axle load. 
Trucks used were supplied by MnDOT. Before testing, 
axle weights were checked and loads were adjusted to 
obtain uniform distribution to the wheels. 

The effects of axle weight and load location on 
strains and deflections were recorded with the 
trucks moving at creep speed along the wheel paths 
shown in Piqure 5. TirP place~ents varied from 2 to 
38 in . from ·the pavement edge. All wheel-path mea­
surements were from the pavement edge to the outside 
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FIGURE 5 Instrumentation layout for projects 1 and 2. 

edge of the tire sidewall at its maximum width. In 
addition, pavement curl and temperature data were 
obtained periodically during the day. 

Test slabs from inside and outside lanes at each 
project site were tested on the same day. Primary 
readings were taken on both inside and outside lanes 
betweel'I approximately 11:30 a.m. and 2:00 p.m. rn 
addition, readings were also taken on one lane be­
fore 11:30 a.m. and on the other lane after 2:00 
p.m. Specific testing times were governed primarily 
by weather and traffic control requirements. 

DATA ANALYSIS 

In this section a comparison of pavement responses 
measured along the edges of the outside lanes and 
those for the inside lanes is presented for the 
three project sites. The outside-lane edge corre­
sponds to a joint with a tied-concrete shoulder for 
projects 1 and 2. The edge of the inside lane cor­
responds to a free edge along the widened inside 
lane for pi:ojects 1 and 2. Project 3 has neithe r a 
concrete shoulder noi: lane widening along the inside 
lane and was used as a control section to detei:mine 
the influence of traffic along the outside lane. 

Pavement responses reported were measured undei: 
20-kip SAL, 34-ki? and 42-kip 'l'AL, and 42-kip tri­
dem-axle load. Pavement responses compared are edge 
and corner deflections and edge strains. In addi­
tion results of theoretical analyses are presented 
to evaluate the effect of tied-conc.rete shoulders . 
Although measui:ements were obtained during October 
1982 and F"ebruary 1983, only the October 1982 mea­
sui::ements are presented and discussed in this re­
port . Because of the frozen support, measured 
deflections ducing February 1983 were .low for both 
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the inside and outside lanes at each project site. 
Details of the February measurements are given else­
where (_1). 

curling a nd Warping Effects 

Soon after concrete has been placed, drying shrink­
age of the concrete begins. Drying shrinkage in a 
slab on grade occurs at a faster rate at the slab 
surface than at the slab bottom. In addition, be­
cause the subgrade and subbase may remain wet, the 
slab bottom remains relatively moist. Thus, total 
shrinkage at the bottom is less than that at the 
top. This differential in shrinkage results in a 
lifting of the slab from the subbase at edges and 
corners. Movements of this type resulting from 
moisture differentials are referred to as warping. 
Warping leaves slabs unsupported for distances of as 
much as 4 to 5 ft at slab corners and 2 to 3 ft at 
slab edges. Warping is almost never recoverable. 

In addition to warping, a slab on grade is also 
subjected to curling. Curling is the change in the 
slab profile due to temperature differential between 
s.lab top and bottom. Curling is a daily phenomenon. 
Slabs curl up during the night and curl down during 
midday. Thus, curling deformation is additive to 
warping during the night and reduces the warping ef­
fect during the midday. It is believed by many 
engineers that the warping effect is almost never 
cance lled out by daytime curling and that some loss 
of support always exists under the slab even on hot 
days. 

Because of curling effects, the measured deflec­
tions under load along a slab edge or a slab corner 
are greatly affected by the time of testing. Mea­
sured slab strains are also affected by time of 
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testing but at a lower level. Therefore , great care 
needs to be exercised i n interpreting deflection and 
s tra in rneanurpments if these meaEJurcmcnta ore made 
at different times of day or on different days. The 
usual procedure in reporting deflection measurements 
at a given location is to correct the measurements 
with respect to a reference time. The ceferPnce 
time is generally selected to be the time when the 
slab top and bottom temperatures are equal. 

As discussed, temperature and curl measurements 
were made at each of the five test sites considered 
in this study. At each test site, pavement responses 
under load were generally measured at two different 
times, usually within a span of 3 hr around noon. 

Figure 6 shows the variation with time of the air 
temperature, corner curl, and corner deflection 
under a 20-kip SAL at each of the five sites. It is 
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FIGURE 6 Variation of air tl'Omp..,ratnrt', corner curl, and deflection 
with time. 

seen that although slabs at each site exhibit pro­
nounced curJ.ing, the deflections under load were not 
greatly influenced by the time of testing between 
approximately 11:00 a.m. and 2:00 p.m. Similar 
trends were obtained for edge curl and deflections 
and edge strain. This is because the slabs have 
curled to their most do1o1nward profiles and changes 
from these profiles are gradual with respect to 
time, as shown in Figure 6. Therefore, no tempera­
tu·re corrections were applied to these readings . The 
measurements reported in this paper are the averages 
of the readings for the two test times and corres­
pond to the period when each slab being tested was 
near its maximum downward curl. 
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Summary of Dat;;1 

Load tests were conducted during October 1982 when 
air temperatures at midday were about 55°F. Pave­
ment responses measured at each of the three sites 
are listed in Table 2. Edge and corner deflections 
arnl edge strains measured during October 1982 at the 
inside and outside lanes are listed for eacb of the 
four axle loadings. Each data point is an average 
of four readings made up of data taken at two dif­
ferent t .imes at eaoh of the two replicate sections 
at each project location. The measurements are 
shown in Figures 7 , B, and 9 for edge deflection , 
corner deflection, and edge strain, respectively. A 
discussion of these measurements follows. (In Fig­
ures 7-9 a~les are denoted as follows: axle 1, 20-
kip SAL; axle 2, 34-kip TAL; axle 3 , 42-kip Tll.L; 
axle 4, 42-kip ttidem-axle load. N denotes lack of 
reliable data.) 

Edge Deflections 

For project 1 measured edge deflection ranged from 
0.019 in. under the 20-kip SAL to 0.029 in. under 
the 42-kip TAL along the outside lane and from 0.021 
in. under the 20-kip SAL to O.OJB in. under the 42-
kip TAL along the inside lane. As shown in Figure 
7, edge deflections along the outside lane with the 
tied shoulder were about 75 to 90 percent of those 
along the untrafficked free edge of the inside lane. 

For project 2 edge deflections measured along the 
outside lane do not show variation with different 
axle loads and are considerably lower than those 
along the free inside-lane edge. This is believed to 
be because of malfunctioning of the deflectometers 
at that location. 

For the control sections at project 3 edge de­
flect ions along the free outside lane edge ranged 
from 96 to 115 percent of those along the untraf­
f icked free inside lane. This indicates that the 
free outside-lane edge , which is subjected to a 
large volume of truck traffic , exhibits higher de­
flections than the untraff icked free inside-lane 
edge. This behavior is possibly caused by greater 
loss of support along the outside-lane edge result­
ing from subba.se and subgrade consolidat .ion or ero­
sion or both . Thus, the effect of using tied-con­
crete shoulders at project l and possibly at project 
2 is to significantly reduce edge deflections along 
the heavily traveled outside-lane edge. 

Corner Deflections 

For project 1 measured corner deflec t ions ranged 
from 0.019 in . under the 20-kip SAL to 0.029 in. 
under the 42-kip TAL along the outside lane and from 
0.035 in . under the 20-kip SAL to 0.051 in. under 
the 42-kip T/\L along the lm5lde lane. h'Or project 2 
measured corner deflections ranged from 0 . . 021 in. 
under the 2.0-kip SAL to 0.025 in. under the 42-kip 
TJ\L along the out.side lane and from 0 . 026 in . under 
the 20-kip SAL to O. 034 in. under the 42-kip TAT. 
along the inside lane. 

As shown in Figure B, corner de.fle9tions along 
the outside lane with the tied shoulder as a per­
centage of those along the untraf f icked free edge of 
the inside lane were aliout 70 to 87 percent for 
project 1 and about SB to BO percent for project 2. 

For the control sections at project 3, corner 
deflections along the free outside-lane edge i:anqe<i 
from 125 to 150 percent of those alonq the untraf­
f icked free inside-lane edge. These results further 
verify that the free outside-lane edge , which is 
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TABLE2 Measured Pavement Response for Projects 1, 2, and 3 

42-kip Tridem-
Parameter 20-kip SAL 34-kip TAL 42-kip TAL Axle Load 

Project 1 

Inside lane 
Edge deflection (in.) 0.021 0.034 O.D38 0.034 
Corner deflection iin.) 0.035 0.044 0.051 0.044 
Edge strain (x 10- ) 35 30 32 17 

Outside la ne 
Edge deflection (in.) 0.019 0.026 0.029 0.027 
Corner deflection ~n.) 0.030 0.034 0 .037 0.031 
Edge strain (x Io- ) 30 24 27 19 
Shou'Jdcr strain (x 10-6 ) 3 3 8 6 

Project 2 

Inside lane 
Edge deflection (in.) 0.016 0.026 0.027 0.023 
Corner deflection iin .) 0.026 0.036 0.034 0.030 
Edge strain (x 10- ) 35 32 33 18 

Outside lane 
Edge deflection (in .) 0.007 0.007 0.007 0.009 
Corn~r dcfleccion ~n.) 0.021 0.021 0.025 0.019 
Edge stra in (x Io- ) 33 31 38 20 
Shoulder strain (x 1 o- 6 ) 7 6 12 9 

Project 3 

Inside lane 
Edge deflection (in.) 0.013 0.022 0.025 0.020 
Corner dc(lection ~in.) 0.024 0.030 0.032 0.026 
Edge strain (x 10- ) 33 28 30 18 

Outside lane 
Edge deflection (in.) O.D15 0.021 0.025 0.023 
Corner deflection (in.) 0.036 0.040 0.040 0.034 
Edge strain (x 10-6 ) 18 23 24 16 

Note: All measurements were obtainlld during Ocloho.r 1982. Inside·ltmo mcuwements \\'trc taken along the 
edge of the 3-ft lane widening. Outside.Jane mcasu ram~nts were taken along Uta )oJnt with lied ahoutder. 
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subjected to a considerable amount of traffic, ex­
hibits higher deflections than the untrafficked free 
inside-lane edge. 

Edge Strains 

For project l measured edge strains ranged from 
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19 x l o -• under the 4 2-kip tridem-axle l oad to 
3 0 x l o - • under t he 20-kip SAL a l ong the ou t s ide 
lane a nd 17 x 10- 6 und e r the 42- kip t r idem-axle 
l oad t o 35 x l o- 6 unde r the 20-k ip SAL a l ong the 
i ns i d e lane. Fo r projec t l t he measured t ied-con ­
cre t e s houlder e dge strain ranged f rom 3 x lo-• 
unde r t he 20-k ip SAL t o 8 x lo· 6 unde r t he 3 4-k ip 
TAL. 
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.For project 2 measured edge strains ranged from 
20 x lo- • under the 42-kip tridem-axle load to 
38 x lo-• under the 34- kip TJ\L along the outside 
lane and 18 x lo-' under the 42-kip tridem-axle 
load to 35 x 10" ' under the 20-kip SAL along the 
i nside lane . .For p r o j ect 2 measure d tied- shoulder 
edge strain ranged from 6 x lo-• under the 34-kip 
TAL to 12 x lo- ' under the 42-ki~ TAL . 

For project 3 measured edge strains along thP. 
f .ree outside-lane edge ranged from 55 to 89 percent 
of those along the untrafficked free inside-lane 
edge. These results are in contrast to the trend in 
mea.sured deflections at project 3 in which mea.sured 
deflections· along the outs.ide lane were generally 
greater than those measured along the inside lane-

In addition to the measurements at the three 
project sites reported here , similar measurements 
were also made at two additional project sites . 
These two sites did not incorporate tied shoulders 
or lane widening. Measurements from these two proj­
ect si tes are reported elsewhere (1). These measure­
ments also indicate that corner and edge deflections 
as well as edge s trains are larger along the traf­
f i cked free outside-lane edge as compared with those 
along the lightly trafficked fr e e in s ide-lane edge. 

Theore t i cal Considerations 

Analyses were conducted to determine the effect of a 
tied-concrete shoulder on concrete pavP.mPnt re­
sponse . A finite-element program, JSLAB , developed 
by Construction Technology Laboratories for PllWA was 
used (_§) • The program can analyze a large numbe.r of 
jointed slabs . Joints can be modeled as doweled , 
aggregate interlock, or keyed. Load input is in 
terms of wheel loads at any location on the .slabs . 
Loss of support , variable support, or material 
properties can be considered. In the program sub­
base and subgrade support is characterized by the 
modulus of subgrade support . 

Analysis was conducted for a concrete pavement 9 
in. thick with and without tied shoulders and with 
dowel bars at the transvers e j oints. For the case 
of the tied shoulder, a 6- in . -thick slab was used . 
Values used for the modulus of subgrade reaction 
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were 100, 150, an 250 pci. Calculated corner 
deflections , edge def lectinns , and edge otresaes are 
listed in Tables 3-5. For both corner and edge 
loadings, tire placements were 2 in. inward from the 
edge . 

TABLE 3 Calculated Pavement Response: Corner Deflection 

Corner Deflection (in.) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 0,02S 0.026 0.032 0.026 
ISO O.Dl 8 0.019 0.023 0.019 
2SO 0.013 0.013 0.016 0.012 

None 100 0.03S 0.040 o.oso 0.040 
ISO 0.026 0.030 0.037 0.028 
250 0.019 0.020 0,025 0.019 

TABLE4 Calculated Pavement Response: Edge Deflection 

Edge Deflection (in.) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 0.015 0.022 0.027 0.022 
150 0.012 0.016 0.020 0.01 6 
250 0.008 O.DI I 0.014 0.011 

None JOO 0.024 O.D35 0.043 0.036 
150 0.018 0,025 0.031 0.026 
250 0.012 0.017 0.021 0.017 

TABLE 5 Calculated Pavement Response: Edge Stress 

Edge Stress (psi) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 236 180 222 114 
150 218 160 198 98 
250 199 139 172 81 

None 100 286 23 0 284 152 
150 263 203 250 128 
250 236 l 72 212 103 

In the computer program a tied keyway is repre­
sented by springs. For the ana lysis a spring s t iff­
ness value of 25 , 000 l.b/ (in. • in.) of joint 
leng t h was used. This res ulted in c alculated joi nt 
efficiency of about 80 percent for a modulus of sub-
9 rade reaction o.f 250 pci to about 90 percent for a 
modulus of subgrade reaction of 100 pci. For this 
spt- of assumptiono the ratio of c cilculated corner 
and edge deflections along a tied-shoulder joint to 
those along a free edge is about 65 percent. The 
ratio of calculated edge strains along a tied-shoul ­
der joint to tbose along a free edge is about 80 
percent. 

Additional analysis was oonducted for a 9-in.­
thick slab on a subgrade with a modulus value of 250 
pci and with keyway spring stiffness values of 
5 ,000, 10,000, 15,000 , and 20 ,000 l.b/(in . • in.) 
of joint length. Based on these analyses, ratios of 
calculated de flections and strai ns along a tied 
shoulder joint to those along a free edge were 
determined for different values of shoulder joint 
effi ciency (JE). These ratios are listed as follows 
for a main-line slab thickness of 9 in ., a shoul-
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der-slab thickness of 6 in., and 250 pci (JE = de­
flection of main-line slab divided by deflection of 
shoulder slab) : 

Ratio (%) 
80 

Response Percent 
Edge deflection 65 
Corner deflec-

tion 65 
Edge strain 80 

by JE 
60 
Percent 
70 

70 
85 

50 
Percent 
75 

75 
90 

It should be noted that measured deflection 
values are much higher than calculated deflection 
values, even when a modulus of subgrade reaction 
value of 150 pci is used . Modulus of subgrade re­
action values at the thcee locations were reported 
to be in excess of 250 pci. The reason for this 
a nomaly in measured and computed deflec tion values 
is that the ·theoretical analysis was conducted for 
the case of full support under the pavement slabs. 
In practice there is always s ome loss of support 
along slab edges. This support loss results in 
higher measured slab deflections. 

Analysis of Res ults 

As indicated, it is clear that concrete pavement 
response is improved when a tied shoulder is used. 
The level of improvement, based on field testing and 
theoretical analyses, is summarized in Table 6, in 

TABLE 6 Improvement in Pavement Response 

Ratio of Response at Tied-Shoulder Joint to That at 
Free Edge(%) 

Measured Calculated 

JE = JE = 
Project Project 80 Per- 60 Per-

Response I 2 cent cent 

Edge deflection 75-90 NR" 65 70 
Corner deflection 70-87 58-80 65 70 
Edge stress 80-85 94-97 80 85 

Nole: JE =deflection or main-line slab divided by deflection of shoulder slab. 
aoata considered not reliable . 

JE = 
50 Per-
cent 

75 
75 
90 

which it can be seen that the reduction in the de­
flection response can be conservatively taken at 8 5 
percent. This value corresponds to a calculated 
joint efficiency at the tied-shoulder joint of ess 
than 50 percent. As discussed previously, measured 
joint efficiency along the shoulder sections on I-74 
in Illinois, which incorporated tied keyways, had 
retained joint efficiency in excess of 70 percent 
even after 10 years of service. Therefore, properly 
constructed concrete pavement with tied shoulders 
can be expected to retain at least 50 percent joint 
efficiency during its design life. 

It should be noted that the measured level of 
improvement shown in Table 4 is based on response of 
the inside-lane edge, which has been subjected to 
little traffic loading. Therefore, if the level of 
improvement had been determined based on a free lon­
gitudinal edge that had been subjected to the same 
amount of traffic as the outside lanes at projects 1 
and 2, a greater reduction in pavement responses 
would have been determined for the tied-shoulder 
sections at projects 1 and 2. 

Because pavement damage or loss of serviceability 
is a function of axle load magnitude and number of 
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load repetitions, it can be concluded that a given 
axle would produce less deflection-related damage or 
loss of serviceability on a pavement with a tied 
shoulder than on a pavement without a tied shoul­
der. If a linear relationship is assumed between 
magnitude of axle load and pavement deflection re­
sponse, an axle load (Pl applied on a pavement with­
out a tied shoulder can be considered to be equiva­
lent to an axle load (P/0.85) applied on a pavement 
with a tied shoulder . Thus, based on similar de­
flection responses, an 18-k-ip SAL applied on a pave­
ment without a tied shoulder can be considered to be 
equivalent to a 21-kip SAL applied on a pavement 
with a tied shoulder. 

Application to AASHTO Design Procedure 

The AASHTO Interim Guide uses the concept of traffic 
equivalence factors for converting mixed traffic to 
an equivalent number of 18-kip SALs <1>· The 
equivalence factors, when multiplied by the number 
of axle loads within a given weight category, give 
the number of 18-kip SAL applications that have an 
equivalent effect on the performance of the pavement. 

The AASHTO traffic equivalence factors give more 
weight to deflection response than to stress-type 
response. For example, according to the AASBTO 
traffic equivalence hctors, presented in Table 7, 
tandem axles are about 2.30 to 2.50 times as damag­
ing as a single axle weighing half as much as the 
tandem axles. The ratio of edge deflection under 
tandem axles to that under a single axle weighing 
half as much is about 1. 64 based on theoretical 
analysis and about 1.90 based on field measure­
ments. On the other hand, calculated as well as 
measured edge strain under tandem axles are less 
than those under a single axle weighing half as much 
as the tandem axles. Therefore, with respect to use 
of a tied shoulder, the reduction in deflection 
response is considered more significant than the re­
duction in strain response. 

It should be further pointed out that the AASHTO 
design equation incorporates Spangler's equation for 
corner. stress. For pavement and joint designs 
similar to that used at the AASHTO Road Test , the 
constant J of Spangler's equation cancels out. The 
constant J has a value of 3. 2 for an unprotected 
corner. However, for pavements incorporating a tied 
shoulder, the value of J would be much less than 3 .2 
because the corner stresses would be reduced by the 
use of a tied shoulder. This further verifies that 
the AASHTO design equation .would recognize the bene­
ficial effect of a tied shoulder if the value of 
constant J of Spangler' s equation was modified to 
account for use of a tied shoulder. 

Thus, the establishment of a conservative level 
of reduction of 15 percent in the deflection re­
sponse because of the use of a tied shoulder is con­
sidered valid. Similarly the assumption based on 
study results that a n axle load (Pl applied on a 
pavement without a tied shoulder is equivalent to an 
axle load (P/0.85) applied on a pavement with a tied 
shoulder is considered valid. 

It is seen from Table 5 that for a 9-in.-thick 
pavement, a 21-kip SAL is 2 .0 times as damaging as 
an 18-kip SAL. However, based on study results, a 
21-kip SAL applied on a pavement with a tied shoul­
der can be considered to be only as damaging as an 
18-kip SAL applied on a pavement without a tied 
shoulder . Thus, a 21-kip SAL applied on a pavement 
with a tied shoulder is only 1/2.0, that is, o. 5 
times as damaging, as a 21-kip SAL applied on a 
pavement without a tied shoulder. If this logic is 
applied to different slab thicknesses and other axle 
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TABLE 7 Traffic Equivalence Factors for SALs and TALs 

Axle Load Sia b Thickness D (in.) 

Kips kN 6 7 8 

Single Axle 

2 8.9 0.0002 0.0002 0.0002 
4 17.8 0.003 0.002 0.002 
6 26.7 0.01 0.01 0.01 
8 35.6 0.04 0.04 U.03 

JO 44.5 0.10 0.09 0.08 
12 53.4 0.20 0.19 0.18 
14 62.3 0.38 0.36 0.35 
16 71.2 0.63 0.62 0.61 
18 80.1 I.OD 1.00 I.DO 
20 89.0 1.51 1.52 1.55 
22 97.9 2.21 2.20 2.28 
24 106.8 3.16 3.10 3.23 
26 115 .7 4.41 4.26 4.42 
28 124.6 6.05 5.76 5.92 
30 133.4 8.16 7.67 7.79 
32 142.3 10.81 10.06 IO.IO 
34 151.2 14.12 13 .04 12.34 
36 160.1 18 .20 16.69 16.41 
38 169.0 23.15 21.14 20.61 
40 177.9 29.11 26.49 25.65 

Tandem Axles 

JO 44.5 0.01 0.01 0.01 
12 53.4 0.03 O.Q3 0.03 
14 62.3 0.06 0.05 0.05 
16 71.2 0.10 0.09 0.08 
18 80.1 0.16 0.14 0 14 
20 89.0 0.23 0.22 0.21 
22 97.9 0.34 0.32 0.31 
24 106.8 0.48 0.46 0.45 
26 115.7 0.64 0.64 0.63 
28 124.6 0.85 0.85 0.85 
30 133.4 I.I I 1.12 1.13 
32 142.3 1.43 1.44 1.47 
34 151.2 1.82 1.82 1.87 
36 160.1 2.29 2.27 2.35 
38 169.0 2.85 2.80 2.91 
40 177.9 3.52 3.42 3.55 
42 186.8 4.32 4.16 4.30 
44 195.7 5.26 5.01 5.16 
46 204.6 6.36 6.01 6.14 
48 213.5 7.64 7.16 7.27 

Note: Termina1 pavement serviceability index (pf)= 2.5 . 

loads, it is found that the damaging effect of a 
given SAL or TAL applied on a pavement with a tied 
shoulder is about o. 5 times that for the same axle 
load applied on a pavement without a tied shoulder. 

For application to the AASHTO design procedure, 
it is recommended that the damaging effect of an 
axle l o a d applied on a pavement with a tied shoulder 
be cons idered as one-half of that for the same axle 
load applied on a pavement without a tied shoulder. 
Thus , o n ly one - half o f the equ ivalent 18-kip SALs 
appl i ed needs to be c ons idered for thickness design 
o f pave me n t s wi th a t ied shou d er. 

Des i gn Appl.ic at.io n 

The following parameters are assumed: 

1. Concr e te modulus of rupture, 650 psi: 
2. Concrete working stress, 490 psi7 
3. Concrete modulus of elasticity, 4 x 106 

psi, and 
4. Modulus of subgrade reaction, 200 pci. 

By using the design chart presented in the AASHTO 
Interim Guide, slab thicknesses for pavements with 
and without a tied shoulder are calculated as fol­
lows: 

10 11 

0.0002 0.0002 0.0002 
0.002 0.002 0.002 
0.01 0.01 0.01 
0.03 0.03 0.03 
0.08 0.08 0.08 
0.18 0.18 0.17 
0.34 0.34 0.34 
0.60 0.60 0.60 
1.00 I.OD 1.00 
1.57 1.58 1.58 
2.34 2.38 2.40 
3.36 3.45 3.50 
4.67 4.85 4.95 
6.29 6.6 1 6.81 
8.28 8.79 9.14 

10.70 11.43 11.99 
13.62 14.59 15.43 
17.12 18.33 19.52 
21.31 22.74 24.31 
26.29 27.91 29.90 

0 01 0.01 0.01 
0.03 0.03 0.03 
0.05 0.05 0.05 
0.08 0.08 0.08 
0.13 0.13 0.13 
0.21 0.20 0.20 
0.31 0.30 0.30 
0.44 0.44 0.44 
0.62 0.62 0.62 
0.85 0.85 0.85 
1.14 1.14 1.14 
1.49 I.SO 1.51 
1.92 1.95 1.96 
2.43 2.48 2.51 
3.04 3.12 3.16 
3.74 3.87 3.94 
4.55 4.74 4.86 
5.48 5.75 5.92 
6.53 6.90 7.14 
7.73 8.21 8.55 

Design 1 8-kip 
SAL Applicatio ns 
( 000 , 000s ) 
2.5 
5 

1 0 
20 

12 

0.0002 
0.002 
0.01 
0.03 
0.08 
0.17 
0.34 
0.60 
1.00 
1.59 
2.41 
3.53 
5.01 
6.92 
9.34 

12.35 
16.01 
20.39 
25.58 
31.64 

0.01 
0.03 
0.05 
0.08 
0.13 
0.20 
0.30 
0.44 
0.62 
0.85 
1.14 
1.51 
1.97 
2.52 
3.18 
3.98 
4.91 
6.01 
7.28 
8.75 

Required Pavement 
Th ickness (in.) 
Witho ut With 
Sho ulder 

7.6 
8.7 
9.7 

10.8 

Shoulder 
6.6 
7.6 
8.7 
9.7 

Required thicknesses for pavement with tied 
shoulders were determined by using one-half of the 
design 18-kip SAL applications. It is seen that as 
a m1n1mum the use of a tied shoulder allows for 
reduction of 1 in. in the required main-line slab 
thickness. 

Similar results are obtained for other values of 
the design parameters. Therefore, it is recommended 
that as a minimum, the use of a tied shoulder should 
allow for r ed uct i on of 1 in. in the required main-
1 ine slab thickness . 

Future Modifications 

It should be noted that study results are based on 
use of a 6-in.-thick concrete shoulder. If a shoul ­
der thickness equal to the main-line slab thickness 
is used, a larger reduction in main-line slab thick-
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ness may be warranted . Greater thickness reduction 
may a lso be wa rranted if fut ure performance of othe r 
pavements incorpo rating tied shoulders indica t e s 
t ha t a level of reduction in deflection res ponse i s 
mo r e than the 15 pe rcen t established in the current 
study. 

Future modifications can be made following the 
procedu res prese nted in this paper . For e xample, 
let a leve l of red uction in deflect ion response of 
20 p e rcen t be established . Then f ollowi ng proce­
d u res pre sent ed in this pape r , i t is .found that f or 
applicatio n t o the AASHTO d esig.n p rocedure , only 40 
percent of t he design 18- kip equivalent SAL applic a ­
tions nee ds be consid ered f or concrete pavement s 
incorporating tied- c oncrete shoulders. This would 
result in a reduct i on of 1 to 2 in. in the required 
main-line slab thickness given by the AASHTO design 
procedure. 

SUMMARY 

A field study was conducted to evaluate the effect 
of tied-concrete shoulders on concrete pavement per­
formance. Pavement deflections and strains were 
meas ured along ti ed-shoulde r j o i n t s and a l o ng free 
e dges at two projec t l oc at i ons , In addition, a 
t heo retical analysis was perfo r med t o determine the 
effect of tied shoulders on concrete pavement 
re sponse. Study results i ndicate that pavemen t 
response is improved for pa vements using a tied 
shoulder as compared with pave ments not using a tied 
shoulder. 

Based on study results, it is concluded that for 
a pplication to the AASHTO t hickne s s design proce­
d ure , o nly o ne -half of t he design 18-kip equivalent 
SAL applicatio n.a needs be c onsidered for concrete 
pavement s i ncorporating a tied-co ncret e sho uldei: . 
Th is r ecommendation results in a reduc t_ion o f l i n. 
in the requ ired mai n-line slab thickness given by 
the AASHTO design procedure. 
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Effect of Frozen Support and Tridem Axles on 

Concrete Pavement Performance 

S.D. TAYABJI, C.G. BALL, and P.A. OKAMOTO 

ABSTRACT 

A field program of strain and deflection 
measurements was conducted by the Construc­
tion Technology Laboratories for the Minne­
sota Department of Transportation. The ob­
jective of the program was to evaluate the 
effects of frozen support, tied-concrete 
shoulders, and tridem-axle loading on con­
e rete pavement performance. The effects of 
frozen support and tridem-axle loading are 
presented. Field measurements were obtained 
during October 1982 and February 1983 at 
five pavement project sites located on I-90 
in Minnccoto:i, Measurements included edge 
and corner deflections and edge strains. 
Loadings applied were a 20-kip single axle, 
a 34-kip tandem axle, a 42-kip tandem axle, 
and a 42-kip tridem axle. Theoretical analy­
sis was also conducted by using a finite­
element program. Study results indicate that 
pavement deflections and strains are greatly 
reduced dudng winter months when the sup­
port is frozen. Based on analysis of these 
results, it is concluded that the effect of 
axle loads applied during the winter can be 
considered to be only one-seventh as damag­
ing as the same loads applied during the 
fall. Study results also indicate that for 
application to the AASHTO thickness design 
procedure, tridem axles can be considered as 
equivalent to a single axle weighing about 
50 percent of the tridem axles and to tandem 
axles weighing about 80 percent of the tri­
dem axles. Traffic equivalence factors are 
presented for tridem axles on concrete pave­
ments. 

A field program of strain and deflection measure­
ments was conducted by the Construction Technology 
Laboratories for the Minnesota Department of Trans ­
portation (MnDOT) . The objective of the measurement 
program was to evaluate the effect of frozen sup­
port, tied-concrete shoulders, and tridem-axle load­
ing or1 concrete pavement performance. The results 
of the i nvestigation of the effect of frozen support 
and tr idem axlt!t1 un concrete pavement performance 
are presented (l,2). Results of the tied-concrete 
shoulder study are-given elsewhere (3). 

Minnesota's current concrete pavement design pro­
cedure does not consider climatic effects. When the 
base , subbase , and subgrade are frozen, pavement 
strains and deflections due to load are smaller. 
Therefore, traffic-induced damage during winter 
months is greatly reduced. Because concrete pavement 
design procedures· consider repeated application of 
traffic loading and fatigue damage, it should be 
possible to take advantage of the frozen support 
conditions in the design of concrete pavements. 

Minnesota's current design procedure does not ac­
count for the effect of tridem-axle loading on pave­
ments either. Increases in the amount of truck traf-

fie and vehicle gross weight have led to increased 
need for highway maintenance. To i ncrease trucking 
productivity and minimize the detrimental effects of 
heavier axle loading, the trucking industry is rap­
idly adopting the use of tridem axles in lieu of 
tandem axles. The rationale behind this concept is 
that on a gross weight basis, the tridem axles are 
less damaging to pavements than equally loaded tan­
dem axles. 

BACKGROUND 

One of the most widely used procedures for thickness 
design of concrete pavements is the AASHTO Interim 
Guide for Design of Pavement Structures (4). The 
AASHTO guide is based on results of the AASHTO Road 
Test supplemented by existing design procedures and 
available theory. The AASHTO Road Test site was lo­
cated about 80 miles southwest of Chicago on right­
of-way that is now part of Interstate 80 near Ot­
tawa, Illinois . Test traffic began operation in 
November 1.958 and ended on November 30, l 961. The 
final axle load count was l,ll4,000 . 

Because MnDOT has adopted the AASBTO procedure as 
a basis for design of concrete pavements, presenta­
tions in this paper will be r eferenced to the AASRTO 
design procedure. 

Effect of Frozen Support 

The AASHTO Road Test design equation for concrete 
pavements contained in the N\SHTO guide does not 
provide for variations in pavement life that may re­
sult from changes i n environment and weather as com­
pared with that for the road test location. Although 
a regional factor is used for design of flexible 
pavements in the AASRTO guide, no such factor is 
considered in the design of concrete pavements to 
account for regional effects. 

Effect of Tridem-Ax.le Loading 

Most concrete pavement thickness design procedures 
consider the effect of mixed truck traffic. some 
procedures consider the effect of different axle 
loads directly, as in the case of the Portland ce­
ment Association design procedure (5). In other pro­
cedures, such as that contained i n the l\ASRTO Inter­
im Guide (_!) , mixed truck ti:affic is converted to a 
common denominator, which is an 18-kip single-axle 
load (SAL). 

The AASHTO procedure provides for conversion of 
mixed traffic to an equivalent number of 18-kip SALs 
by use of traffic equivalence factors. However, the 
procedure does not contain traffic equivalence fac­
tors for tridem-axle loads nor does it contain any 
other provisions to consider the effect of tridem­
axle loads. 

Because of the increasing use of tridem axles by 
the trucking industry, several agencies have been 
studying ways to incorporate the effect of tr idem­
axle loads in their thickness design procedures. A 
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study was conducted at the Pennsylvania Transporta­
tion Research Facility to develop load equivalency 
factors for tridem-axle loadings on flexible pave­
ments (6). In this study experimental pavements were 
subjected to approximately 55, 000 repetitions of a 
76-kip tridem-axle load. Study results were combined 
with theoretical analysis to develop equivalency 
factors for a range of tridem-axle loading. 

In another study reported by Treybig C2l an at­
tempt was made to relate theoretically computed con­
e rete pavement response parameters to the AASRTO 
traffic equivalence factors for SALs and tandem-axle 
loads (TALs). F!owever, no successful correlations 
were developed. 

RESEARCH OBJECTIVES 

The study presented in this paper was sponsored by 
MnDOT to compare measured pavement responses for 
SALs, TALs, and tridem-axle loads at five pavement 
sites. Field testing at these sites was conducted 
during October 1982 and February 1983. In this re­
port results of field testing, analysis of results, 
and recommendations to incorporate study results in 
Minnesota's thickness design procedure for concrete 
pavements are presented. 

Objectives of the study were as follows: 

1. To measure load-induced strains and deflec­
tions in pavement sections during fall and winter 
periods, 

2. To analyze test results to establish the ef­
fects of frozen support on concrete pavement per­
formance, and 

3. To analyze test results to establish the 
effects of tridem-axle loading on concrete pavement 
performance. 

PAVEMENT TEST SECTIONS 

Field measurements were obtained at five pavement 
project sites in Minnesota. Projects 1, 2, and 3 
were included in a 1976 field study on concrete 
shoulders and lane widening (~). A brief 
description of each project follows: 

Project 1: Designation State Project 2280-30 
(TA-90) is a roadway 27 ft wide consisting of an in­
side lane 15 ft wide and an o·utside lane 12 ft wide 
with an outside tied keyed concrete shoulder 10 ft 
wide. Shoulders are tied at 30-in. spacing by using 
30-in.-long NO. 5 tie bars. Shoulder thickness is 6 
in. The pavement is plain concrete slabs 9 in. thick 
with skewed joints at a repeated random spacing of 
13, 16, 14, and 19 ft. Subgrade at the site was 
classified as silty clay to clay loam and had a 
gravel subbase 5 in. thick over it. Dowe.l bars were 
placed only in the 12-ft-wide outside traffic lane. 
Dowels are No. B round bars, spaced at 12 in. on 
centersi the first dowel is located 6 in. inward 
from the pavement edge. Panels selected for test are 
located at stations 538+65 and 540+10. 

Project 2: Designat ion S·tate Project 2280-3 0 
(TH-90) is a roadway 27 ft wide and an outside tied 
keyed concrete shoulder 10 ft wide. Dowel size and 
location are the same as those for project 1. Pave­
ment thickness is 8 in. Subgrade at the site was 
classified as silty clay to clay loam and had a 
gravel subbase 6 in. thick over it. The modulus of 
subgrade reaction was reported to be 270 pci. Panels 
selected for test are located at stations 520+55 and 
521+81. 

Project 3: Designation State Project 2~80-31 
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(TH-90) is a roadway 27 ft wide with an inside lane 
15 ft wide and an outside lane 12 ft wide. The pave­
ment is reinforced concrete slabs 9 in. thick with 
skewed joints at a spacing of 27 ft. Subgrade at 
the site was classified as clay loam to silty clay 
loam to sandy clay loam. A gravel subbase 5 in. 
thick was used. Dowel bars were placed only in the 
12-ft main-line pavement portion of both traffic 
lanes. Dowels are No. 8 round bars, spaced 12 in. 
on centers. Panels selected for test are located at 
stations 985+53 and 987+11. 

Project 4: Designation State Project 4680-27 
(TH-90) is a roadway :!4 ft wide with a 12-ft inside 
and a 12-f t outside lane. The pavement is reinforced 
concrete slabs 9 in. thick with skewed joints at a 
spacing of 27 ft, Subgrade at the site was clay loam 
with an AASHTO classification of A-6. Modulu.s of 
subgrade reaction was reported to be 300 pci. A 
gravel subbase 6 in. thick was used. Dowel bars were 
placed in both the outside and inside lanes. Dowels 
are No. 8 round bars, spaced 12 in. on centers. 
Panels selected for test are located at stations 
1329+52 and 1330+59. 

Project 5: Designation State Project 7380-53 and 
8680-57 (TH-94) is a roadway 24 ft wide with a 12-
ft-wide inside lane and 12-ft-wide outside lane. The 
pavement is reinforced concrete slabs 9 in. thick 
with skewed joints at a spacing of 27 ft. Subgrade 
at the site was coarse sand with an AASHTO classifi­
cation of A-1-b. Modulus of subgrade reaction was 
reported to be 700 pci. A gravel subbase 5 in. thick 
was used. Dowel bars were placed in both the outside 
and inside lanes. Dowels are No. 8 round bars, 
spaced 12 in. on centers. Panels selected for test 
are located at stations 507+93 and 509+28. 

Projects 1, 2, 3, and 4 are located on I-90 be­
tween Albert Lea and Fairmont, Minnesota. Project 5 
is located on I-94 near Clearwater, Minnesota. 

Two test sites were selected at each project. At 
each site, both inside and outside lanes were in­
strumented and monitored to evaluate pavement re­
sponse. At some of the sites for projects 1, 2, and 
3, the panels tested in 1976 we re retested. Care was 
taken to assure that the sites selec ted were repre­
sentative of the project. 

INSTRUMENTATION 

All pavement test sections were instrumented to mea­
sure load-induced strains and deflections. In addi­
tion pavement temperature and slab curl were moni­
tored. Curl is a change in the vertical profile of 
the slab resulting from changes in the slab tempera­
ture. 

Strain gage and deflectometer locations for proj­
ects l and 2 test sections are shown in Figure 1. 
Instrumentation locations were similar for projects 
3, 4, and 5. These locations were selected to obtain 
the maximum values of strain and deflection for the 
different load positions. Curl measurements were 
made at deflectometer locations. Concrete tempera­
tures were measured in instrumented test blocks 
placed in the subbase adjacent to the pavement. 

Load Strains 

Concrete strains were measured with electrical-re­
sistance strain gages 4 in. long cemented to the 
pavement surface. Gages were placed at the free 
edge, shoulder edge, transverse joints, and joint 
corners and in the interior. Gage positions and 
loading locations shown in Figure 1 are referred to 
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FIGURE I Instrumentation layout for projects I and 2. 

in subsequent discussions. All gages were placed in 
recessed grooves to protect them from direct appli­
cation of wheel loads. 

Load Deflections 

Load deflections were measured with resistance­
bridge deflectometers bolted to the pavement. Read­
ings were referenced to encased rods driven into the 
subgrade to a depth of 6 ft. Construction details 
of the deflectometer are presented in Research and 
Development Bulletin D83 (~) of the Portland Cement 
Association. 

Curl Measurements 

Pavement curl was measured with 0.001-in. indicators 
placed at the same locations as the deflectometers. 
The dial indicators were bolted to the pavement and 
the movement was referenced to encased rods placed 
in the subgrade. Curl readings were taken approxi­
mately once an hour. 

Temperature Measu.cements 

Changes in pavement temperature were measured with 
copper-constantan thermocouples embedded in con­
crete blocks. The laboratory-cast blocks were 1 ft 
square and 8 or 9 in. thick. Thermocouples were 
located 0.125, 0.50, 1 , 2, 4, and 6 in. from the top 
and 0.125 in. from the bottom surfaces. Temperature 
blocks were placed in the subbase adjacent to the 
highway at least 12 hr before testing. Air tempera­
ture was monitored with a thermocouple shaded ·from 
the direct sun. 
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Monitoring Equipment 

Data were monitored and recorded with equipment car­
ried in the Construction Technology Laboratories' 
field instrumentation van. St;,rain and deflection 
data were recordecl with a high-speed compute·r-based 
clata acquisition system . Twenty-two channels of in­
strumentation were monitored and recorded simu.lta­
neously for each vehicle loading. Computer programs 
were wtitten to monitor, record, and tabulate all 
field data. Temperature data were recorded with a 
24-cha.nnel continuously monitoring temperatu.ce re­
corder. All monitoring and r·ecording instrumentation 
was calibrated before testing. 

TEST PROCEDURES 

S t;,rain and deflection data were recorded for 20-kip 
SALs, 34-kip and 42- kip TALs, and 42-kip tridem-axle 
loads. Loading was applied with the two semitrailers 
shown in Figure 2. Ona truok applied the 20- kip SALs 
and 34-kip TALs. The other truck applied the 42-kip 
TALs and 4 2-kip tridem-axle loan l ngi:<. Trucks uced 
were supplied by MnDOT. Before testing, axle weights 
were checked and loads were adjusted to obtain uni­
form distribution to the wheels. 

The effects of axle weight and load location on 
strains and deflections were recorded with the 
trucks moving at creep speed along the wheel paths 
shown in .Figure 1. Tire placements varied from 2 to 
38 in. from the pavement edge. All wheel-path mea­
surements were from the pavement edge to the outside 
edge of the tire sidewall at its maximum width. In 
addition, pavement curl and temperature data were 
obtained periodically during the day. 

Inside- and outside-lane test slabs at each proj­
ect site were tested on the same day. Primary read-
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FIGURE 2 Trucks used: 18-kip SAL and 34-kip TAL (top), 42-kip 
TAL and 42-kip tridem-axle load (bottom). 

ings were taken on both inside and outside lanes 
between approximately 11:30 a.m. and 2:00 p.m. In 
addition, readings were also taken on one lane be­
fore 11:30 a.m. and on the other lane after 2:00 
p.m. Specific testing times were governed primarily 
by weather and traffic control requirements. 

DATA ANALYSIS 

In this section a comparison is presented of pave­
ment responses measured under 20-kip SA.Ls, 34-kip 
and 42-kip TALs, and 42-kip tridem-axle loadings 
during October 1982 and February 1983. Pavement re­
sponses compared are edge and corner deflections and 
edge s.trains. In addition, results. of theoretical 
analysis are also presented to compare pavement re­
sponses under the four different axle loads . Wheel 
configurations and spacings fot the four axle loads 
used during the field testing correspond to those 
shown in Figure 3. 

Curling and Warping Effects 

Soon after concrete has been placed, drying shrink­
age of the concrete begins. Drying shrinkage in a 
slab on grade occurs at a faster rate at the slab 
surface than at the slab bottom. In addition, be­
cause the su1l9rade and subbase may remain wet, the 
slab bottom remains relatively moist. Thus, total 
shrinkage at the bottom is less than that at the 
top. This differential in shrinkage results in a 
lifting of the slab from the subbase at edges and 
corners. Movements of this type resulting from mois­
ture differentials are referred to as warping. Warp­
ing leaves slabs unsupported for distances of as 
much as 4 to 5 ft at slab corners and 2 to 3 ft at 
slab edges. Warping is almost never recoverable. 

In addition to warping, a slab on grade is also 
subjected to curling. Curling is the change in the 
slab profile due to temperature differential between 
slab top and bottom. Cur1ing is a daily phenomenon. 
Slabs curl up during the night and curl down during 
the midday. Thus , curling deformation is additive 
to warping during the night and ceduces the warping 
effect during the midday . It is believed . by many 
engineers that the warping effect is almost never 
cancelled out by daytime curling and that some loss 
of support always exists under the slab even for hot 
days. 

.C::: 
N ,.... 

a) Single-axle 

CJ 

\, 49 in .1 
b) Tandem-axle 

49 in. 49in . 

c) Tridem·axle 

r:: 
N ,.._ 

FIGURE 3 Axle configurations. 
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Because of curling effects, the measured deflec­
tions under load along a slab edge or a slab corner 
are greatly affected by the time of testing. Mea­
sured slab strains are also affected by time of 
testing but at a lower level. Therefore, great care 
needs to be exercised in interpreting deflection and 
strain measurements if they are made at different 
times of a day or on different days. The usual pro­
cedure in reporting deflection measurements at a 
given location is to correct the measurements with 
respect to a reference time. The reference time is 
generally selected to be the time when the slab top 
and bottom temperatures are equal. 

As discussed, temperature and curl measurements 
were made at each of the five test sites considered 
in this study. At each test site, pavement responses 
under load were generally measured at two different 
times, usually within a span of 3 hr around noon. 

Figure 4 shows the variation with time of the air 
temperature, corner curl, and corner deflection un­
der a 20-klp SAL at each of the five sites. 

tt is seen that although slabs at each site ex­
hibit pronounced curling, the deflections under load 
were not greatly influenced by the time of testing 
between approximately 11:00 a.m. and 2:00 p.m. simi­
lar trends were obtained for edge curl and deflec­
tions and edge strain. This is because the slabs 
have curled to their most downward profiles and 
change from these profiles is gradual with respect 
to time, as shown in Figure 4. Therefore, no temper­
ature corrections were applied to these readings. 
The measurements reported in this paper are the 
averages of the readings for the two test times and 
correspond to the period when each slab being tested 
was near its maximum downward curl. 
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with time. 

Summary of Data 

Load tests were conducted during October 1982 when 
air temperatures at midday were about 55°F and dur­
ing February 1983 when air temperatures at midday 
were about 20 to 30°F. 

Pavement response measured at each of the five 
sites is given in Table 1. Edge and corner deflec­
tions and edge strains measured during October 1982 
and February 1983 at inside and outside lanes for 
each of the four axle loadings are listed. Each data 
point is an average of four readings made up of data 
taken at two different times at each of the two rep­
licate sections at each project location. 

EFFECT OF FROZEN SUPPORT 

This section J:;onsiders the effect of frozen support 
on concrete pnvement peL (urmance. •.rhe February mea­
surements are shown as a percentage of the October 
·measurements in Figures 5, 6, and 7 for edge deflec­
tion, corner deflection, and edge sti:ain, respec­
tively. (Axles are defined as follows in Pigures 
5-7: axle 1, 20-kip SAL; axle 2, 34-kiP. TAL; <1xle 
3, 42-kip TAL; axle 4, 42-kip tridem-axle load. Lane 
I is the inside lane; lane O the outside lane. N 
denotes lack of reliable data.) 

Measured Edge Deflections 

As shown in Figure 5, edge deflections measured dur­
ing February generally ranged from 15 to 25 percent 
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of edge deflections measured during October. Under 
the 20-kip SAL, edge deflections ranged from 0.007 
in. at project 5 to O. 021 in. at project 1 during 
October and from 0.001 in. at project 5 to 0.004 in • 
at project 1 during February. 

It should be noted that at project 2, edge de­
flections measured along the outside lane do not 
show any variation with different axle loads. This 
is believed to be because of malfunctioning of the 
deflectometers at this location. 

Measured Corner Deflections 

As shown in Figure 6, corner deflections measured 
during February generally ranged from 5 to 15 per­
cent of corner deflections measured during October. 
Under the 20-kip SAL, corner · deflections ranged from 
0.010 in. at project 5 to 0.035 in. at project 1 
during October and from O. 001 in. at Pcoject 5 to 
0.004 in . at project 1 during February. 

Measured Edge Strains 

As shown in Figure 7, edge strains measur!'ln nnrina 
February gene~ally ranged from 20 to 60 percent of 
edge strains measured during October. Under the 20-
kip SAL, edge strains ranged from 19 x lo-·- at the 
.inside lane of project 5 to 35 x lo · • at the inside 
lane of project 1 during October. Edge s ·trains under 
the 20-kip SAL ranged from 9 x lo·• at the inside 
lane of project 5 to 18 x 10- • at the inside lane 
of project 1 during February . 

Theoretical Considerations 

l\nalysis was conducted to determine the effect of 
the subbase and subgrade support on pavement re­
sponse. A finite-element program, JSLJ>.B, developed 
by Construction Technology Laboratories for FBWA was 
used (10). The program can analyze a large number 
of jointed slabs. Joints can be modeled as doweled, 
aggregate interlock, or keyed. Load input is in 
terms o.f wheel loads at any location on the slabs . 
Loss of support, variabl.e support, or material prop­
erties can be considered. In the program subbase 
and subgrade support is characterized by the modulus 
of subgrade support. Thus, the effect of a frozen 
support can be considered by using a high value for 
the modulus of subgrade reaction. 

The analysis was conducted for a concrete pave­
.ment 9 in. thick with and without a tied shoulder 
and with dowel bars at transverse joints. For the 
case of a tied shoulder, a slab 6 in. thick was 
used. Values used for the modulus of subgrade reac­
tion were 100, 150, 250, 1,000, and 2,000 pci. Cal­
culated corner deflections, edge deflections, and 
edge strns,.Ps are listed in Tables 2-4. For both 
corner and edge loadings, tire placements were 2 in. 
inward from the edge . 

The calculations verify that although a stiffer 
subbase and subgrade support will. produce a large 
reduction in slab deflections , the corresponding de­
crease in slab edge stresses is not so large. For 
example, edge deflection for a support value of 
2, 000 pci is reduced to about 25 to 35 percent of 
that for a support value of 250 pci. However, edge 
stress for a support value of 2,000 pci is reduced 
to only about 50 to 70 percent of that for a support 
value of 250 poi. These calculations and field mea­
surements indicate that during winter months, the 
s upport value under a concrete pavement can be ex­
pected to exceed 1,000 pci. For this condition, edge 
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TABLE 1 Measured Pavement Response at Projects 1 Through 5 

42-kip Tridem-Axle 
20-kip SAL 34-kip TAL 42-kip TAL Load 

Parameter Fall Winter Fall Winter Fall Winter Fall Winter 

Project I 

Inside lane 
Edge deflection (in.) 0.021 0.004 0.034 0.006 O.D38 0.008 0.034 0.007 
Corner deflection ~in.) O.D35 0.004 0.044 0.006 0.051 0.007 0.044 0.006 
Edge strain (x 10- ) 35 18 30 23 32 17 17 10 

Outside lane 
Edge deflection (in.) 0.019 0.004 0.026 0.006 0.029 0.007 0.027 0.007 
Corner deflection ~in.) 0.030 0.003 0.034 0.005 0.037 0.005 0.031 0.005 
Edge strain (x Io- ) 30 18 24 18 27 14 19 12 

Project 2 

Inside lane 
Edge deflection (in.) 0.016 0.003 0.026 0.004 0.027 0.005 0.023 0.005 
Corner deflection ~in .) 0.026 0.002 0.036 0.004 0.034 0.004 0.030 0.004 
Edge strain (x 10- ) 35 12 32 13 33 17 18 9 

Outside lane 
Edge deflection (in.) 0.007 0.002 0.007 0.003 0 ,007 0.003 0.009 0.003 
Corner deflection ~in.) 0.021 0.003 0.021 0.004 0.025 0.003 0.019 0.002 
Edge strain (x 10- ) 33 II 31 9 38 9 20 5 

Project 3 

Inside lane 
Edge deflection (in.) 0.013 0.002 0.022 0.004 0.025 0.004 0.020 0.004 
Corner deflection (in .) O.Q24 0.002 0.030 0.003 0.032 0.003 0.026 0.003 
Edge strain (x I o-6 ) 33 28 30 18 

Outside lane 
Edge deflection (in.) 0.015 0.003 0.021 0.003 0.025 0.004 0.023 0.004 
Comer deflection ~in .) 0.036 0.002 0.040 0.002 0.040 0.002 0.034 0.002 
Edge strain (x 10- ) 18 23 24 16 

Project 4 

Inside lane 
Edge deflection (in.) 0.013 0.002 0,020 0.002 0.020 0.002 0.018 0.002 
Corner deflection ~n. ) 0.017 0.002 0.022 0.002 0.024 0.002 0.019 0.001 
Edge strain (x 10- ) 31 13 27 13 27 17 

Outside lane 
Edge deflection (in.) 0.013 0.002 O.D18 0.002 0.021 0.002 0.019 0.002 
Corner deflection ~in.) 0.022 0.002 0.026 0.002 0.027 0.002 0.024 0.001 
Edge strain (x 10- ) 13 13 

Project 5 

Inside lane 
Edge deflection (in.) 0.007 0.001 0.010 0.002 0.009 0.002 0.007 0.002 
Corner deflection ~in.) 0.010 0.001 0.011 0.001 0.010 0.002 0.008 0.002 
Edge strain (x 10- ) 19 9 19 10 20 3 14 

Outside lane 
Edge deflection (in.) 0.007 0.002 0.008 0.002 0.008 0.002 0.007 0.002 
Corner deflection (in.) 0.013 0.002 0.013 0.003 0.012 0.002 0.010 0.003 
Edge strain (x 10-6 ) 31 14 23 12 26 6 17 2 

Ninte: Inside-lane mott."lurements were Uken Dlong the edge of the 3-ft lane ,vfc.hmins. Ou I.side-Jane measurements were lt&kcn along the 
joint with tied shouJdrr. Falt measuremar.us. were obtaiued dudng October 1982; winter mc:1surements were obtained during ebruary 
1983. 

and corne r deflections for a 34 -k ip Tl\.L would be 
less than O. 00 4 in. and edg e. s tresses for a 20-kip 
SAL would be less than 150 ps i . 

It should be noted that deflection values mea­
Sli.red du.ring October were much higher than calcu­
late.d de.flec_t ion values·, eve11 when a. modulus of sub­
grade reaction of 150 pci was used. Modulus of 
subgrade reaction values at the five locations were 
reported to be in excess of 250 pc i. The reason for 
the anomaly i n measured and computed deflection val­
ues is that the theoretical analysis was conducted 
for the case of full suppor t under the pavement 
s labs . In practice, there is always some loss of 
support along slab edges. This s upport loss results 
i n higher measured slab deflections . 

Analysis of Resul ts 

As indicated, it is clear that concrete pavement 
responses for the. case of frozen support were much 
s maller compared with those obtained when the sup­
port was no t frozen . The greatly improved deflection 
response is considered to be caused by the frozen 
subgrade and subbase and also a lower level of slab 
warping. Slab warping i s l ower during winter months 
because o f the higher moisture content at the sur­
face of the concrete slab. The effect of less slab 
warping is less loss of support along slab edges. 
From the field testing conducted at the fi ve project 
locations, the following values indicate the im­
provement in pavement response during February as 
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FIGURE 6 Comparison of winter and fall corner deflections. 

compared with that in October (A = value calculated 
for k of 2,000 pci as percentage of value for k of 
250 pcii B = measured value during February as per­
centage of October measurement) : 

U!l.. Pavement Res~nse !!_ill_ 

25-30 Corner deflection 15 
25-35 Edge deflection 25 
50-70 Edge stress 60 
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For consideration of the effects of frozen sup­
port in the thickness design for concrete pavements, 
it is recommended that 60 percent be used as the 
maximum level of improvement in pavement response 
from fall to winter. This recognizes that deflec­
tions as well as stresses are important in assessing 
pavement performance. 

Because pavement damage or loss in serviceability 
is a function of axle load magnitude and number of 
load repetitions, it can be concluded that a given 
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FIGURE 7 Comparison of winter and fall edge strains. 

TABLE 2 Calculated Pavement Response: Corner Deflection 

Corner Deflection (in.) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 0.025 0 .026 0.032 0.026 
150 0.018 0.019 0 .023 0.019 
250 0.013 0.013 0.016 0.012 

1,000 0.006 0.005 0.006 0.004 
2,000 0.004 0.004 0.004 0.003 

None 100 0.035 0.040 0.050 0.040 
150 0.026 0 .030 0.037 0.028 
250 0.019 0.020 0.025 0.019 

1,000 0.008 0.007 0.009 0.007 

TABLE 3 Calculated Pavement Response: Edge Deflection 

Edge Deflection (in.) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 0.015 0.022 0.027 0.022 
ISO 0.012 0.016 0.020 0.016 
250 0.008 0.011 0.014 0.011 

1,000 0.004 0.004 o.oos 0.004 
2,000 0.003 0.003 0.004 0.003 

None 100 0.024 O.Q35 0.043 0.036 
ISO 0.018 O.Q25 0.031 0.026 
250 0.012 0.017 0.021 0.017 

1,000 0.005 0.006 0.007 0.005 

axle load would produce less damage or loss of ser­
viceabi lity during the winter as compared with that 
in the fall. If a linear relat i onship is assumed 
between magnitude of axle load and pavement re­
sponse , an ax le .load {Pl applied during the winter 
is equivalent to an axle load {0.6P) applied during 
the fall. 
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TABLE4 Calculated Pavement Response: Edge Stress 

Edge Stress (psi) 

42-kip 
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle 
Type (pci) SAL TAL TAL Load 

Tied 100 236 180 222 114 
150 218 160 198 98 
250 199 139 172 81 

1,000 157 102 126 55 
2,000 138 85 103 42 

None 100 286 230 284 152 
150 263 203 250 128 
250 236 172 212 103 

1,000 178 116 143 63 

Application to AASHTO Design Procedure 

The AASHTO Interim Guide uses the concept of traffic 
equivalence factors for converting mixed traffic to 
an equivalent number of 18-kip SALs. The equivalence 
factors, when multiplied by the number of axle loads 
within a given weight category, give the number of 
18-kip SALs that have an equivalent effect on the 
performance of the pavement. 

Traffic equivalence factors for concrete pave­
ments are given in Table 5 for SALs and TALs. It may 
be seen that for a pavement 9 in. thick, a 30-kip 
SAL is 8.28 times as damaging as an 18-kip SAL. How­
ever, based on measured pavement response, a 30-kip 
SAL applied during a winter month can be considered 
to be only as damaging as an 18-kip SAL applied dur­
ing the fall. Thus, a 30-kip SAL applied during the 
winter months is only 1/8.28, that is, 0.12 times as 
damaging as a 30-kip SAL applied during the fall. 
Applying this logic to different slab thicknesses 
and other axle loads, it is found that the damaging 
effect of a given SAL or TAL applied in the winter 
is about one-seventh to one-ninth of that for the 
same axle load applied during the fall. 

For design purposes it is recommended that the 
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TABLE 5 Traffic Equivalence Factors for Single and Tandem Axles 

Axle Load Sl~b Thickness D (in.) 

Kips kN 6 7 8 9 10 11 12 

Single Axle 

2 8.9 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 
4 17.8 0.003 0.002 0.002 
6 26.7 0.01 0.01 0.01 
8 35.6 0.04 0.04 0.03 

10 44.5 0.10 0.09 0.08 
12 ~J.4 U.20 0.19 0.18 
14 62.3 0.38 0 .36 0.35 
16 71.2 0.63 0.62 0.61 
18 80.1 1.00 1.00 1.00 
20 89.0 1.51 l.52 1.55 
22 97.9 2.21 2.20 2.28 
24 106.8 3.16 3.10 3.23 
26 115.7 4.41 4.26 4.42 
28 124.6 6.05 5.76 5.92 
30 133 .4 8.16 7.67 7.79 
32 142.J 10.81 10.06 10.10 
34 151.2 14.12 13.04 12.34 
36 160.1 18.20 16.69 16.41 
38 169 .0 23.15 21.14 20.61 
40 177 .9 29 .11 26.49 25.65 

Tandem Axles 

10 44.5 0.01 0.01 0 .01 
12 53.4 0.03 0.03 0.03 
14 62.3 0.06 0.05 0.05 
16 71.2 0.10 0.09 0.08 
18 80.1 0.16 0.14 0.14 
20 89.0 0.23 0.22 0.21 
22 97 .9 0.34 0.32 0 .31 
24 106.8 0.48 0.46 0.45 
26 115.7 0.64 0.64 0.63 
28 124.6 0.85 0.85 0.85 
30 133.4 1.11 1.12 !.l 3 
32 142.3 1.43 1.44 1.47 
34 151.2 1.82 1.82 1.87 
36 160.l 2.29 2.27 2.35 
38 169.0 2.85 2.80 2.91 
40 177.9 3.52 3.42 3.55 
42 186.8 4.32 4.16 4.30 
44 195.7 5.26 5.01 5.16 
46 204.6 6.36 6.01 6.14 
48 213.5 7.64 7.16 7.27 

Note: Terminal pavement serviceability jndex (Pt)= 2.5, 

damaging effect of an axle load applied during the 
winter be considered to be one-seventh of that for 
the same axle load applied during the fall. Thus, 
only one-seventh of the equivalent 18-kip SA.Ls ap­
plied during the winter months needs to be consid­
ered for thickness design. If traffic is considered 
to be uniformly distributed over the 12-month period 
and if only one-seventh of the winter period traffic 
is considered applicable, only 79 percent of the to­
tal design value of the equivalent 18-kip SALs needs 
to be considered for thickness design. 

However, it should be noted that the current 
AASHTO design procedure already has built into it 
the effect of frozen support, because the AASHTO 
Road Test was conducted over a period of two win­
ters. study results presen,ted: in this report can be 
implemented in:to. the l\ASHTO design procedure if the 
differ.ence in severity and' duration of winter condi­
tions. between, Ottawa, Illinois, and the state of 
Minnesota can be es;tablished. 

Application to Other Design Procedures 

Results of this study have direct application to de­
sign procedures that are based on considerations of 
stresses or deflections or both under each axle-load 
group of mixed traffic. For example, the Portland 
Cement Association thickness design for concrete 
pavements is based on fatigue consumed under mixed 

0.002 0.002 0.002 0.002 
0.01 0.01 0.01 0.01 
0.03 0.03 0.03 0.03 
0.08 0.08 0.08 0.08 
0.18 0. 18 0.17 0.17 
0.34 0.34 0.34 0.34 
0.60 0.60 0.60 0.60 
1.00 1.00 1.00 1.00 
1.57 1.58 1.58 l.59 
2.34 2.38 2.40 2.41 
3.36 3.45 3.50 3.53 
4.67 4.85 4.95 5.01 
6.29 6.61 6.81 6.92 
8.28 8.79 9.14 9.34 

10.70 11.43 11.99 12.35 
13.62 14.59 15.43 16.01 
17.12 18.33 19.52 20.39 
21.31 22 .74 24.31 25.58 
26.29 27.91 29.90 31.64 

0.01 0.01 0.01 0.01 
0.03 0.03 0.03 0.03 
0.05 0.05 0.05 0.05 
0.08 0.08 0.08 0.08 
0.13 0.13 0.13 0 .13 
0.21 0.20 0.20 0.20 
0.3 J 0.30 0.30 0.30 
0.44 0.44 0.44 0.44 
0.62 0.62 0.62 0.62 
0.85 0,85 0.85 0.85 
1.14 1.14 1.14 1.14 
1.49 1.50 l.51 1.51 
1.92 1.95 1.96 1.97 
2.43 2.48 2.51 2.52 
3.04 3.12 3.16 3.18 
3.74 3.87 3.94 3.98 
4.55 4.74 4.86 4.91 
5.48 5. 75 5.92 6.01 
6.53 6.90 7.14 7.28 
7.73 8.21 8.55 8.75 

traffic C~l. In this procedure fatigue consumption 
is computed for each axle-loao group and summed to 
determine total fatigue consumption during the de­
sign period. 

To apply study results to such a procedure, fa­
tigue consumption would be determined separately for 
winter periods and for nonwinter periods. For non­
winter periods the conventional procedure would be 
used. For winter periods fatigue consumption compu­
tation would incorporate use of a stiff support. 

EFFECT OF TRIDEM-AXLE LOADING 

In this section the effect of tridem-axle loading is 
considered. Although measuLements were obtained dur­
ing October 1982 and February 1983, only the Oc.tobe-r 
19•82 measurements are discussed in this section. 
Becau.se of the frozen support., measured deflections 
during February 1983 were low for each. axle type. 
The measurements listed in Table l for October 1982 
are shown as a percentage of the 42-kip tridem-axle 
load measurements in Figures 8, 9, and 10 for edge 
deflection, corner deflection, and edge strain, re­
spectively. (Axles are defined as follows in Figures 
8-10: axle 1, 20-kip SAL; axle 2, 34-kip TAL; axle 
3, 42-kip TAL; axle 4, 42-kip tridem-axle load. Lane 
I is the inside lane; lane o, the outside lane. N 
denotes lack of reliable data.) 
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FIGURE 8 Edge deflections as percentage of those for 42-kip TAL. 
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FIGURE 9 Corner deflections as percentage of those for 42-kip T AL. 

Measured Edge Deflections 

As shown in Figure 8, edge deflections measured dur­
ing the fall period under the 42-kip tridem-axle 
loads ranged from 78 to 93 percent of those for the 
42-kip TALs. At 7 of the io sections, edge deflec­
t ions under the tridem-axle loads were less than 90 
percent of those under the 4·2-kip TALs. As a compar­
ison, the 34-k ip TALs produced edge deflections be-

tween 84 to 96 percent of those for the 42-kip TALs. 
Theoretically, the 34-kip TALs should produce edge 
deflections about 80 percent of those produced under 
the 42-kip TALs. 

It should be noted that at project 2, edge de­
flect i ons measured along the outside lane do not 
show any variation with different axle loads. This 
is believed to be because of malfunctioning of the 
def lectometers at this locat.ion. 
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FIGURE 10 Edge strains as percentage of those for 42-kip TAL. 

Measured Corner Deflections 

As shown in Figure 9, corner deflections measured 
during the fall period under the 42-kip TALs ranged 
from 76 to 90 percent of those for the 42-kip TALs. 
The 34-k ip TALs produced corner deflections between 
86 and 96 percent of those for the 42-kip TALs. As 
in the case of edge deflections, theoretically the 
34-kip TALs should produce corner deflections about 
80 percent of those produced under the 42-kip TALs. 

Measu red F.clge S trains 

As shown in Figure 10, edge strains measured during 
the fall period under the 42-kip tridem-axle loads 
ranged from 53 to 69 percent of those for the 42-kip 
TALs. The 34-kip TALs produced edge strains between 
82 and 97 percent of those for the 42-kip TALs. The­
oretically, edge strain for the 34-kip TALs should 
be about 80 percent of those for the 42-kip TALs. 

·rheoretical Consider at ions 

Calculated pavement responses for the d i fferent a xle 
loads are given in Tables 2-4. A summary of these 
calculated results is given in Table 6 as a percent­
age of values obtained for the 42-kip TALs. As s hown 
in Table 6, calculated slab deflections and strains 
under the 42-kip tridem-axle loads are much less 
than those for the 42-kip TALs and in fact are equal 
to or less than those for the 34-kip TALs. Of the 
four cases of axle loading considered, the 42-kip 
TALs resulted in the highest calculated edge and 
corner deflections and the 20-kip SALs produced the 
highest calculated edge strains. 

When the effects on pavement response of differ­
ent axle types are compared, the profiles for de­
flections and strains along the slab edge should 
also be considered. Figure 11 shows calculated edge 
deflection profiles for the 20-kip SALs, 34- kip 
TALs, and the 42-kip tridem-axle loads. As shown, 

TABLE6 Calculated Pavement Response as Percentage of 
That for 42-Kip T ALs 

Percentage of Response by Axle Load 

Shoulder Response 20-kip 34-kip 42-kip Tridem-
Type Type SAL TAL Axle Load 

Tied Edge 
deflection 58 81 81 

Corner 
deflection 79 81 80 

EJgc: :sLH1in Iii 81 49 
None Edge deflec-

tion 57 81 83 
Corner 

deflection 69 81 80 
Edge strain 106 81 51 

the shapes of the deflection profiles are similar 
for the three cases. Figure 12 shows the calculated 
corner deflection profiles for the tridem-axle loads. 
The deflection basin length under the tridem-axle 
loads is almost twice as long as that for the SAL s 
and about 1.5 times as long as that for the TALs. 

Profiles for calculated edge strain for the three 
cases of axle loads are shown in Figure 13. For this 
case there is a marked difference between the re­
sponses under the three different types of axle 
loads. The SAL exhibits a single peak, the TAL ex­
hibits two peaks, and the tr i dem-axle load produces 
three pea ks. These peaks are produced under each 
axle. 

Analys i s of Results 

It has been shown that pavement response under the 
42-kip tridem-axle loads is less severe than that 
for the 42-k ip TALs. In fact, the response for the 
42-kip t ridem-axle loads was equal to or less severe 
than that for the 34-kip TALs. 

According to the AASHTO traffic equivalence fac­
tors, presented in Table 5, tandem axles are about 
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2. 30 to 2. 50 times as damaging as a single axle 
weighing half as much as the tandem axles. The ratio 
of edge deflection under tandem axles to that under 
a single axle weighing half as much as the tandem 
axles is about 1. 64 based on theore t ical analysis 
and about 1 .60 to 1.90 based on f i eld measurements. 
On the other hand, calculated as well as measured 
edge strain under tandem axles are less than the 
edge strains under a single axle weighing half as 
much as the tandem axles. Thus, it can be seen that 
the AASHTO traffic equivalence factors give more 
weight to edge deflection response than ;my other 
response parameter when the effects of single and 
tandem axles are compared. 

The ratio of edge deflection under a tridem axle 
to that under a single axle weighing one-third as 
much as the tridem axle is about 2.0 based on theo­
retical analysis and about 2.0 to 2.2 based on field 
measurements. By extrapolation, it is found that 
the ratio of edge deflection under a tridem axle to 
that under a single axle weighing 40 percent as much 
as the tridem axle is about 1.65 based on theoreti­
cal analysis and about 1. 65 to 1. 80 based on field 
measurements. 'l'herefore, if proportionality ic as­
sumed between deflections and performance, a tridem 
axle can be considered about 2.30 to 2.50 times as 
damaging as a single axle weighing 40 percent as 
much as the tridem axle. As an example, a 50-kip 
tridem axle would be considered 2.30 to 2.50 times 
as damaging as a 20-kip single axle. 

Based on this reasoning, traffic equivalence fac-

Traffic Equivalence 
Factor for Pt=2 .5 

0 10 20 
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tors for tr idem axles were developed for concrete 
pavements. These factors i'lrP listed in Table 7 and 
are considered t entative. The factors were developed 
by considering a tridem axle to be 2.40 times as 
damaging as a singl.e axle weighing 40 percent as 
much as the tridem a xle. The factors for each axle­
load group we-re then established by using traffic 
equival.ence facto r s for a s ingle axle on a slab 9 

TABLE 7 Traffic Equivalence FaclorM fur TriJem Axles 

Tridem-Axle 
Load (kips) 

30 
32 
34 
36 
38 
40 
42 
44 

Traffic Equiva­
lence Pactor 

0.43 
o.ss 
0.70 
0 .91 
1.20 
1.44 
1.68 
2.16 

Tr idem-Axle 
Loall (kips) 

46 
48 
50 
52 
54 
SG 
58 
60 

Note: Termjnel pavement servjceability index (Pt)= 2.5. 

Traffic Equiva­
lence Factor 

2.64 
3.12 
3.77 
4.32 
S.04 
6.00 
7.20 
8.06 

in. thick that has a terminal serviceability of 2.s. 
A comparison of traffic equivalence factors for the 
single axles, tandem axles, and tridem axles is 
given in Figure 14. The factors for tridem axles 
presented in Table 7 and Figure 14 are considered 
applicable to slab thicknesses of 7 through 10 in. 

30 40 50 60 70 

Axle Load, kip 

FIGURE 14 Comparison of traffic equivalence factors. 
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SUMMARY 

A field study was conducted to evaluate the effect 
of frozen support and tridem-axle loading on con­
crete pavement performance, Pavement deflections 
and strains were measured during the fall and the 
winter at five project locations. 

Study results indicate that pavement deflections 
and strains are greatly reduced during winter months 
when the support is frozen. Based on analysis of 
these results, it is concluded that the damaging ef­
fect of axle loads applied during the winter when 
the s uppor t is frozen can be considered to be only 
one-seve n t h as damaging as the same loads applied 
during the fal l. 

Study r esults also ind i cate that pavement de­
flections a nd strains are grea tly reduced for a 42-
k i p tridem-axl e loading as compar ed with t hose for 
42-kip TALs . I n fac t , measured and calcula t e d corner 
and edge deflections unde r 42-k ip tr i dem-ax l e l oad­
ings we r e almost equa l t o or l e ss t ha n those f or 34 -
k i p TA.Ls . Measured and cal culat ed edge strains fo r 
a 42-kip tridem-axle loading were considerably lower 
than those for a 34-kip TAL. 

Based on study results, it is concluded that for 
application to the AASHTO thickness design proce­
dure, a tridem axle can be considered as equivalent 
to a single axle weighing about 50 percent of the 
tridem axle and to tandem axles weighing about 80 
percent of the tridem axle, Traffic equivalence fac­
tors were developed for tridem axles on concrete 
pavements. These factors are tentative but may· be 
considered for use in lieu of other field data on 
the effects of tridem axles on concrete pavement re­
sponse. 
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Environmental Factors in Flexible Pavement Design 

ADNAN A. BASMA and K.P. GEORGE 

ABSTRACT 

The principal objective of this research 
was to study the influence of the e nv i ron­
ment on the thickness of flexible pave­
ments. Env i ronmental v~riables considered 
include general soil conditions and temper­
ature effects. As identified in previous 
studies, six climatic zones were recog­
nized . Weather information and soil proper­
ties were collected for 175 typical sta­
tions covering the continental United 
States, excluding Alaska. Based on the cri­
teria of rutting of 1.25 cm (0.5 in.) and 
thermal cracking of 115 m/ 1000 m2 ( 35 
ft/l,000 ft 2 ), appropriate asphalt-cement 
grades were selected for each station. To 
consider the interaction of temperature and 
modulus with fatigue damage, the concept of 
effective modulus was introduced. The ef­
fective modulus calculated by using the 
appropriate asphalt grade was found to be 
nearly constant within a zone but varied 
considerably from one zone to another. A 
sensitivity analysis was performed on the 
AASHO flexible pavement design equation, 
the purpose of which was to determine the 
effect of the regional factor and the soil 
support value on the structural number. 
After these two items had been combined 
with the change in the layer coefficient 
due to modulus change, their overall effect 
on pavement thickness was evaluated. The 
ratio of the thickness required at a given 
station to that required at reference con­
ditions [namely, asphalt effective modulus 
o f 3 4.!> KPa (5 x 10' psi), regional fac­
tor of 1. 0, and soil support value of 5. 0] 
is defined as the depth factor. The depth 
factor ranged from as low as 0.45 in Flori­
da, parts of Mississippi, Alabama, Georgia, 
and the Carolinas to as high as 1.60 in re­
gions of Montana, North Dakota, and South 
Dakota. The higher the depth factor, the 
more severe the influence of environment on 
pavement performance. Examples to illus­
trate how the depth factor may be incor­
porated into the AASHO flexible design are 
given. 

In the design of flexible pavements, traffic load 
and environment are the most influential factors in 
the determination of pavement thickness. Before the 
AASHO Road Test, most pavements were designed with 
regard to traffic alone, with little if any consid­
eration for the environment. Since the introduction 
of the AASHO pavement design !llr however, more em­
phasis has been p laced on environme nta l effec t s . For 
example, the AASHO flexible model, which is written 
symbolically as follows, presents in equational form 
the design relationship between the important varia­
bles: 

log W = 9 .36 log(SN + I) - 0.20 +log [(c0 - p)/(c0 - 1.5)] 

7 { 0.40 + [1,094/(SN + !)5 · 19 ]} 

+ 0.37756 (SSV - 3.0) - 0.97 log(Rr) (!) 

where 

W 2 total number of 60-kN (18-kip) 
equivalent axle loads (EALs) , 

SN weighted structural number, 
co initial serviceability index, 

p terminal serviceability index, 
SSV soil support value, and 

Rf regional factor. 

Buick (~) studied the significance of these varia­
bles and showed that bes ides traff ic, SSV and Rf 
are most important in the £o r mulated thickness func­
tion. 

Following the AASHO study (_!) several attempts 
were made to investigate the climatic effect on 
pavements, first in four climatic zones, then later 
in six climatic zones (Figure l) • The effect of the 
surrounding environment on the pavement performance, 
however, has not yet been quantified to any degree. 

I ::: 
Wot Freeze 
Ot y No Freeze 
Orv Freeze/ Thaw 
Ory Freeze 

FIGURE 1 Qimatic zones of the United States (3). 

Environmental variables can include such inputs 
as general soil conditions, moisture, and air tem­
perature variation around and within the pavement 
structure. In this study, the environmental varia­
bles are limited to soil and climatic conditions. 

This investigation was motiva t ed by t he provi­
s ions o f s ection 137 (a ) of t he Surfac e Transporta­
tion Assistance Act o f 1982 , which , in part , calls 
f o r a study to ma ke specific recommendations for 
changing the apportionment formulas to take into ac­
c ount weathe r - r ela ted factors . "The study s hall 
analyze c u r r ent cond itions a nd factors incl uding , 
b ut not limi t ed t o, volume a nd mix o f traffic , 
weight and si ze of ve hic l es , envi ronmental , geo­
g raphical and me t eorol og ica l cond i tions i n various 
states •••• " Environmenta l and geograph ical effects 
on flexible pa vements are analyzed in this paper. 

The objective of this study was to show how the 
environmental factors affect the thickness require­
ment of flexible pavements. The AASHO Interim Guide 
equation for flexible p a vement (Equation 1) provided 
the basic structural de s ig n model. Th r o ugh a system-
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atic sensitivity analysis of the AASHO equation with 
respect to the most significant environmental fac­
tors (such as modulus of asphalt concrete, SSV, and 
Rf) , t heir impact on the equation was evaluated 
and qua ntif ied. In order to por t ray the severity of 
environment nationwide, the concept of a depth fac­
tor is introduced and discussed. 

GENERAL FRAMEWORK 

A combination of existing design procedure (_!) , 

weather information from the U.S. Weather Bureau 
(4), and a soil map for the contiguous United States 
(S) was used in developing the flexible-pavement 
thickness requirements for the entire United States. 
The AASHO flexible-pavement equation (Equation 1) 
forms the basis for structural design. This equation 
relates traffic repetitions and SN; ssv and Rf are 
secondary variables. One tacit assumption in the 
design equation is that asphalt concrete, regardless 
of location or climate or both, will have the same 
stiffness (modulu s ) as that encountered in the AASHO 
Road Test. That the AASHO design procedure does not 
take into account the variations in the asphalt-con­
crete modulus is considered a major drawback of the 
method. In order to overcome this deficiency, a 
weighted average modulus is introduced in the first 
part of the study. Because asphalt grade plays a 
crucial role in the modulus of the asphalt mixture, 
a rational method was developed to select the appro­
priate asphalt gr ade . 

In the second par t of the study, the overall ef­
fect of environment on pavement structural thickness 
is evaluated by performing (a) a sensitivity anal­
ysis of the AASHO equation with respect to the ssv 
and Rf and (b) a sensitiv i ty analysis to illustrate 
the role of the effective modulus in the thickness 
design. The overall effect of environment on struc­
tural design is obtained by combining items (a) and 
(b) to give rise to what is defined in this paper as 
the depth factor. 

CLIMATIC EFFECT ON ASPHALT LAYER 

The effect of climate on the asphalt layer is well 
documented in that the asphalt modulus fluctuates 
substantially with ambient temperature. Therefore it 
is customary to specify softer-grade asphalt in 
colder climates to reduce thermal cracking and hard­
er-grade asphalt in warmer climates to reduce rut­
ting. There is as yet no complete procedure for 
selecting the asphalt grade appropriate to the cli­
mate except for a graphical solution proposed in 
premium pavement design to minimize low-temperature 
cracking (6). Not only low-temperature cracking but 
also excessive rutting must be taken into account in 
the asphalt selection process; accordingly, the 
graphical plot of Von Quintus et al. is modified as 
in Figure 2. In the development of this nomograph 
two criteria are specified: the thermal cracking is 
not to exceed 115 m/1000 m2 (35 ft/1,000 ft 2 ) 

and rutt i ng is to be no more than 1.25 cm (0.5 in.). 

Asphalt-Grade Selectio n to Mi n i mize 
Thermal Cr acking 

Von Quintus et al. used the TC-1 program <.2l in de­
veloping the asphalt-grade selection chart. We too 
have used this program because it provides the capa­
bility of estimating low-temperature cracking and 
material properties for asphalt-concrete surfaces. 
By using the program for asphalt of a given penetra­
tion index, the relation between low-temperature 
cracking and expected minimum pavement temperature 
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FIGURE 2 Asphalt-concrete grade selection to minimize rut depth 
and low-temperature cracking. 

can be obtained. Subsequently this relation was 
plotted in nomographical form as shown on the right­
hand side of Figure 2. 

As phalt-Grad e Seiection t o Minimize Rutting 

Climatologically representative stations were se­
lected throughout the United States, and pertinent 
air temperature data were gathered for those sta­
t ions from U.S. Weather Bureau records. AASHO flexi­
ble pavement designs were prepared for typical sub­
g rade conditions. With the VESYS computer program, 
the asphalt penetration grade required for each sta­
tion was determined , with the stipulated criterion 
that rutting be no more than 1. 25 cm. In other 
words a relation was established between the mean 
air temperature in combination with seasonal varia­
tions and the asphalt grade, and it is nomographed 
on the left-hand side of Figure 2. 

Asphalt Select ion to Minimize Both Cracking 
a nd Rutting 

Employing the nomographs in Figure 2, we want to de­
termine the appropriate asphalt grades for the en­
tire country. To accomplish this, such weather data 
as the mean air temperature and monthly mean a i r 
tempera ture variation at some 175 typical stations 
covering the entire United States were gathered from 
U.S. Weather Bureau records. These temperature data 
were used in a graph proposed by Von Quintus et al. 
( 6) to estimate the expected minimum temperature of 
the pavement at each station. With the minimum pave­
ment temperature and the criterion of thermal crack­
ing no more than 115 m/1000 m2 the minimum pene­
tration and therefore the asphalt grade are obtained 
from Figure 2. The maximum allowable penetration to 
satisfy the rutting criterion is obtained by placing 
the appropriate ambient temperature information on 
the left-hand side of Figure 2. A grade of asphalt 
that will provide penetration no less than that re­
quired to prevent low-temperature cracking and no 
more than that required to prevent rutting is con­
strued to be the right grade for that station. Plot-
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ting all of the 175 points on a map enabled the 
identification of five zones of asphalt-concrete­
grade asphalt (see Figure 3). Note that for this 
study a penetration index (PI) of -1.0 is used. 

When the asphalt grade is known for each region, 
it is desirable to calculate a representative modu­
lus for each climatic zone; this topic is discussed 
in the next section. 

!
AC- 40 
AC - 30 
AC 20 
AC - 10 
AC- 5 

FIGURE 3 Recommended asphalt-concrete grades for the United 
States. 

Effective Modulus Related to Climatic zones 

Variations in climate and ambient temperature pro­
duce significant changes in the modulus of asphalt­
concrete materials. Von Quintus et al. (~) deve loped 
a p rocedure that includes a weighted mean asphalt­
concrete modulus for each aspha lt cement t y pe and 
climate. The terms "effective modulus" or "weighted 
mean asphalt-concrete modulus" were developed to 
d eeig:-:~t~ t h:; ef fects of Lt:rltf't:!L C:li:ure variations on 
fatigue cracking. These effects cannot be adequately 
determined by simply averaging the asphalt-concrete 
modulus ove r all seasons because of the interaction 
o f t emperature and modulu s with the fatigue damage 
produc ed in the pave ment. The effective modulus is 
defined mathemat i cally by the following equation <.!! l : 

n 

Ee = L E; x FF(E;)/ L FF(Ei) (2) 
i=l i= I 

where Ee is the effective modulus and Ei is t he 
modulus during t he ith period (season). FF(Ei) is 
termed the fatigue factor, defined as follows: 

FF(E;) = dr(E;)/dr(34 .5 x 105 kPa) (3) 

wher e df(Et l is the un i t damag e c aused by a sin­
gle appl ication of 10-k i p axle loa d at modulus Ei 
corre s ponding to temperatu re Ti . I n Equation 2, 
n = 4 if the temperature variations are averaged, so 
that four seasonal temperatures are considered, or 
n = 12 if the variations are expressed on a mont h­
by-month ba s is. 

The fat igue factor is r ela ted to modulus Ei; 
this relations hip is expressed by the fol lowi ng em-
pirical equation: 

log FF(E1) = -1 .9427 log Ei + 1.355 3 (4) 

where Ei is the asphalt-concrete modulus (psi x 
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105 ). It should be noted from Equations 3 and 4 
that FF(34.5 x 10 5 kPa) R 1.0, because a modulus 
of 34.5 x 10 5 kPa was used as a reference. 

After an asphalt grade has been selected and the 
seasonal pavement temperature estimated, one can 
evaluate the seasonal asphalt-concrete modulus for 
each station. If the seasonal effective modulus is 
substituted in Equation 4, the effective modulus for 
each station can be estimated by using Equation 2. 
Sample c a lcul ations of Ee are give n else whe r e (_~) • 
Interest i ng l y e no ugh, the ef fecti ve mo du l us, as 
listed in Table 1, e xhibited little variation within 

TABLE 1 Calculated Effective Modulus in Various 
Climatic Zones 

Zone 

Wet no-freeze 
Wet freeze and thaw 
Wet freeze 

Dry no-freeze 
Dry freeze and thaw 
Dry freeze 

No te: 1 psi = 6 ,895 kPa . 

Asphalt Grade 

AC-40 
AC-30 
AC-20 
AC-10 
AC-5 
AC-40 
AC-30 
AC-5 
AC- 10 
AC-30 

Effective Modu lus 
(psi x 105) 

8 .40 
5.3 0 
4 .42 
4.43 
4. 27 
4.90 
3.3 0 
2 .50 
2 .40 
2.90 

a zone, even with the different asphalt grades spec­
ified in Figure 3. That fatigue sensitivity of as­
phalt also enters into the effective-modulus calcu­
lation partly accounts for the seemingly anomalous 
result. The mix properties for estimating the tem­
perature-dependent modulus and in turn the effective 
modulus of Table 1 are listed as follows: 

Property 

Percent asphalt by weight 
Percent air voids 
Percent passing No. 200 sieve 
Loading frequency 
PI 

5 
s 
5 
10 Hz 
-1. 0 

The data in Table l clearly show that the pavement 
location and the prevailing climate indeed have a 
significant effect on the asphalt modulus. For exam­
ple, the effective modulus in a wet no-freeze region 
may be three times as large as that in a dry freeze 
region. How this variation affects the thickness 
design is discussed in a later section. 

ENVIRONMENTAL EFFECT ON PAVEMENT THICKNESS 

Effect of ssv and Re on SN 

To quantify the effect of the environment on the 
pavement thickness, the researchers performed a sen­
sitivity analysis of the AASHO design equation 
(Equation l). This analysis clearly identified the 
individual and combined effects of the AASHO design 
parameters on SN. The design parameters considered 
were SSV and Rf in addition to the effective mod­
ulus. Excluded in this analysis were such other 
parameters as traffic and initial and final service­
ability indices. 

The combined effect of all of the variables on 
the weighted SN is best expressed by the following 
equation of total differential: 
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dSN = (aSN/ac0 )dc0 + (aSN/ap)dp + (aSN/aW)dW 

+ (aSN/aSSV)dSSV + (aSN/oRr)dRr (Sa) 

If the initial and final serviceability indices are 
kept cons tant, dp = O and dc o = O. In addition, 
because thi s study is conce r ned with environmental 
variables only, the wheel-load term also drops out. 
With these modifications, Equation Sa becomes as 
follows: 

dSN = (oSN/aSSV)dSSV + (oSN/oRr)dRr (Sb) 

The first-order partial derivatives of the weighted 
SN with respect to ssv and Rf were presented by 
Buick Cl) as follows: 

asN/assv = o.3775/(aq,/a sN) 

asN/oRr = (-0.4166/Rr)/(aq,/ aSN) 

(6) 

(7) 

where a,/aSN is defined by the function shown below: 

olji/oSN = [4 .065/(SN + 1)] +log [(c0 - p)/(c0 - 1.5)] { 5,677.9 (SN 

+ 1)4 
·
19 /[0.4(SN + 1)5

·
19 + 1,094] 2} (8) 

with c 0 = 4.0, p = 2.5, and log [(c 0 - p)/Cc 0 - 1.5) J 
= -0.2218. 

Proportional change in SN may be expressed by us­
ing Equation Sb as follows: 

llSN/SN = [(aSN/oSSV)/SN] dSSV + [(aSN/oRr)/SN] dRr (9) 

When the value of [(aSN/aSSV) / SNJ was evaluated for 
1 < SN < 6, it was found to vary between 0.19 and 
0.11: the average was 0.13. In other words SN in­
creases by an average of 13 percent for a unit de­
crease of SSV. With an SSV of 5.0 as a base value 
and [(aSNfaSSV)/SNJ ~ 0.13, the values for [(aSN 
faSSV)/SN]dSSV and the soil support value factor 
(FSSV) are given in Table 2. 

With a similar approach , the values of [(aSN/ aRf) 
f SN] Rf are computed as listed in Table 3 for Rf= 
1.0 as a reference. For the range of 1 <SN< 6 the 
average value was found to be -0.16, which was used 
to compute the influence factor (FRf), as defined 
in Equation 10. 

TABLE 2 Soil Support Value Factor 

ssv dSSV [(aSN/oSSV)/SN] dSSV FSSV 

2.0 +3.0 0.39 1.39 
3.0 +2.0 0.26 1.26 
4.0 +1.0 0.13 1.13 
5 .o• 0.0 0.00 I.DO 
6.0 -1.0 -0.13 0.87 
7.0 -2.0 --0.26 0.74 
8.0 -3.0 --0.39 0.61 
9.0 -4.0 --0.52 0.48 

Note: SSV =soil support value; dSSV =change in SSV from 
reference value~ FSSV =soil support value factor. 
a Reference soil support value. 

TABLE 3 Values of [(aSN/aRc)/SNJ Rr 
for Different Values of SN 

SN asN/oRr [(aSN/oRr)/SN] Rr 

1.0 --0.21 --0.21 
2.0 --0.33 --0.17 
3.0 --0.49 --0.16 
4.0 --0.62 --0.15 
5.0 --0. 70 --0.14 
6.0 --0.77 --0.13 
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Influence factors for SSV and Rf, respectively , 
are defined as follows: 

FSSV = 1 + [(aSN/assv)/SN] dSSV 

FRr = I + [(aSN/oRr)/SN] dRr (IO) 

Equation 9 could be simplified to read as follows: 

LiSN/SN = (FSSV + FRr) - 2 (11) 

Equation 11 is an explicit expression for the change 
in SN as a function of FSSV and FRf• The values of 
FSSV and FRf are given in Tables 2 and 4, respec­
tively. 

TABLE 4 Influence Factor of Rr 

Rr 

1.0• 
2.0 
3.0 

dRr 

0.0 
-1.0 
-2.0 

0.0 
+0.08 
+0.11 

FRr 

1.00 
1.08 
1.11 

Note: dRf =change in Rf from reference value; FRr = influ­
ence factor of Rf. 
a Rf reference value , 

In order to assign FSSV for various sections of 
the United States, soil deposits were identified and 
strength characteristics of each soil were esti­
mated. A map of this general nature has been com­
piled by Woods (~) as shown in Figure 4. The general 

FIGURE 4 FSSV for soil deposits in t he United States. 

soil description given by woods has made it possible 
to estimate such strength parameters as California 
bearing ratio (CBR) and from that the SSV 12 1_!!). 
When the SSV values are known, data in Table 2 may 
be employed to derive FSSV for each soil deposit, as 
tabulated in the inset to Figure 4. The interpreta­
tion of this map is that under similar traffic con­
ditions regions with higher FSSV values call for 
thicker pavements on account of the abundance of 
weaker subgrade soils. A similar interpre tat ion 
could be offered for the FRf. From the ran ge of 
values of the latter (1.0 to 1.11), it could be con­
cluded that Rf exerts a relatively small influence 
on the thickness of flexible pavements. 
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Effect of Asphalt-Concrete Modulus on SN 

Yet another sensitivity analysis was performed to 
study how effective modulus influences pavement 
thickness . With the AASHO suggested values (1) of 
the asphalt layer coefficient for different asphalt­
concrete moduli, a regression analysis was performed 
to relate mathematically a1 (asphalt layer coef­
ficient) to E1 (asphalt modulus), which yielded 
the following equation: 

a 1 =0.22691E1°·4
"°U R2 =0.993,SE=0.051 (12) 

for 1.0 < E1 < 10.0 where E1 io in units of 10 5 psi 
(1 psi = 6.895 kPa). 

In order to study the effect of modulus on f lexi­
ble pavement design, the modulus factor (MF) is de­
fined as the ratio of layer coefficient evaluated at 
the reference modulus of 34.5 x 10 5 kPa to that at 
an arbitrary modulus. That is, 

(13a) 

where al* and a18 ace layer coefficients evaluated at 
the reference value and at an arbitrary value, F.s· 
According to Equation 12, the layer coefficient 
bears an explicit relation to the asphalt modulus. 
Substitution for a1* and a18 from Equation 12 results 
in the following: 

(13b) 

Note that Equation 13b is valid for a reference mod­
ulus of 34.5 x 10 5 kPa. By using Equation 13b, 
MFs for typical values of modulus are listed in 
Table 5. The significance of MF is the same as that 
of FSSV or FRf in that larger MF-values indicate 
thicker pavements. As can be seen from Table 5, larg­
er MF-values result solely from lower effective 
moduli of asphalt. 

TABLE 5 Values of MF for Different Moduli 

Asphalt-Concrete 
Modulus E1 (psi) MF (E 1 ) 

200,000 
300,000 
400,000 
soo.ooo• 

1.48 
1.24 
I.I 0 
1.00 

Note: 1 psi= 6.895 kPa. 

aAsphaJt-concrete reference modulus. 

Asphalt-Concrete 
Modulus E1 (psi) MF (E 1 ) 

600,000 
700,000 
800,000 
900,000 

0.92 
0.86 
0.82 
0.78 

Combined Effects of l'.sphalt Modulus, ssv, and Rf 
on Asphal t-Concrete Th.ickness 

Although an explicit expression to estimate pavement 
thickness considering all of the environmental fac­
tors is desired, for purposes of this study it suf­
fices to determine the relative asphalt thickness 
with respect to a chosen set of reference values: 
effective modulus = 34. 5 x 10 5 kPa, SSV = 5. O, and 
Rf = 1.0. 

Considering the general case of an asphalt pave­
ment, the change in asphalt thickness between 
stations B and * (with reference values) (tihs;.> can 

be estimated as follows: 

(14) 

where hs and h* are asphalt thickness at B and *· 
For a full-depth pavement, Equation 14 may be 

written as follows: 
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(15) 

If the overall change in SN from station * to B is 
defined as tiSN, 

SNe =SN, + LISN (16) 

If Equations 13a and 16 are substituted into Equa­
tion 15, the following is obtained: 

Llh. 81• =MF (1 + (LISN/SN,)] - 1 (17) 

The depth factor (OF) is defined as the ratio of 
asphalt thickness at station B to that at station * 
with reference environmental conditions. That is, 

DF8 =h 8 /h. (18) 

By using the simple relation ha = h* + tih 8 as well 
I• 

as Equation 17 in Equation 18, the following is ob-
tained: 

DFR ={MFs[l + (LISN/SN)]} (19) 

Note that MF8 , the modulus factor corresponding to 
the effective modulus at B, has finally been calcu­
lated (see Table 5). In addition, with values of 
tiSN/SN evaluated from Equation ll., the depth fac­
to·r for a given station can be explicitly calcu­
lated. A map of the United States listing values of 
OF for the whole country is presented in Figure 5. 

•• 0.65 0,70 
0.70 0.75 
o.75· 11.80 

. _;. __ . _ 0.80 -11.85 

11.85 OJIO 1
1.051.10 
1.10 · 1.15 
1.15 1.20 
1.20 1.25 
1.25 1.30 
1.50 1.55 
L5 5 1.60 c::==JNo- 1011 • ree1 

FIGURE 5 DF values for the United States. 

It is significant that the DF boundaries coincide 
with those of the soil map of Figure 4 and the cli­
matic zonal map of Figure 1: the climatic zones per­
haps exert a greater influence than does soil on DF. 
The latter assertion can be s ubstantiated by compar­
ing DFs in Figu r e 5: DF va~ies from as low as 0.45 
in Florida, parts of Mississippi, Alabama, Georgia, 
and the Carolinas, where the effective modulus is 
58.0 x 10 5 kPa (8.4 x 10 5 psi), to as high as 
1.60 in regions of Montana, North Dakota, and South 
Dakota, where, in fact, the effective modulus is the 
lowest, namely, 17.2 x 10 5 kPa (2.5 x 105 psi). 

OF is a convenient index that portrays how severe 
the environment is with regard to pavement life. 
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Asphalt-concrete pavements need to be thicker in 
regions where the OF is greater than 1 than in re­
g ions where the OF is less than 1. 

CONCLUDING REMARKS 

In order to adequately account for the effects of 
the environment in the AASHO flexible pavement de­
sign, the influence of climatic variables in the 
design is evaluated by a sensitivity analysis. The 
effect of ambient temperature on asphalt-concrete 
stiffness is also incorporated into the final ver­
sion of the environmental factor referred to in this 
report as OF. A OF map of the United States (Figure 
5) is included for ready reference. 

Higher OFs resulted from either poor subgrade 
soil or a relatively small effective modulus or 
both. OF is a convenient index for assessing the 
influence of environment on flexible pavement in 
that the higher the depth factor, the more severe 
the environment is for pavement performance. There­
fore, federal agencies will find that OF can be an 
effective measure in allocating funds for construc­
tion and maintenance of highway systems throughout 
the country. 

Because OF is a measure of environmental severity 
with regard to pavement performance, the AASHO de­
sign procedure could be updated by incorporating the 
DF concept. As pointed out earlier, it includes not 
only the effect of SSV and Rf on SN but also the 
climatic effect on the asphalt layer coefficient 
( a1). Two examples are presen t ed in the f ollowing 
to illustrate how DF could be i ncorporated i nt o the 
AASHO design procedure. The data normally required 
for AASHO design, along with other special informa­
tion for both examples, are listed in Table 6. 

TABLE 6 Input Data for Pavement Design Examples 

Item 

Mean air temperature (° C) 
Climatic zone 
Asphalt-eement grade 
Effective modulus Ee (kPa) 
Effective asphalt layer coefficient a 1 e 
AASHO asphalt layer coefficient a 1 
AASHO regional factor 
AASHO mean SSV 
Traffic (80-kN EALs) 
Depth factor 
Gravel base thickness h2 (cm) 

Example I 

7 
Dry freeze 
AC-5 
17.2x 105 

0.38 
0.42 
3.0 
6.5 
3 x 106 

1.23 
25.4 

Example 2 

20 
Wet no-freeze 
AC-40 
58 .0 x 105 

0.5 6 
0.42 
1.0 
9.0 
6 x 10 6 

0.47 
0.0 

Note: 1 cm = 0.39 in.; 1 kPa = 0.145 psi; t° C = (t° F - 32)/1.B; lkN = 0 .2 kip. 

Example 1 : Huron, Sou th Dakota 

Thickness for Standard Conditions 

Enter Figure 6 with W = 3 x 10 6 18-kip EALs and 
h2 • 25.4 cm (10.0 in.) to obtain the asphalt layer 
thickness for reference cond itions, h1R = 14.2 cm 
(5.6 in.). Figure 6 was prepared by using the AASHO 
d esign c ha rts with inputs of Rf = 1 .0 a nd ssv = 5.0 
a long with Ee = 3 4. S :< 10 5 kPa ( reference values). 
No t e that the asphalt layer th ickness can also be 
computed by using Equat ion 20, which is the regres­
s ion equation developed from the data in Figure 6: 

0 .161 ex p(0 .0354h 2) 
h 1R = [4 .62 exp(--0 .06!h2 )] x W 

R2 = 0.970, SE = 0.10 (20) 

where h2 is the gravel base thickness in inches. 

Full depth 
10 In gravel baoe 
15 In gravel base 

18 - kip EAL Applications x 105 

FIGURE 6 Asphalt-concrete thickneu 
for the reference conditions versus 
traffic with and without gravel base. 

Asphalt Thickness for Huron, South Dakota 
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Multiply h1R by the depth factor to get the as­
phalt thicknessi h1 = 1.23 x 14.2 cm= 17.5 cm (6.9 
in.) • The required pavement thickness, therefore, 
is 17.5 cm of asphalt concrete and 25.4 cm of gravel 
base. 

Example 2 : Tallahas see , Flo d da 

Thickness for Standard Conditions 

With w = 6 x 10 6 18-kip EAL and no base specified, 
from Figure 6 or Equation 20, hlR = 22.4 cm (8.8 
in.). 

Asphalt Thickness for Tallahassee, Florida 

As in example 1, h1 = 0 . 47 x 22.4 cm = 10.5 cm (4.2 
in.). The required paveme nt thickness is 10 . 5 cm 
(4.2 in.) of full-depth asphalt concrete. 

Comparison between the AASHO design and the AASHO 
modification with DF results in the data given in 
Table 7. From these examples two observations de­
serve mention: 

1. If the AASHO design were to be followed along 
with the AASHO-recommended layer coefficient for as­
phalt concrete (a1"' 0.42), the pavement in Huron, 
South Dakota, would have been underdesigned by ap­
proximately 1. 78 cm (0. 7 in.) and would have had a 
shorter life than that anticipated. This result 
would have been expected because DF is greater than 
1.0. On the other hand, the pavement in Tallahassee, 
Florida, is overdesigned by nearly 3.8 cm (1.5 in.). 
A low DF of 0.47 reflects this. 

TABLE 7 Comparison of Structural Designs 

Pavement Thickness (cm) 
Pavement 

Location Component A B c 

Huron , S.D. Asphalt 
(DF = 1.23) concrete 15.7 17 .3 17 .5 

Gravel base 25.4 25.4 25.4 
Tallahassee, Fla. Asphalt 
(DF = 0.47) concrete 14.5 10.9 10.6 

Gravel base 0.0 0.0 0.0 

Note: A = AASHO SN with a1 = 0.42, p = 2.S; B = AASHO SN with variable ale 
[Jay er couftlcl<mt co rresponding co the effective modulus (Equation 12)], p ::: 2.S; 
C = AASMO de.1 fgn wilh DF mn dlfication, p = 2.5. 1 cm= 0.39 in. 
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2. Had the effect of climate been included in 
the AASRO des iqn by j udic iously varying thP effec­
tive aspha lt laye r coef£ icen t as a function of ef­
fective modulus, a correct pavement design would 
have been obtained. The good agreement between the 
designs in the last two columns of Table 7 con­
firms this assertion. 

These examples reaffirm the previous conclusions: 
namely, that the DF concept is a useful measure in 
assessing the relative effect of environment on 
pavement and that this concept could serve as a 
guide for personnel who allocate federal funds to 
projecto in various parts of the country. 
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Seasonal Load Limit Determined by the Criterion of 

Uniform Failure Rate 

MICHAEL S. MAMLOUK 

ABSTRACT 

Efficient performance of our highway system 
requires rational optimization of its use 
within the constraints of the adopted strat­
egy. During the spring-thaw season in the 
northern part of the United States many 
highway agencies reduce the maximum load 
limits on some roads in an attempt to pre­
serve the pavement serviceability. The 
selection of such a reduced load limit is 
not well defined now. A rational method has 
been developed that suggests that the load 
limit should be reduced in such a way to 
maintain a uniform rate of pavement deterio­
ration throughout the year. The method con­
siders various types of pavement failure 
such as fatigue cracking, rutting, and 
roughness and combines them by using the 
AASHO serviceability index. If the proper­
ties of the pavement materials are deter­
mined, mechanistic approaches can be used to 
predict the failure trend and to adjust the 
axle load limit to maintain the uniformity 
of this trend. A computer program LOADLMT 
has been developed in order to determine the 

optimum seasonal axle load limit on flexible 
pavements under various conditions. The use 
of the method was verified on a typical road 
under typical traffic distribution, material 
properties, and environmental conditions. 
The adoption of a seasonal load limit deter­
mined by this method indicates a large ex­
tension of the useful life of the road. The 
concept of this method is compared with 
other criteria currently used. 

With the rapid aging of highway pavements, the pub­
lic demand for higher levels of service, and the es­
calating rates for labor, equipment, and materials, 
highway operations should be performed according to 
a scientifically based procedure. A good understand­
ing of the pavement behavior under various condi­
tions and a rational optimization of such behavior 
within the constraints of the adopted strategy would 
result in efficient road performance. 

The deterioration of pavement because of traffic 
and aging causes the serviceability of the road to 
decrease. The rate of decrease of serviceability 
varies depending on the amount of traffic, material 
properties, and environmental conditions. During 
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the spring-thaw season in the northern part of the 
United States the strength and stiffness of the sub­
grade soils and the unbound granular layers withln 
the pavement section are decreased because of the 
increased moisture content that results from the 
melting ice. The loss of bearing capacity during the 
spring-thaw period is a recognized effect of frost 
action that severely impairs the performance of 
pavements. Under the same traffic conditions the 
permanent loss in pavement serviceability during a 
brief period in the spring may equal or exceed the 
loss during the rest of the year (,!). One of the 
methods used by many highway agencies to preserve 
pavement serviceability on low-volume roads is to 
impose a low maximum load limit during the spcing 
break-up period . The seasonal load limit is recog­
nized by highway agencies; however, the selection 
process, which is the subject of this paper, is not 
well rationalized. 

BACKGROUND 

At this time the magnitude of the seasonal load lim­
its, the dates of their imposition , and the duration 
of the restricted period are usually based on local 
experience l1). Empirical as well as mechanistic 
methods have been developed recently in at attempt 
to rationalize the criteric;i for a seasonal load lim­
it. An empi rical approach was introduced in NCRRP 
Report 76 (3) in which pavement deflection measure­
ments were used. It was suggested that a load-limit 
restriction be imposed during the critical season in 
reg ions with a mean fceez ing index exceeding 200 
degree-days and in which the average normal Dyna­
.fleet surface curvature index (SCI) measured during 
the previous fall exceeded 0.35 milli-in. The selec­
tion of the load-limit value is based on the assump­
tion that the maximum safe axle load (L~ that can 
be applied to a given highway during the critical 
period is inversely proportional to the maximum 
(peak) SCI measured during that period: 

L, = k/maximum SCI (I) 

where the constant k is equal to 6.3 and the maximum 
SCI is twice the normal SCI. Although this method 
is relatively simple and nondestructive, it does not 
relate the load-limit criteria directly to pavement 
damage. The method is also based on observations and 
correlations developed for specific in-service pave­
ments that do not necessarily represent pavements in 
other reg ions. Therefore, the method is restricted 
to the soil types and conditions considered in the 
original investigation. For example, the maximum and 
the normal SCI values were linearly related, which 
may not be the case with other soil types and condi­
tions. 

Another common method used by some highway agen­
cies is to limit the axle load based on the crite­
rion of maintaining equal pavement surface deflec­
tion measured by a deflection-measuring device such 
as the Benkelman beam or the Dynaflect during the 
spring-thaw and summer-fall conditions. Although 
the method is also simple and nondestructive, it 
does not relate the load limit directly to pavement 
failures such as fatigue cracking, rutting, or 
roughness (slope variance). By reviewing the dif­
ferent factors affecting various modes of flexible 
pavement failure, fatigue cracking can be related to 
the number and magnitude of load repetitions, the 
horizontal strain at the bottom of the asphalt-bound 
layer, pavement temperature, and the fatigue proper­
ties of the asphalt-bound materials . Rutting, on the 
other hand, is the accumulation of permanent defor­
mation with the increase in the number of wheel-load 
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repetitions . Each increment of permanent deformation 
is a function of the deflection response, the number 
of previous repetitions, and the permanent deforma­
tion properties o·f the system. Moreaver, roughness 
is a function of variability of the material proper­
ties and poor construction control. Therefore, the 
concept of controlling the load limit to obtain 
equal. pavement surface .deflections (recoverable or 
permanent or both) in the spring-thaw and summer­
fall conditions measured by a deflection-measuring 
device does not necessarily produce the same rate of 
failure consumption. 

A more rational mechanistic approach was devel­
oped 11) that assumes that the flexible pavement 
damage is due to fatigue cracking of the asphalt­
bound layer. In this method, the ma.ximum axle load 
allowed during the spring-thaw period is restricted 
to that which produces a horizontal (er i tical) ten­
sile strain at the bottom of the asphalt-bound layer 
equal to the strain produced by the maximum legal 
axle load that is allowed during the normal summer­
fall period. rt is further assumed that if the num­
ber of heavy axle loads does not vary seasonably, 
the selected criterion will result in a uniform rate 
of damage and fatigue life consumption throughout 
the year . The study suggests the use of an elastic­
layer computer program to calculate the horizontal 
tensile strain previously mentioned. The stUdy also 
estimates the saving in the remaining pavement ser­
vice life if the proposed load-limit method is used 
with respect to the remaining life when the equal­
surface-deflection method is used or when no special 
seasonal load limit is imposed. 

Although the fatigue-based criterion for seasonal 
load limit discussed earlier ( 2) is more rational 
than empirical approaches, some assumptions are 
oversimplified and are not fully justified, as dis­
cussed in the following: 

l. It was assumed that the thaw weakening af­
fects the fatigue behavior of the pavement only. Ob­
viously slope variance and rutting are also affected 
by thaw w.eakening . In fact, slope variance and rut­
ting contribute to flexible pavement serviceability 
more than £atigue cracking ( 4). The fatigue-ba.sed 
criterion may be efficient ff previous experience 
shows that fatigue cracking is the critical type of 
failure for the specific condition. 

2. All axle loads were implicitly assumed to 
have one magnitude, which was the maximum axle load 
limit. No consideration was given to the actual axle 
load distribution, although different axle loads 
contribute to· pavement failure. 

3. Only single axle loads were considered, and 
no consideration was given to tandem axle loads. 

4. In the calculation of the remaining fatigue 
life under various seasonal load limits, it was as­
sumed that the monthly number of axles remains the 
same during the year even when a lower axle load 
limit is imposed during the spring-thaw season. In 
fact, when a low axle load limit is imposed, some 
heavy trucks select other routes, which results in 
reducing the number of axles on the road. 

5. T·he study assumed linear-elastic material 
properties, which do not represent the true material 
behavior and which neglect any permanent deformation 
(rutting and slope variance) . 

It is important to impose a seasonal load limi t 
that optimizes the use of the road and its remai'ning 
useful life on a rational basis. If too low a load 
limit is imposed, the pavement may last longer but 
the use of the road might not be efficient as far as 
transportation is concerned. On the other hand, a 
load limit equal to or close to the normal load lim­
it may result in fast pavement deterioration . A new 
concept, the criterion of uni.form failure rate fo r 
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TABLE 1 Material Properties for Summer-Fall and Spring-Thaw Conditions 

Summer-Fall Conditions• 

Material Property 

Modulus (psi) 
Poisson's ratio 
Fatigue properties 

K1 
K1 

Permanent deformation properties 
µ 
(}{ 

Surface 

532,000 
0.35 

0.918 x 10-2 

3.08 

0.06 
0.7S 

Base 

20,000 
0.40 

0.04 
0.75 

Note: For detailed tesllng procedure, 1.ic report on VESYS program (5). 
•AvcraKe va l11c'S fnr J unto lhrous:h Februory . 
bAv(!rage values for Mr:m:.h 'Ind A11ril. 

TABLE 2 Current Axle Load Distribution in the Design 
Lane 

Single Axle Tandem Axle 

Axle Load (kips) No./Day Axle Load (kips) No./Day 

22 JO 36 3S 
20 3S 34 40 
18 so 32 60 
16 6S 30 70 
14 70 28 so 
12 60 26 so 
10 so 24 30 

Noto: Current daily l8-kip EALs == 500~ traffic growth rate= 3 percent per 
yt~\t. 

a 2- month period with both s ummer-fal.l and s pring­
thaw conditions and to adjust the spring load limit 
to maintain the difference in PSI within a tolerance 
of 0.1. It was found that the maximum single-axle 
and tandem-axle loads during the spring- t haw period 
should be 14 and 28 kips, respec tively. In this case 
the change in the serviceability index during the 2 
months of spring thaw was 0.103, whereas the corres­
ponding change during 2 months within the summer­
f~l 1 p~ri~d ~~~ 0.025, ~ dlff~r~"cc vf C.078. 

The original VESYS computer program (~) was 
further used to investigate the trend of pavement 
failure with a nd without the seasonal load limi't. 
The trends of the failure components--fatigue crack­
ing index, rut depth, and slope variance--in the two 
cases are shown in Figures 4, 5, and 6. On the other 
hand, the trends of the serviceability index in the 
two cases are shown in Fiqute 7. It is noted that 
the trends of the individual pavement failure types 
are not uniform under the seasonal load limit condi­
tion. Howe ver , the trend of serviceability index 
under this condition is uniform, as shown in Figure 
7. Also, if the terminal serviceability index is 2, 

7 -WITH SEASONAL LOAD LIMIT 
x - - _WITHOUT SEASONAL 
~6 LOAD LIMIT ,' z 
;:; ~ -.. 
~4 

.' ' '-' 
~l -· 
'-' 
w 2 
=> g, 
<( 

~o 
0 2 3 4 5 6 

AGE (YEARS) 

FIGURE 4 Fatigue cracking index 
versus age with and without 
seasonal load limit. 
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Spring-Thaw Conditionsb 

Sub base Subgrade Surface Base Sub base Subgrade 

10,000 
0.40 

5,000 
0.4S 

900,000 
0.35 

20,000 10 ,000 3,000 
0.40 0.40 0.4S 

0.05 
0 .7S 

0 .06 
0.8S 

0.932 x I o-s 
3.14 

0.035 
0.7S 

0.04 
0.75 

0 .05 0.07 
0.75 0.6S 

the pavement is expected to reach the end of its 
useful life after 3. 3 years without the seasonal 
load limit, whereas it is expected to last for 7 
years with the seasonal load limit. 
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and 1 ilhout seasomtl load limit. 

Ul 
z 
~ 12 
<( 

.,,""1 
52 
;;; e 
u 
z 
!! 6 
0: 
<( 

> q 

-WITH SEASONAL LOAD LIMIT 
- - - ·,·,'i"i iiOUI SEA:SUNA L / 

LOAD LIMIT 

,--' 
,·---' 

,- --';--. 
I 

2 3 q 5 6 
AGE (YEARS) 

FIGURE 6 Slope variance versus 
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In this example a comparison was made between the 
criterion of uniform failure rate and the equal de­
flection and the fatigue-based criteria by using the 
VESYS computer program. The results indicate that if 
the equal deflection criterion is used, a seasonal 
single-axle load limit of 18 kips should be imposed. 
On the other hand, if the fatigue-based criterion is 
used, no special seasonal load limit should be im­
posed because the horizontal tensile strains at the 
bottom of the asphalt-bound layer under the assumed 
properties for the spring-thaw and summer-fall con­
ditions are close. Obviously this comparison is ap­
plicable for this example only. In general the cri­
terion of uniform failure rate should provide more 
conservative seasonal load limits than those ob­
tained by the fatigue-based criterion because the 
former considers various types of pavement failure 
and not just fatigue cracking. 

CONCLUSION 

Because of the weakening process in the pavement 
structure during the spring-thaw period it is neces­
sary to impose a low load limit during that period 
for many secondary roads in the United States. A 
rational me thod of selecting this l o ad limit is dis­
cussed and compared with other empirical and mecha­
nistic methods. In this method the load limit should 
be reduced in such a way to maintain a uniform rate 
of pavement failure throughout the year. various 
p avement fai lure types should be considered, such as 
f atigue cracking , rutting, and roughness. If the 
properties of the pavement materials under the sum­
mer-fall and spring-thaw conditions are determined, 
mechanistic techniques can be used to predict the 
failure trend and to adjust the axle load limit to 
maintain the uniformity of the pavement failure 
rate. In this study the computer program LOADLMT has 
been developed by modifying the FHWA computer pro­
gram VESYS-3-A in order to determine the optimum 
seasonal axle load limit. The use of the method was 
verified by determining the seasonal load limit for 
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a typical road under typical traffic distribution, 
material properties, and environmental conditions. 
The adoption of the seasonal load limit by using 
this method indicates a large extension of the use­
ful life of the pavement. The results were compared 
with those obtained with other criteria. It i s be­
lieved that the results obtained from this method 
would be more accurate than those from other meth­
ods. Although the proposed method is sophisticated, 
its use is justified in view of the escalating rate 
of highway maintenance. 
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Use of Surface Deflection for Pavement 

Design and Evaluation 

A.F. STOCK and J. YU 

ABSTRACT 

Most current mechanistic pavement design 
methods are based on strain calculated at 
the bottom of the aspha l t layer and the top 
of the subgrade. Because the only part of 
a pavement that is reasonably accessible 
when construction has been completed is the 
surface, it is virtually impossible to ver­
ify for a design that the parameters have 
actually been met. The ability of the en­
gineer to check the design will therefore 
be greatly enhanced if a parameter based on 
surface deflection can be used. The devel­
opment of just such a parameter, which has 
been called the tangent slope, is reported. 
This parameter is the slope of the tangent 
drawn from the point of maximum deflection 
of the pavement to graze its surface . A 
sensitivity analysis is reported in which 
the tangent slope is compared with several 
other parameters based on surface deflec­
tion as well as the conventional asphalt 
and subgrade strains. The calibration by 
back analysis of the tangent slope against 
current practice is presented so that it 
can be used as a design parameter, although 
its principal use may be as a tool for the 
structural evaluation of existing pavements 
and for val idating designs. 

Mechanistic pavement design techniques for asphalt 
pavements ha ve been deve l oped to a degree that per­
mits their appl i c ation wi th a significant measure of 
confidence. The Fourth International Conference on 
the Structural Design of Asphalt Pavements (1) in 
1977 was a milestone in the deve lopment of -these 
methods ; i t was devoted almost entirely to the pi:e ­
sentation 0£ complete design sys t ems or s ubsystems . 
Alt hough mechanistic design is a reality and ha s 
been for some years , it i s not wide ly accepted o r 
applied . 

One of the reasons for this is the difficulty of 
checking in the short term that the response of the 
pavement structure is as predicted. When the princi­
ples of structural design are applied to most struc­
tural problems, it is relatively easy to check a 
prediction of the response of the structure against 
a measured response. Deformation at preselected 
points is usually a convenient parameter. Mechanis­
tic design of pavements uses response parameters 
that are difficult to measure. For example, the two 
most widely used parameters, selected on the basi s 
of a considerable volume of research, are tensile 
strain at the bottom of the asphalt layer and verti­
cal strain on the subgrade. They are difficult to 
measure, and so a designer who would like reassur­
ance with regard to the precision of his calcula­
tions cannot obtain it. 

In addition, pavements are designed for a life 
measured in terms of many years. Thus traditional 
validation of mechanistic design methods by full­
scale trials will require many years of observation 
of many pavements. 

On both national and international scales, 
changes in economic conditions have become relative­
ly rapid, and most countries are facing an economic 
recession. The consequences of this for pavement 
engineers appear to be that heavy vehicles become 
heavier and that the resources available for the 
maintena nce of the pavements are d ecr easing . Thus , 
in o rder l:o maintain and reconst r uct the h i ghway 
network p aveme nt eng i neers need to use t he f lex i b i 1-
i ty in terms of material selection and structural 
design available to them through the application of 
mechanistic techniques to flexible pavements. 

It is therefore necessary to develop design pa­
rameters that can be checked in the traditional man­
ner, by comparing a prediction with a measurement. 
The only part of a completed pavement readily avail­
able for inspection is the surface. So it would seem 
approp ri-ate to attempt to develop a relationship be­
tween pavement life and some charac t e ri s t ics of the 
de1:lected shape of the surfac e o f a l oade d pavement 
that is s e nsitive to str uc t ura l parameters such as 
laye r thickness a nd mater i al prope rties. 

Research carried out in an attempt to develop a 
parameter to meet the requirement of sensitivity 
based on an analysis of the shape of the surface of 
a loaded pavement is reported here. 

SURFACE DEFLECTION PARAMETERS FOR PAVEMENTS 

The best-known surface deflection parameter is the 
maximum deflection of a point on the surface as mea­
sured by the Benke lman beam or similar device. How­
ever , the limitations of this single parameter , 
i.e . , that t wo different pavements may have the same 
maximum deflection bu t diffe rent deflection pro­
f iles , are well known and are shown in Figure 1. 
Bec a use it is accepted t hat the strain i n t he as­
phalt is an i mportant parameter in the def i nit i on of 
its performance and that t his strain is rela ted to 
the shape of the deflected surface , the i nability o f 
a single deflection measurement to dif£eren tiate be­
t ween t he t wo pavements as described earlier is a 
serious deficiency . 

Recognition of this problem has led to the devel­
opment of several alternative parameters. A litera­
ture review undertaken at the start of this research 
yielded the followi ng parameters: 

1. Radius of curvature (R), 
2. Deflection ratio (DR), 
3. Spreadability (SP), 
4. Bending index (BI), 
5. Radius of influence (RI), and 
6. Slope of deflection (SD). 

Formulas for determining these parameters and 
their sources are presented in Table 1. 
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FIGURE I Pavements with same maximum deflections but different deflection profiles. 

TABLE I Parameters Based on Surface Deflection 

Parameter Formula Source 

Radius of curvature" R = r2 /2d0 [ (do/d,) - 1 J Miura and 
Tobe (2) 

Deflection ratiob DR= d,/do Claessen 
et al. (3) 

Spreadability< SP= [(d0 + d1 +d2 )/3d0 ]x100 Rufford (4) 
Bending index Bl= do/a Hveem (5) 
Radius of influence RI= RI/do Ford and 

Slope of deflectiond SD= tan-1 [(do - d,)/r] 
Bisselt (6) 

Kung (7) 

No10 : r • r"dlal dlsl,rnce fro m ci:nter of lend : d ~ dcOccHor• (0 11- center or load, r = 
radial disl11nch, 1,l-=- luc tlttru: I and 2): o :c ono-fourlh lo.ngth of deOcc llon basin; Rl = 
di1hrnce from poin1 ofm1xhnu"' dcOcclfon co where curve becomes tang.enUal to 
horizontal. 
ar and radius for d1 =127 mm. 
bRadh.u1 for d, = 600 mm. 
Cd1 tuuJ d2 measured e.t 300 and 600 mm from the load, respectively. 
dr and radius ford,= 610 mm. 

Developme nt 

Development of the parameter described in the fol­
lowi ng is based o n t he a s sumption t ha t e las tic- l ay e r 
a nalysi s , wh ich is wid e ly used f o e mecha n ist ic d e ­
sign, will be used fo r t he p red i c tion. Because elas ­
tic-la yer analysis provi des a reliable repr esenta­
t ion o f the slope o f the d eflecte d surf ace but ca n 
be in error wi t h r e gard to t he mag nitude o f t he d"e­
flect i ons (R. Koole , unp ubl ished data ) , i t is neces­
s a ry t ha t parametets d e ve lope d take a ccount of th is. 
That i s , deflec t ion- based pa r ameters s hould d e sc r i be 
the s hape o f t he s ur fac e a nd be i nd ependent of the 
absol ut e magn itude o f the de flect ion at a ny poin t . 

Preliminary analysis of pavement structures with 
the BISTRO (.!!_) program indicated that if a dual­
wheel load is considered, the location of the point 
of maximum deflection is not consistently beneath 
one of the wheel loads. It could occur between the 
two. Also, if the locations of the points of maximum 
deflection at given radii from the load are plotted, 
they cannot be connected by a straight line, which 
indicates that near the dual- whee l load the de­
flected surface has an inconveniently complex shape. 

As a result of this preliminary investigation of 
the surface under dual wheels and because many de­
vices used for pavement evaluation apply loads 
through one point only, the investigation was re­
stricted to surfaces loaded by one point only. 

Definition 

Preliminary investigation indicated that the slope 
of a line drawn outward from the point of maximum 
deflection to touch but not intersect the surface 
would meet the requirement of describing the de­
flected shape and be independent of the absolute 
magnitude of the deflection. 

This line may be considered a tangent to the sur­
face and hence the pavement response parameter has 
been labeled the tangent slope (TS). Figure 2 shows 
the parameter. 

The tangent slope can be expressed as follows: 

TS= (dmax - dx)/x 

where 

dmax 
dx 

maximum deflection (mm), 
deflection at the tangent point 
(B) (mm) , and 

(1) 

x distance of the tangent point from the 
point of maximum deflection (m). 

CALCULATION PROCEDURE 

The procedure for calculating the slope of the tan­
gent is as follows. The deflection of the surface 
under a dynamic load is measured. A curve to de­
scribe the deflected surface is fitted through the 
measured deflections. This function is then solved 
simultaneously with the equation of a straight line, 
the tangent. Because the coordinates of the point 
of maximum deflection and of the tangent point are 
known, the slope of the line joining these two 
points, that is, the tangent slope, can be calcu­
lated. 

Measu r e ment of Surface Deflection 

It is desirable to measure the surface deflection at 
as many points as poss ible. This will permit greater 
flex i b il ity in fitt i ng a curve to the measurements 
and will p rovide a mo re precise curve. Howe ve r, the 
device currently available for the measu r ement of 
surface deflection has a limited number of sensors, 
and so for practical rea s ons it is des irable to de­
fine the minimum number of measu ring points that 
will produce satisfactory data. It is also necessary 
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FIGURE 2 Tangent slope. 

to obtain some information with I"egacd to the pre­
ferred location of the sensor. These two questions 
were examined by calculating a deflected slope for 
pavements with a wide range of material properties 
and layer thicknesses. Sensitivity analyses were 
then undertaken to assess the P.ffect of measuring 
deflections at a limited number of points and to de­
fine a practical maximum distance from the load for 
the farthest measuring point. 

Deflection profiles were calculated for a large 
number of pavement structures ranging from relative­
ly flexible layers to stiff ones. This analysis in­
dicated that tangent points would not be more than 
1.2 m from the load, which set a practical limit for 
the location of the farthest measuring point. Be­
cause the spacing and number of measuring points are 
pertinent to fitting a curve to the surface, this 
will be discussed in the next section. 

Fitting a Curve to Deflected Surface 

A curve-fitting routine that employs Chebyshev poly­
nomials was selected to represent the deflected sur­
face of the pavement (9). This system has particular 
advantages in t:h;.it j t -t.:'~!1 ~,_roi-:3 sc~e cf th~ diffi­
culties encountered in solving ill-conditioned si­
multaneous equations that are sometimes encountered 
with least-squares curve fitting and also can elim­
inate situations that may lead to loss of numerical 
accuracy. 

With regard to curve fitting, it is nece:osary to 
have data at more points than the order of the poly­
nomial. Ideally the number of measurement points 
should be at least twice the order of the polyno­
mial; the minimum requirement is one more than the 
order. Thus for convenience and economy with respect 
to measuring the surface deflection it is advan­
tageous to determine the lowest-order polynomial 
that provides a reasonable representation of the 
shape of the surface. In order to provide informa­
tion on which to base a decision with respect to the 
order of polynomial required, the deflection data 
calculated for several structures were analyzed. 

In order to assess goodness of fit the root-mean­
square value of the residuals (RMSR) was examined. 
As the order of the polynomial increases, the RMSR 
decreases to a fairly constant value. Ose of a poly­
nomial with higher order than the first one with the 
low RMSR will not effectively improve the represen­
tation of the data and will increase the risk of un­
necessary fluctuations between the data points. 

This study examined polynomials of the third, 
fourth, and fifth order. rt was concluded that lit­
tle improvement in precision was obtained by using 
functions above the third order. In addition the 
value of the tangent slope did not change apprecia­
bly when the polynomial order was changed. Thus a 
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third-order polynomial should be sufficient for most 
pu rposes. This permits a minimum of four measure­
ments of surface deflection for the derivation of 
the tangent slope. However, reliability and preci..:. 
sion will be improved if measurements ace made at 
more points. 

rn order to calculate the tangent slope it is 
necessary to locate the tangent point. This is done 
by using the equation of the curve representing the 
deflected surface and the equation of the tangent 
(Equations 2 and 3): 

(2) 

Z, = f,(x) (3) 

The following conditions are necessary for the solu­
tion: 

l. The slope of the curve at the tangent point 
must equal the slope of the straight line; i.e., 
dzs/dx a dza/dx at x1z1 I 

2. The curve must pass through the point x, z: 
za ~ z1 ~ fa.{~1}. 

There are two difficulties that may arise when 
this method is used for calculating the tangent 
slope. The first is the possibility that more than 
one tangent point exists. This will be caused by 
fluctuations between data points when high-order 
polynomials are used. This difficulty should not 
arise with the low-order polynomials recommended, 
and the danger can be further reduced by using more 
than the minimum number of measurement points. 

The second problem may arise if the tangent point 
is further than 1.2 m from the load. If this is so, 
the maximum deflection will be small and the tangent 
slope will not be affected significantly by assuming 
that the tangent point is 1.2 m from the load. 

COMPARISON OF PAVEMENT RESPONSE PARAMETERS 

A sensitivity analysis was undertaken to compare 
various response parameters with the tangent slope. 
The following parameters were selected from Table 1: 
radius of curvature, deflection ratio, spreadabil­
ity, and slope of deflection. 

In addition the two commonly used response param­
eters, tensile strain at the bottom of the bitumi­
nous layer (ET) and vertical strain on the subgrade 
(EV), were included with the maximum resilient de­
flection (dmax). The sensitivity of these response 
parameters was investigated with respect to a simple 
three-laye.r structure of asphalt, unbound material, 
and supgrade; the principal structural variables 



Stock and Yu 

were the thickness of the aspha lt, the stiffness of 
the asphalt, the modulus of the subgrade, and the 
magnitude of the applied load. Two thicknesses of 
granular layer, 200 and 700 mm, were also used for 
the study, but because this variation had little ef­
fect on most of the parameters concerned, the re­
sults have been omitted from the discussion. In Fig­
ure 3 the structures studied are summarized. 
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A : H 1 voried : 0. U, 0. 18, 0.24, 0.2, 0.26 m 

B : ET varied : 3000, 5000, 7000, 9000, T TOO MN/m .. 2 

C : E3 varied : 30, 55, 80, 120, 150 MN/m .. 2 

D : Applied streu varied : 0.7, 1.0, 1.35, 1.75, 2.0 MN/m .. 2 

FIGURE 3 Pavement structures used in study of 
sensitivity of several evaluation parameters. 

In order to compare the individual parameters 
that have a range of dimensions and magnitudes, it 
was necessary to transform them into dimensionless 
parameters. This was accomplished by defining the 
parameter sensitivity (S) as follows: 

S= [IP1-P;l/PmJ x1 00 (4) 

where 

P1 the first value of the response param­
eter, 
the ith value of the response parameter, 
and 

Pm the maximum value of the response param­
eter for the structural variable under 
consideration. 

This transformation ensures that the parameter 
sens i t i vity is a l ways an increas ing curve and that 
no va l ue of s exce eds 100 percent and permits a c om­
pa ri son o f the r a te o f c hange of t he parameter in­
d ependent of i t s mag n itude . The results o f this 
s tudy a re plotted in Figu r es 4 to 7 and will be dis­
cussed in the following. 

Th ickness o f Aspha l t Layer 

The sensitivity of the various parameters is plotted 
as a function of the thickness of the asphalt layer 
in Figure 4. The rate of change of sensitivity of 
all parameters decreases as the thickness increases. 
The response parameters are clearly ranked with the 

67 

tensile strain in the asphalt and the slope of de­
flection i the tangent slope is the most sensitive 
and spreadability the least. 

SENSITIVITY (%) 

H2 • 0.2 m 

80 

60 

40 

20 

0.15 0.20 0.25 0.30 0.35 0.40 
Hl(m) 

FIG URE 4 Sensitivity as function of asphalt stiffness 
in structure 1. 
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FIGURE 5 Sensitivity as function of asphalt stiffness 
in structure 2. 
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FIGURE 6 Sensitivity as function of subgrade 
modulus in structure 3. 

Stiffness of Asphalt Layer 

Figure 5 is a plot of sensitivity as a function of 
the stiffness of the asphalt layer. With the excep­
tion of the radius of curvature, the response param­
eters are ranked in the same order as those for 
sensitivity to the asphalt layer thickness, although 
they tend to fall into distinr.r gr0•1ps " The ?:adh:e 
of curvature exhibits the useful characteristic of a 
uniform rate of change with respect to asphalt 
stiffness and is most sensitive to stiffness at the 
maximum value selected for this study. 

Subgrade Stiffness 

The nonlinear model for granular material proposed 
by Stock and Brown (10) was used for this part of 
the study. Figure 6 indicates that most par-ameters 
are insensitive to variation of subg rade moduli. The 
exceptions are maximum deflection and the vertical 
strain on the subgrade. It is particularly n.otice­
able that the radius of curvature hardly changes at 
all throughout the wide range of subgrade moduli 
studied. 

Applied Stress 

As shown in Figure 7, all the parameters calculated 
show virtually identical sensitivity to the applied 
load with the exception of the radius of curvature, 
which is more sensitive except at high stresses. 

DISCUSSION 

It is clear that none of the eight parameters con­
sidered is sensitive to all the structural variables 
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FIGURE 7 Sensitivity as function of applied stress 
in structure 4. 

considered. In general spreadability and deflection 
ratio are insensitive. The two strain parameters 
are consistently sensitive to the structural param­
eters investigated, although they are of course 
difficult to verify in a full-scale structure. Ra­
dius of curvature appears to be useful with respect 
to ' asphalt thickness and stiffness and applied 

modulus eliminates it as a parameter in its own 
right. 

The tangent slope generally compares well with 
the other parametets, although it is relatively in­
sensitive to subgrade modulus. However , if it is 
used in conjunction with maximum deflection, which 
must be measured in order to calculate the tangent 
slope, this deficiency is eliminated. An especially 
successful combination of parameters is radius of 
curvature and maximum deflection. 

CALIBRATION OF TANGENT SLOPE AGAINST 
CURRENT PRACTICE 

In order to improve the value of the tangent slope 
as a parameter for pavement assessment, it was cali­
brated against RN29 (11) structures by a process of 
back analysis. This procedure has been adopted by 
other research workers and has been widely used for 
the development of the subgrade strain criteria (12) • 

RN29 permits three types of base material for 
pavements: unbound granular material (!1), bitumen 
macadam (14), and hot rolled asphalt (15). Figure 8 
is a plot of tangent slope against design life for 
each of the three types of structures. 

CONCLUSIONS 

None of the response parameters compared in this 
study is sensitive to variations in all the possible 
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A : Unbound granular base 
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C : Dense bitumen macadam ba!e 
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FIGURE 8 Tangent-slope values for typical RN29 structures. 

structural parameters in a pavement. The tangent­
slope response parame ter is adequate ly sensitive to 
mOS!t structura l parameters. It includes variations 
in both maximum deflection and the shape of the de­
flected surface and can therefore describe a pave­
ment unambiguously. 
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Structural Comparison of Two Cold Recycled 

Pavement Layers 

ADRIAAN J. van WIJK 

ABSTRACT 

The structural strengths of two cold re­
cycled pavements are compared. One recycled 
pavement section was built with foamed as­
phalt as a binder and the other with emul­
sion as a binder. Cores and deflection mea­
surements were taken at different times 
after construction. The comparisons were 
based on results of tests on the cores, 
Dynaflect deflections, and strength indica­
tors as well as developed AASH'l'O l~yer co­
efficients. The comparisons showed that the 
stiffness and strength of both recycled 
sections increased during the first 400 
days after construction. The strenqth of 
the foamed-asphalt section increased more 
rapidly than that of the emulsion section 
during the first 250 days. The strengths 
and stiffnesses of the foamed-asphalt re­
cycled section were slightly higher than 
those of the emulsion recycled section dur­
ing most of the evaluation period, but the 
differences were small. Ranges of layer 
coefficients were developed that can be 
used in design of similar layers. These 
ranges indicate that the two recycled lay­
ers should perform about the same. The ini­
tial cost will therefore be the controlling 
factor in an economic analysis of these two 
types of recycled pavements. 

Recycling of pavements has received widespread at­
tention during the last 7 or B years, mainly because 
of energy and financial restraints. Recycling has 
the potential of reducing highway construction and 
rehabilitation costs. Actual cost savings can be 
evaluated only if the performance of the recycled 
section is known, because a proper economic evalua­
tion can be conducted only when the initial as well 
as the life-cycle costs are known. An estimate of 
the performance of a pavement is essential in the 
effective comparison of alternatives and in pavement 
management. The major disadvantage of recycling, es­
pecially cold-asphalt recycJ.ing, is that relatively 
Little is known about the performance of these lay­
ers. Practitioners (1,2) and researchers (3,4) rec­
ognize this problem .- -High-p.riority research needs 
in asphalt rncycling involve the determination of 
material coefficients or the establishment of some 
limiting allowable strain or stress criteria. There 
are currently no such material coefficients or cri­
teria available Ill. 

The determination of the performance of a re­
cycled pavement is by no means an easy task. The 
performance is complex and influenced by a large 
number of factors. The performance of many of the 
conventional pavements is still not well understood. 
Performance of recycled pavements can be better un­
derstood and, it is hoped, predicted by further re­
search and the monitoring of existing recycled pave­
ments. 

The stcuctural strength of a pavement is an im­
port.ant indicator of its performance. The strength 
of a l'avement material can be expressed i n terms of 
resilient modulus (st iffness ), Marshall stability, 
ffveem R-value, or deflection characteristics. These 
indicators have not been related directly to the 
performance of a layer, although some general rela­
tions have been developed (5). These indicators can 
be used successfuJ.ly to compare the strength of the 
pavement layers but not to predict pavement life. 
The structural or layer coefficient used in the 
AASRTO design method foic flexible pavements is cu.r­
rent.ly the best single indicator of the performance 
of a pavement layer, although it is not perfect. 

The AASRTO design method for flexible pavements 
is used by the majority of states in the United 
States (~) • An equation rela.tes the number of equiv­
alent axle load applications to the structural num­
ber (SN) of the pavement. SN is an indication of 
the strength of the pavement. It is basically the 
sum of the strengths of the individual pavement lay­
ers. The higher the SN, the larger the number of 
loads that the pavement can accommodate before fail­
ure for given soil support and environmental condi­
tions. The number of axle loads to failure can 
further be related to the number of years before 
functional failure will occur. The strength of the 
individual pavement layers is expressed in the 
AASRTO design method as the structural coefficient 
(a). Structural coefficients are dependent on a va­
riety of factors, e.g., layer thickness, position in 
the pavement, thickness, and strength of surrounding 
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Coefficients range from about O. 05 for sandy-clay 
subbases to about 0.44 for hot-asphalt surface mix­
tures. The higher the coefficient, the greater the 
strength of the layer and the better it will perform. 

RECYCLED PAVEMENT SECTIONS 

The two cold recycled pavements compared in this pa­
per were built during August and September 1981. The 
sections are contiguous and subjected to the same 
traffic and environmental conditions. Similar con­
struction methods were used. The only difference was 
the binders used in the recycling: foamed asphalt 
and asphalt emulsion. A good comparison can there­
fore be drawn between the foamed-asphalt and emul­
sion cold recycled pavement sections. 

After 5 in. (125 mm) of initial asphalt pavement 
had been removed, it was mixed with the binder and 
additional aggregate and relaid during recycling 
(7,B). A layer 1 in. (25 mm) thick of the initial 
pavement layer was left to protect the subbase dur­
ing construction. The 5. 5-in. (140-mm) recycled lay­
er was overlaid with a 1.25-in. (40-mrn) hot asphalt 
surface. Foamed asphalt was used on 4.2 miles (6.7 
km) and emulsion on the remaining 4. 7 miles ( 7. 5 
km). Various types of tests were conducted at ap­
prox.imately 10 days (September 1981) , 250 days (May 
1982), 375 days (September 1982), and 610 days (May 
1983 ) 1:1fte r construction on the foamed-asphalt sec­
tion. Similaic tests were conducted at approximately 
40 days (September 1981), 275 days (May 1982), 400 
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days (September 1982), and 640 days (May 1983) after 
construction on the emulsion section. The tests con­
sisted of deflection measurements and the laboratory 
testing of core samples. The recycled pavement sys­
tem further consisted of a granular subbase of ap­
proximately 4.5 in. (115 mm) on top of a sandy-silt 
subgrade. 

STRUCTURAL COMPARISON 

The main purpose of the structural comparison was to 
evaluate the performance of the two layers. A knowl­
edge of the performance of the two recycled layers 
will assist pavement designers in future designs and 
the economic evaluation of such pavements. The layer 
coefficients are the most valuable in this regard. 

Laboratory Strength Tests 

Cores 4 in. (100 mm) in diameter and randomly se­
lected were taken 10 and 375 days after construc­
tion on the foamed-asphalt recycled section and 400 
days after construction on the emulsion recycled 
section. A large number of cores were broken to such 
an extent that they could not be tested. Only per­
fect samples were used. Strength characteristics 
were evaluated by means of resilient moduli, Mar­
shall stabilities, and Hveem R-values. All tests 
were conducted at about 73°F (21°C) as specified by 
the Asphalt Institute for cold mixtures. The results 
are summarized in Table 1. Because only the unbroken 
cores could be used to determine the properties dis­
cussed, the average values obtained from these cores 
will probably be higher than the actual values. This 
will not influence comparisons between the recycled 
layers, however. Only a small number of spec imens 
could be obtained to determine the Marshall stabil­
ity, and the results should therefore be used with 
caution. 

The asphalt mixtui:e design methods proposed by 
the Asphalt Institute (9) usually specify a minimum 
Marshall stability and- Hveem R-value among other 
parameters such as flow, coating, and so on, for 
cold asphalt mixtures. These specifications do not 
indicate what the service life of the pavement lay­
ers will be. This has to be accomplished by pave­
ment design methods. The specifications only ensure 
that the layers will be stable under various traffic 
and environmental conditions. The foamed-asphalt and 
emulsion recycled mixtures both exceeded the re­
quired strengths. 

The Marshall stability has been correlated with 
the structural coefficients for base courses (5), 
but because this was done for mixtures at 140°F 
(60°C), the relationships cannot be used here. What 
can be used is the increase in the structural coef­
ficient as the Marshall stability increases. The 
foamed-asphalt mixture therefore a12pears to have a 
slightly higher strength based on performance if 
only the average values are considered. The differ­
ences in av-erage values are, however, not signi£i-

TABLE 1 Results of Laboratory Strength Tests 

Time after Resilient Modulus 
Construe-
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cant at a = O. 05 (t-test). The structural coeffi­
cients can therefore be assumed to be the same after 
400 days, based on the Marshall stability. 

The resilient moduli also have to be correlated 
with the structural coefficients and are used in 
mechanistic design procedures. By using the correla­
tion of Van Til et al. (5) developed for asphalt­
treated bases, the structural coefficient of the 
foamed-asphalt recycled layer increased from a value 
10 days after construction of 0.10 to a value 375 
days after construction of o. 26. A correlation by 
Tia (~ shows an increase from 0.25 to 0.38 foe the 
foamed asphalt. The resilient moduli of the foamed­
asphalt and emulsion sections are the same 400 days 
after construction at a = 0.05 and the structural 
coefficients, based on these relations, will there­
fore be the same for the two layers. 

The estimates from the laboratory test results 
indicated that the structural coefficients of the 
foamed-asphalt section increased after construction. 
Not enough information is available to discuss the 
rate of increase. The coefficients of the emulsion 
and foamed-asphalt sections are essentially the same 
approximately 400 days after construction. 

Deflection Measurements 

· A Dynaflect was used to measure deflections of the 
pavement after construction at the indicated times 
in both lanes. The Dynaflect is widely used to mea­
sure pavement deflections (11,12). Properties of the 
deflection basin (Figure ll used in the evaluation 
of the recycled layers were as follows: 

1. Dynaflect maximum deflection (DMD) is the de­
flection at the center between the two steel 
wheels. This deflection can be converted to the 
Benkelman beam deflection by multiplying it by 20.63 
(13). Other correlations are also available (11,14, 
15). They all give basically the same answers. ~ ~ 

2. Surface curvature index (SCI) is an indica­
tion of the stiffness of the surface course. SCI is 
defined as the difference between the deflections of 
the first and the second sensors. 

3. The spreadability (SPD) is defined as the sum 
of the deflections of the five sensors divided by 
five times the maximum deflection and expressed as a 
percentage. The SPD is indicative of the distribu­
tion of loads by the pavement to the underlying 
layers. 

High values of SPD but low values of DMD and SCI in­
dicate stiff (or strong) upper layers. All three of 
these indicators are strongly influenced by factors 
other than the properties of the surface and base­
course layers, e.g., subgrade strength and thickness 
of layers, and have not been correlated directly 
with material strength parameters, e.g., resilient 
moduli or structural coefficients. Another problem 
with the use of deflections to compare pavements at 
different times is that deflections are influenced 
by the asphalt temperature and the subgrade moisture 

Marshall Stability Hveem R-Value 

Specimen tion (days) N Avg (psi) SD (psi) N Avg (lb) SD(lb) N Avg SD 

Foamed asphalt 10 43 97,400 26,100 12 1,960 1,050 25 78.3 9.2 
Foamed asphalt 375 12 333,000 84,000 3 2,900 100 10 82.0 9.0 
Emulsion 400 14 247 ,000 82 ,000 5 3,300 790 II 84 .5 5.6 

No te: SD= standard deviation; N =number of samples; 1 lb = 4.448 N; 1 psi= 6.89 kPa. 
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FIGURE 1 Dynaflect deflection basin. 

content. Researchers in Ke ntucky (16) d eve loped a 
method to adjust pavement def l ectio-;;s ba sed on the 
asphalt pavement temperature. Because reliable pave­
ment temperatures were not available, general corre­
lations deve l oped by Metwali (12) for Indiana were 
used. With these relations the DMD and SCI could be 
adjusted to a reference date (and thus a reference 
temperature and subgrade moisture content) based on 
the month of the year. The month after construction, 
September, was used as a reference. Metwali con­
cluded that the DMD and SCI were influenced by sea­
sons, but that the spreadability was not. Figures 2 
to 4 show these changes in DMD, SCI, and SPD, 
respectively. All three indicators show that the 
stiffness of both sections increased during the 
first 400 days after construction because of densi­
f ication under traffic and curing of the mixtures. 
The foamed-asphalt section was stiffer than the 
emulsion section. The rate of increase in stiffness, 
as indicated by DMD and SCI, was slightly higher for 
the foamed-asphalt section during the first 400 
days. After that the rates of change in stiffness 
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were almost equal. The stiffness (DMD, SCI) and 
1011<'1 tran5fe r capacity (SPD) of both secliom; clt.!­
creased after about 400 days. 

Both sections are in what Vaswani called the 
elastic phase of the pavement life (17). In this 
phase the consolidation or densification is almost 
negligible and the pavement layers behave more or 
less elastically. The deflections and stiffness in­
d i c a tor s remain a l most constant . The leng th of this 
phase depe nds on the t ype of mater ial us ed, the 
t r a ffic , and thP. e nvironmental condit i ona . In Vir­
g i nia this phase las ts about 5 years (.!l). The e las ­
t ic pha s e is prec eded by t he consolidat ion phase in 
which t he pa vemen t l aye r s , i n t h i s c ase t he r e cycled 
l ayers , cons olidate o r d e nsify . Th is phase las ted 
about 400 days (13 months) for both recycled pave­
ments. Bandyopadhyay (4), in a study on recycled 
pavement s i n Ka nsas , fo;nd t hat t he pe rformance (and 
s t iffness ) 9 f most r ecycled pavements impr oved dur­
i ng t he fi r s t 7 or 8 mon ths , afte r which t hey dete­
rio rated. The elast i c phase is f o llowed by fail~1 re 
due t o fatig ue , i n which cracks appeac i n the whee l. 
pa th. The f oamed-as phal t a nd emuls ion s ec tions are 
not yet in this phase. 

Struc t ural Layer Coeffic ients 

various methods can be and have been used to deter -
mine structural coeff icients of pavement materials, 
but the most widely us ed are those based on the 
strains or deformations in the pavement and on the 
fatigue life of the material. The elastic-layer 
theory or finite-element method can be used to simu­
late the stresses, strains, and deformations in the 
pavement. The structural coefficients can be deter­
mi ned by comparing the s t rains , deformations , and 
fat i gue life of the recyc l.ed pavement with t hose of 
a similar pavement with a standard AASHTO hot mixed 
asphalt layer i n p l ace of the recy c led l ayer . The 
tensile st r a in a t the bottom o f the asphalt layer, 
the subg rade deformation, the ma xi mum deformat ion at 
the surface, and the maximum compressive strain on 
top of the suhgr~ni:i ha,,e bee!! c0!:'related ":;·i th tha 
number of load applica tio ns to fail ure (Nf). The 
tensile strain is an i nd icator of f a tigue of the 
pavement. The deformations and c ompr essive strain 
ace indicators of the permanent de formation or rut­
ting of the pavement. High permanent deformations 
lead to functional and eventually structural failure 
of the pavement. Functional failure can be defined 
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as the condition at which the pavement will not be 
able to carry out its intended function without 
causing discomfort to passengers and high stresses 
on the vehicle, e.g., ruts. Different materials will 
have different load repetitions to failure. Pave­
ments with the same number of load applications to 
failure will have the same service life and SN for 
similar climatic conditions, subgrade soil, and 
present serviceability indices according to the 
AASHTO design method. By replacing only the recycled 
layer with a standard AASHTO hot mixed asphalt layer 
the coefficients and thicknesses of the other layers 
will remain the same. Therefore 

SN'= SN (1) 

where SN is the structural number of the pavement 
with the AASHTO layer and SN' is the structural num­
ber of the pavement with the recycled layer. 

a'= a*h/h' (2) 

where 

a' structural coefficient of the recycled 
layer used as a base, 

a* structural coefficient of the AASHTO 
asphalt layer • 0.44, 

h' • thickness of the recycled layer, and 
h ~ thickness of the AASHTO asphalt layer 

to give the same strain, deformation, or 
fatigue life. 

The structural coefficient of a layer is influ­
enced by the properties of the surrounding layers, 
the age of the pavement, the magnitude and frequency 
of l oad, the elastic parameters, and the thickness 
of the layer. The most important single factor is 
the elastic modulus of the layer in question. The 
best prediction of the true structural coefficients 
would be obtained if the in situ material properties 
and thicknesses of the pavement layers as well as 
the fatigue characteristics of all the layers were 
known. The strain or deformation criterion used in 
comparing the recycled layer with the standard 
AASHTO hot mixed asphalt layer should be the one 
that predicts the shortest service life and thus 
controls the performance. A large amount of testing 
is unfortunately necessary to obtain the necessary 
information. 

A detailed description of the determination of 
the structural coefficients of the foamed-asphalt 
section is given elsewhere (18). The same method was 
used to determine the coefficients of the emulsion 
section. The first step was to determine the in situ 
elastic moduli of all the layers in the pavement at 
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the different times the deflection measurements were 
taken. The layer thicknesses were measured before 
and during construction. values of Poisson's ratio 
were assumed for the layers and they were assumed to 
remain constant. Constant elastic moduli were used 
for the asphalt layers. The granular subbase mate­
rial and subgrade are stress-sensitive, and rela­
tionships obtained from the literature were used to 
relate stress in the pavement to the modulus of the 
layer. The relationships were of the following forms: 

Granular material: 

Subgrade material (clayey) : 

where 

resilient modulus, 
= bulk stress, 

(1) 

(4) 

z deviator stress, and 
laboratory-developed coefficients. 

Different coefficients were used for the different 
times of the year that the deflection measurements 
were taken. 

A computer program based on the elastic-layer 
theory was used in this analysis to calculate the 
stresses, strains, and deformations in the pavement. 
This program, called BISTRO, uses constant elastic 
modulus values, and the moduli of the subbase and 
subgrade were adjusted manually after each run to 
incorporate their stress-sensitive behavior. A stiff 
subgrade layer was also introduced in the hypothet­
ical pavement to simulate the pavement system more 
accurate ly . These methods have also been used by 
other r esea rchers (19). An ite r a tion process was 
used to determine the layer properties. In this 
iteration process the responses of the Dynaflect de­
flection basin were predicted by the program and 
compared with those from the actual deflection 
basin. With the layP-r thir.knPA~P$ ~ ~ weil :s ~od~­
lus-strain relationships for the subbase and sub­
g rade layers known, the moduli of the asphalt re­
cycled and the surface layers could be determined 
through the iteration. A double wheel load of 9,000 
lb ( 40 kN) at a pressure of 80 psi ( 550 kPa) was 
used in the program to induce the strains and de­
flections in the pavement system. The wheel spacing 
was 13 in. ( 330 mm). This is the same load as that 
used in the Benkelman beam test. These deflections, 
calculated by the program, were adjusted to Dyna­
flect deflections with the correlation factor men­
tioned earlier, because the Dynaflect applies a dif­
ferent load to the pavement system. The iteration 
process was terminated when the predicted deflection 
basin closely approximated the actual basin. 

The tensile strains at the bottom of the asphalt 
layers, the compressive subgrade strain, and the 
maximum and subgrade deflections (Figure 5) were 
calculated with the properties of the recycled pave­
ment known. These maximum strains were calculated 
under one of the wheels. The maximum strain does 
not always occur under one of the wheels, but the 
accuracy is sufficient for this study. 

The next step was to replace the recycled layer 
with a standard AASHTO hot mixed asphalt layer and 
to calculate the required strains and deformations 
for different layer thicknesses. The moduli of the 
AASHTO layer were adjusted according to the average 
temperature observed each time the deflection read­
ings were taken. 
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The maximum surface deflection (1.Q.), the subgrade 
deflection (21), and the maximum compressive strain 
(1.Q_,~) have been correlated with the number of load 
repetitions to failure. The maximum tensile strain 
at the bottom of the asphalt layers has also been 
used t o compare the recyc led with the AASHTO layer . 
The same tensil e strains will give the same perfor ­
mance o nl y if the materials have the s ame fatig ue 
c harac teristics . This will be t he case for the re ­
maining initial pa vemen t layer, because it appears 
in both the recycled pavemen t and the pavement with 
t :-,;; AASnTv layer. A certain tens11e strain in the 
r ecycled layer will no t indicat e t he same pe rfor ­
ma nce in t he AASRTO layer, becau se their fat igue 
cha r ac teristic s diffe r . The fatigue relat ions hip s 
a re usually i n the f o r m of 

where 

= number of loads to failure, 
maximum tensile strain, and 
coefficients. 

(5 ) 

Fatigue relationships were not developed for the 
recycled materials used in the construction of the 
road, nor are general relationships available for 
recycled materials. Relationships obtained from the 
literature for asphalt-stabilized base courses by 
Barksdale (23) and for asphalt base courses by Finn 
(24) were used for both the foamed-asphalt and emul­
sion recycled layers. Further relationships devel­
oped by Chevron (25) for emulsion mixes were used 
for the emulsion recycled layer I and relationships 
developed by Little and Epps (26) for foamed-asphalt 
mixtures were used for the f;;med-asphal t recycled 
layer. The AASHTO layer was represented by two re­
lationships, one each by Finn and by Witczak (11.) . 
Fatigue-life combinations that predicted coeff i ­
cients of more than 0.50 or less than 0.05 were not 
considered to be applicable to the recycled layers 
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and were deleted in the final analysis. Any of the 
strains, deformations, or fatigue characteristics 
can be used as a criterion to determine the coeffi­
cients, but the criterion that predicts the shortest 
service life will control the performance. The coef­
ficients are sensitive to the criterion used, and 
unless the exact relationship of the criterion to 
the fatigue life for all the layers is known, a sin­
gle coefficient cannot be determined. The relation­
ships used were developed for materials not neces­
sarily the same as those in th is study. Various 
relationships were therefore used to develop a range 
of coefficients rather than a singl.e coefficient for 
each recycled layer in this study, The following 
criteria were used in the development of these 
ranges: 

1. The subgrade compressive strain, because it 
has been used widely in similar analyses; 

2, The subgrade deformation, because it predicts 
the shortest service life; 

3. The tensile strain at the bottom of the re­
maining initial pavement layer, which represents the 
maximum tensile strain in the asphalt layers and is 
independent of the fatigue life, because the same 
layer is used in the recycled pavement and the pave­
ment with the AASHTO layer; 

4. Three fatigue-life combinations (X2, Yl, and 
Y3), which gave coefficients between 0.05 and 0.50; 
the combinations used were as follows: 

a. The Finn relationship for the AASHTO layer 
with the Finn relationship for asphalt base 
courses (X2) , 
b. The Witczak relationship for the AASHTO layer 
with the Barksdale relationship for the recycled 
layers (Yl), and 
c. The Witczak relationship for the AASHTO layer 
with the Little relationship for the foamed-as­
phalt recycled layer and the Chevron relationship 
for the emulsion layer (Y3). 

The maximum deflection was found to be only a fair 
indicator of the structural strength or performance 
of the pavement (28). 

Figures 6 and 7 show the comparison of the layer 
coefficients of the foamed-asphalt and emulsion re­
cycled layers based on the maximum compressive 
strain in the subgrade and the maximum strain in the 
asphalt layers, respectively. Both Figures 6 and 7 

show the same trends. The layer coefficients of the 
foamed-asphalt section increased rapidly during the 
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first 250 days after construction. After 250 days 
they decreased slightly, The coefficients of the 
emulsion section increased the most between 250 and 
400 days after construction, after which they also 
decreased slightly. Figure 8 gives the midpoints and 
the ranges of the coefficients determined by the six 
criteria listed (asphalt tensile strain, subgrade 
compressive strain and deformation, and three fa­
tigue-life combinations). The coefficients of the 
two sections are basically the same from about 400 
days after construction. The emulsion section took 
longer to reach its maximum strength and the 
strength increased more than the strength of the 
foamed-asphalt recycled layer. coefficients for 
design purposes can be obtained from Figure 8. It 
is difficult to predict what the average layer 
coefficient over the life of the pavement will be 
with the limited information. The coefficient should 
be within the ranges of the coefficients determined 
for the sections after consolidation took place, 
that is, 4"00 days after construction. The coeffi­
cients to be used within the range depend on the 
pavement designer. Average values can be obtained by 
combining the ranges obtained at approximately 400 
and 600 days after construction to get a new range 
and then taking the midpoint of this range. Such a 
procedure gave a layer coefficient of O. 31 for the 
foamed-as-phalt recycled layer and 0.29 for the 
emulsion recycled layer. It should be noted that 
these coefficients were developed for specific recy­
cled layers. Caution should be exercised when they 
are used for other recycled layers. 

CONCLUSIONS 

All the strength indicators s howed a rapid increase 
in strength during approximately the first 400 days 
after construction for both the foamed-asphalt and 
emulsion recycled sections. The rate of lncrease 
varied. The foamed-asphalt section gained most of 
its strength during the first 250 days, whereas the 
emulsion layer increased in strength gradually dur­
ing the first 400 days. The strength as indicated by 
the deflection parameters showed that the foamed-as­
phalt layer had slightly higher strengths throughout 
the analysis period than the emulsion layer, but the 
differences were small. Full consolidation or densi­
fication was reached for both recycled layers during 
the first 400 days after construction. 

The layer coefficient is the best single indica-
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FIGURE 6 Comparison of layer coefficients: suhgrade strain. 
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FIGURE 8 Comparison of layer coefficients: all criteria. 

tor of the pavement performance. Figure 8 gives 
ranges of layer coefficients that can be used in the 
selection of layer coefficients for recycled layers 
similar to these used in the analysis. The midpoints 
are 0.31 and 0.29 for the foamed-asphalt and the 
emulsion recycled layers, respectively. Coefficients 
on the lower side of the range should be used in de­
sign, because both materials are new and their be­
havior has not been studied extensively. The struc­
tural coefficients of the foamed-asphalt recycled 
layer range from O. 20 to o. 42 and of the emulsion 
recycled layer from 0.17 to 0.41. 

The coefficients are virtually the same, which 
indicates that the performances of the two recycled 
sections should be the same. The practical implica­
tion of the same performances is that any of the two 
binders, foamed asphalt or emulsion, can be used in 
cold recycling, because they will have the same ser­
vice life. The most economical binder to use would 
be the one that has the lowest initial cost. 
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Performance of Crushed-Stone Base Courses 

RICHARD D. BARKSDALE 

ABSTRACT 

Twelve full-scale, instrumented pavement 
sections were tested to failure in a spe­
c i al laboratory facility under closely con­
trolled environmental conditions. Seven of 
the pavement sections were loaded to more 
than 1 million repetitions and five of 
these sections to more than 2 million repe­
titions. A 6.5-kip (29-kN) uniform circular 
loading was applied to the surface and sys­
t ema tically moved to prevent a punching 
failure. ~avements tested consisted of five 
conventional sections having crushed-stone 
bases, -five full-depth asphalt-concrete 
sections, and two inverted sections. The 
inverted sections consisted of a crushed­
stone base sandwiched between a lower ce­
ment-stabilized layer and an upper asphalt­
concrete layer. Conventional sections were 
tested with two thicknesses of base and 
three base gradations. The crushed-stone 
base sections were found to give excellent 
performance when covered with asphalt con­
e rete 3. 5 in. ( 89 mm) thick. Good perfor­
mance of the engineered crushed-stone base 
is attributed to (a) a uniform, high degree 
of density (100 percent of AASHTO T-180), 
(b) use of a well-graded crushed stone with 
1- to 2-in. (25- to 50-mm) top she that 
has only 4 to 5 percent passing the No. 200 
sieve, (c) practically no segregation, and 
(d) a relatively thin asphalt-concrete sur­
facing. 

The rising cost of petroleum products dictates the 
use of more materials that are low energy intensive 
and relatively inexpensive such as unstabilized 
crushed stone. There is therefore an important need 
to formally study the performance of granular bases 
in large-scale test sections taking advantage of re­
cent advances in materials technology and modern in­
strumentation. 

In this study the use of crushed-stone base is 
evaluated as an alternative to the deep strength as­
phalt-concrete construction now used by the Georgia 
Department of Transportation (GDOT) in flexible 
pavements. Twelve large-scale pavement sections were 
tested to determine whether engineered crushed stone 
can be successfully used to replace at least a por­
tion of asphalt concrete in the base course. A sum­
mary of the full-depth asphalt-concrete, crushed­
s tone-base, and inverted sections tested is given in 
Table 1. 

The inverted sections tested are not described in 
any detail: these results will be described in a 
subsequent paper. With the exception of test sec­
tions 3 and 4, between 0.15 and 4.4 million repeti­
tions were applied to each section (Table 1). All 
tests were conducted in an enclosed constant-temper­
a ture environment at 78 to 80°F (25. 6 to 26. 7°C) 
over a period of 2 to 4 months. 

TEST FACILITY 

The pit in which the tests were performed was 8 ft 
(2.4 m) wide, 12 ft (3.7 m) long, and 5 ft (1.5 m) 
deep (Figure 1). To study a maximum number of base 
variables a different structural section was con­
structed at each end of the pit to give two tests 
for each complete filling of the pit. Emphasis was 
placed during construction of the test sections on 
achieving uniform material properties and meeting 
GDOT material specifications. 

An air-over-oil cyclic loading system was devel­
oped to apply 6.5 to 7.5 kips (29.4 to 33.~ kN) to 
the pavement in 0 .17 sec to simulate a slowly mov­
ing, heavy wheel loading. About 70 to 90 load pulses 
per minule were transmitted to the pavement surface 
through a water-filled circular rubber bladder. The 
diameter of the 6. 5-kip load applied to the surface 
was 9.1 in. (231 mm). The resulting peak pressure 
was about 100 psi ( 689 kN/m') , uniformly distrib­
uted over the pavement surface. Loading was con­
ducted 5 to 6 days a week, 24 hr a day. 

Cyclic Loading System 

In the hybr i d air-over-oil pneumatic loading system, 
oil was sandwiched between a small [ 4 in. (102 mm) 
in diameter) free-floating aluminum piston on the 
top and a large [12 in. (305 mm) in diameter) alumi­
num piston on the bottom. Air pressure applied to 
the top of the small piston was transmitted -undimin­
ished to the large lower piston, giving a large 
force that was applied to ·the loading bladder rest­
i;;g .c.r. L;,., vavement surface . A push rod transmits 
this force from the lower piston to the loading 
bladder. To develop the repeated loading, air was 
cyclically applied to the top of the upper cylinder 
by using a solenoid valve system a.nd an electronic 
timer. 

The bladder essentially consisted of a thin steel 
ring covered with a r ubbeT diaphragm on the top and 
bottom. A constant seating loading was maintained 
between load applications to prevent a shock l oading. 

To prevent a localized punching failure from oc­
curring during the test, the repeated loading was 
applied at a primary load position and six secondary 
positions located symmetrically around the edge of 
the primary pcsitibn (Figure 2) . In all tests load 
was applied in the ratio of five repetitions at the 
primary position to each repetition applied at any 
individual secondary position. The basic pattern was 
to apply 100,000 repetitions at the primary position 
and 20,000 repetitions to each secondary position: 
this number, however, was reduced in the early 
phases of most tests; in a few tests 9reater numbers 
of load repetitions were applied in the later phases 
of testing (1) • 

The pavement was subjected to a cyclic loading of 
6. 5 kips up to 2 x 10 6 repetitions. To decrease 
the time required to cause the failur e of strong 
pavement sections, the loading was increased to 7. 5 
kips after 2 x 10 6 tepetitions. In sections 11 and 
12 the load was maintained at 6. 5 kips throughout 
the test. I n this series, however, 200,000 load rep-
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TABLE 1 Construction and Performance Summary of Pavement Sections Tested 

Asphalt- Crushed-
Concrete Stone Repetitions 

Section Thickness Thickness to Failure 
Number (in .) (in.) (000,000s) Failure Mode8 Comments 

3 .5 12.0 3 .0 Fatigue and rutting Tested to 2.4 million repetitions ; 
3.5 failure extrapolated 

2 3.5 8.0 1.0 Rutting 
3 9.0 None 0.010 Rutting (I i_n.) Bad asphalt: asphalt-concrete 
4 6.5 None 0 .010 Rutting (I in .) content, 5.9 percent; flow, 15.4; 

stability, 1,870 lb; 'YD = 145 .I 
pcf 

9.0 None 0 .13 Rutting Rutting failure primarily in 
asphalt concrete 

6 6.5 None 0.44 Rutting 
7 7.0 None 0.15 Rutting Direct comparison of crushed-
8 3.5 8.0 0.55 Rutting stone and full-depth sections 
9 3.5 8.0b 2.4 Fatigue Dp = 0 .28 in. at 2.9 million repe-

titians 
10 3.5 8.0° 2.9 Fatigue Dp = 0.34 in . at 2.9 million repe-

tirions 
II 3,5 8.0 3.6 Fatigue and rutting 6.0· n, soil cement subbased 
12 3.5 8.0 4.4 Fatigu e and rutting 6.0-in. cement-stabilized stone 

sub base• 

Note: 1 in . = 25 mm. I lb= 0.45 k11 . 1pcf=16 kg/m3 . I psi = 6.89 kN/m 2. 
3 A fatigu e failure is defined as class 2 cracking; a rutting failure js defined as a 0.5-in . (12-mm) rut depth, 
bcoarse-gTadation base. 
CFine-gn.dr. tlo o base, 
d28-day unconOned compressive strength of 214 psi . 
C28-day unconfined compressive strength of 1,146 psi. 

FIGURE 1 General view of pit test facility including load frame, 
air-over-oil loading system, and loading bladder. 

etitions were applied at the primary load position 
in the latter stages of testing: use of this pattern 
of loading greatly increased the number of repeti­
tions that could be applied during a given 24-hr day. 

Reaction Frame 

A reaction frame extended horizontally across the 
pit in the long direction about 3 ft (0.9 m) a bove 
the surface of the pavement (Figure 1). The l oadi ng 
system wa s at t ac he d to t he load f.r ame by me an s o f a 
horizontally o rient ed th r ust plate 1 i n. (2 5 mm) 
thic k a nd 26 x 33 i n. ( 660 x 838 mm ) in size . Rap id 
positioning by hand of the loading system at seven 
fixed load locations on the thrust plate was 
achieved by using seven sets of bolt holes to sup­
port the l oad system. Movement of the load cylinde r 
from one fixed load posi tion to another was eas ily 
accomplished by a special carriage that hung from 

1 = PRIMARY LOAD 
POSITION 

2 - 7 K SECONDARY LOAD 
POSITIONS 1 in . .. 25 mm 

FIG URE 2 Load positions used in test section loading. 

IN. DIA. 
LOADED AREA 

the reaction beams. The carriage rolled along the 
reaction beam on four wheels and temporarily sup­
ported the load cylinder during movement. 

Instrumentation 

The test sections were extensively instrumented to 
define the response of the pavement system. Typical-
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ly 19 to 24 Bison-type strain sensors were installed 
to measure both resilient and permanent deformations 
throughout the pavement section (Figure 3). Small 
diaphragm-type pressure cells were used to measure 
ver tical stress on the subgrade. Resilient surface 
deflections were measured by using linear var iable 
differential transducers (LVDTs). Pe rmanent deforma­
tions of the pavement surface were measured from a 
string line by us ing a metal scale . All instrumen­
tation was carefully calibrated. A detailed descrip­
tion of the instrumentation is given elsewhere (]J. 

LOAD POSITION 6 

l 
PRIMARY l LOAD 1 IN. DIA. ·- _::_s~:l°.:__f STRAIN SENSOR ~ 
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2 IN. DIA. 1, 

STRAIN SENSOR - -
r~ STRAIN SENSOR 
._:3/ PAIR NUMBER - -
14 

~ 41N. DIA. -
15 STRAIN SENSOR 

l 

FIGURE 3 Bison strain sensor layout used in section 8, 
crushed·stone base. 

TEST-SECTION CONSTRUCTION AND MATERIAL PROPERTIES 

All test sections were constructed by using the same 
standardized procedures found to give consistent, 
reproducible results. After being tested to failure, 
each section was completely removed from the pit and 
new sections were constructed from the bottom of the 
subgrade up. Only the silty-sand subgrade soil was 
reusedi after each test the subgrade soil was re­
moved from the pit, stored, remixed, and then placed 
and recompacted in the pit. 

Subgra,de 

The micaceous silty-sand subgrade was uniformly 
blended in a small Barber-Green pugmill in small 
batches. Before blending, the material was weighed, 
and the water content of each batch was determined 
by using a Speedy moisture meter. During mixing, 
the watei: required to bring the moisture content to 
optimum was added. The soil subgrade was placed in 
approximately 2-in . (51-mm) lifts and compacted with 
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f ive to seven passes of a Jay-12 vibrating base com­
pactor. A w~r.ker compactor was aloo oometimes used. 
A spring- loaded static penetrometer helped in con­
trolling the densi ty of each soil lifti the actual 
density was determined by using a thin-wall drive­
tube sample. The subgrade of all sections had a uni­
form dynamic cone penetration resistance equivalent 
to a standard penetration test value of seven to 
eight blows per foot (23 to 26 blows per meter). 

A u1<iform micaceous silty-sand subgrade about 50 
in. (1270 mm) thick was used in all testo. The aver­
age maximum dry density (AASFITO T-99) was 105 pcf 
( 16. 5 kN/m,), and the optimum water content was 
ubout 18. 5 percent . The subgrade was com12acted in 
lift s 2 in. thick to an averag·e of 98 pe rcent (a = 
1. 5 percent) o f AASHTO T-99 density at a moisture 
content of 20. 4 percent (a = o. 5 percent), which 
was 2 percent above the optimum value. The micaceous 
silty sand had an average GDOT volume change of 38.5 
percent and a clay content of 20 percent. It was 
nonplastic and had 85 percent passing the No. 40 
sieve and 39 percent passing the No. 200 sieve. The 
micaceous silty sand had a laboratory resilient mod­
ulus of about 900 psi (6200 kN/m2) for a deviator 
stress greater than about 2.5 psi (17.2 kN/m2), as 
shown in Figure 4 i confining pressure and moisture 

1900 
I I I 

CONFINING PRESSURE: 3 PSI 
LOAD DURATION: 0.35 SEC . 

1700 LOAD FREQUENCY: 46 CPM 

t:J. 
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o 98.2 PCF 
• 96.3 PCF 

1600 
MOISTURE CONTENT: " 17.4% 

Q 22.2% 
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~ 1300 
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w~ • 
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~ - ~ ~ • 
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• 
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DEVIATOR STRESS. 01 - 03 (PSI) 

FIGURE 4 Influence of deviator stress and moisture content on 
reeilient modulue of rnicaceoue eilty ·sand suhgrade. 

content had only a minor effect on the resilient 
modulus. A low resilient modulus typically from 
1, ODO to 3, ODO psi (6890 to 20 ODO kN/m2 ) is com­
mon in highly micaceous Piedmont soils. 

Crushed-Stone Base 

The crushed-stone base was constructed by blending 
together in the pugmill No. 5, No. 57, and No. 810 
crushed granite gneiss stone to give the desired 
gradations. After pugmilling, the stone was bottom­
dumped into a special bucket. The bucket was moved 
by a crane to the desired location and once again 
bottom-dumped. Use of separate sizes of stone, pug-
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milling, and bottom-Oumping resulted in a uniform, 
homogeneous blend having a minimum amount of segre­
gation after placement. 

The sand-replacement method was used to determine 
the density of test sections 1 and 2. This method 
caused excessive disturbance of the crushed-stone 
base. The density of all subsequent unstabilized 
g ranular bases was t herefore determined by a GDOT 
inspector by using a nuclear densi ty gage . The aver­
age density o f all sections (except 11 and 12) was 
100 percent of AASHTO T-180; little vadation was 
observed between sections. The unstabilized crushed­
s tone bases used in the inverted sections ( 11 and 
12) were constructed over a rigid cement-stabilized 
layer. As a result, the density obtained in the 
crushed stone in these bases was greater than that 
in the other granular base sections, 105 percent of 
AASHTO T-180. 

Stone gradations used are given in Table 2. The 
resilient r esponse of the s ta"ndard-gradation stone 
base is given in Figure 5 and the plastic response 
in Figure 6. 

Asphalt Concrete 

Either a GDOT B or a GDOT modified-B binder was used 
for the full thickness of the asphalt-concrete lay­
er. The asphalt concrete was transported from the 
plant to the test facility in an enclosed, heavily 
insulated plywood box. At the time of delivery to 
the test facility, the temperature of the asphalt 
was between 290 and 300°F (143 to 149°C). The as­
phalt concrete was quickly weighed out, placed in 
the pit, leveled, and compacted by using a small 
two-wheel vibrating maintenance roller. The asphalt 
concrete was placed in lifts about 1. 75 in. (44.4 
mm) thick and rolled in each direction. A light 
prime coat of RC-70 was sprayed on the surface of 
the stone before the asphalt concrete was placed. 

The mix designs and extraction test results are 
shown in Table 3. The stone used was a granite 
gneiss (obtained from two different quarries) that 
had the following typical gradation as defined by 
the extraction tests: 97 to 100 percent passing the 
1-in. (25-mm) sieve, 62 to 85 percent passing the 
3/8-in. (9.5-mm) sieve, 48 to 60 percent passing the 
No. 4 (4. 75-mm) sieve, and 4 to 8 percent passing 
the No. 200 (75-µm) sieve. 

TEST SECTION FINDINGS 

General Comparison 

Table 1 gives a general summary of the performance 
of the sections tested in this study. Sections 3 and 
4 failed prematurely by cutting because of a high 
asphalt content. Both rutting and fa tigue failures 
occurred in the tests. Sections l, 11, and 12 failed 
in a combined fatigue and rutting mode. (Section 1 
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was tested to 2.4 million load repetitions; failure 
would have occurred at about 3 million to 3.5 
million repetitions.) Sections 2 through 8 failed 
in rutting, and sections 9 and 10 fail ed in fatigue. 

A fatigue failure was defined as the initiation 
of class 2 cracking. Only fine hairline cracks, 
which were hard to see, developed in sections con­
sidered to have undergone a fatigue failure. Numer­
ous instances of the healing of these cracks were 
observed throughout the study when the load was 
placed over t hem. 

A r utting failure was de.fined as an average rut 
depth of 0. 5 i n. (12 mm) measured from a fixed 
string line ; rutting occurring during the first 
1,000 repetit i ons was not included. Of significance 
is t he finding that the sections surviving more than 
2 million repetitions failed in fatigue or wer e 
close to a fatigue failure . In contrast, sections 
having r~latively short lives failed in rutting . 
Thus , these test results ace a good illustration o f 
the importance of preventing excessive rutting in 
all layers. 

The relatively early failure of the full-depth 
sections (sections 5-7) in rutting compared with the 
crushed-stone base sections (sections 1, 2, and 
8-10) appears to be caused by (a) application of the 
heavy l oading in a reasonably concentrated pattern, 
(b) important contributions of rutting from the weak 
subgrade beneath the relatively thin, full-depth as-
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FIGURE 5 Influence of stress state on resilient modulus of 
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TABLE 2 Crushed-Stone Base-Course Gradations and AASHTO T-180 Maximum Dry Densities 

Cumulat ive Percent Passing by Sieve Size 

Base l l / 2 in . 1 in" 3/4 in . 3/ 8 in. No"4 No.8 No . JO No" 50 No , 60 No . 100 

Standard• 100 98 83 61 43 31 13 
Fine3 100 99 92 64 44 31 II 
Coarse3 98 83 69 40 31 29 10 
2-in. Fuller curve 98 82 69 39 31 29 12 

Note: 1 in. == 25 mm . 1pcf = 16 kg/m
3

. 

8The standard-gradation base was used in sectio ns 1, 2, 8, 11, and 12; the fine-graded base in section 10; and the co arse-graded base jn sectfon 9. 
bAASHTO T -180 m aximum dr y density . 

')'max 
b 

No. 200 (pcf) 

4 137"0 
4 139.S 
4 141.S 
4 



82 

phalt concrete (the subgrade was located closer to 
the surface than the crushed-stone section and a'P­
pai;ently as a result made a larger contribution to 
rutting) , and (c) slightly higher asphalt content of 
the f ull- depth s ections than t hat of the crushed­
stone base sections (Table 3). 

Permanent Deformation 

In each test section, the pavement surface beneath 
the center of the primary load position underwent a 
continual up-and-down movement of perma nent deforma­
tion (Figure 7). The surface undetwent petmanent 
downward movement when the load was in the primary 
load position and upward movement when the load was 
in a secondary position. This cyclic movement was 
caused by important lateral shear flow of material 
in all layers back and forth beneath the loaded re­
gions. Net movement of the center (primary load po­
sition) was qradually downward a s shown in Figure 7. 

The distribution of permanent defocmation in a 
full-depth and a crushed-stone base section is com­
pared in Figure 8 after 300, 000 load applications. 
In the asphalt-concrete layers of both sections the 
permanent deformation was approximately equally dis­
tributed between the top and bottom halves of the 
asphalt-concrete layer. In the full-depth asphalt­
concrete section, 67 percent of the total pecmanent 
deformation occurred in the asphalt-concrete and 33 
percent in the subgrade, In the crushed-stone sec­
tion, 55 percent of the permanent deformation oc­
curred in the asphalt-concrete surfacing, which was 
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3. 5 in. (89 mm) thicki 10 percent in the ctushed 
1' ~nne ; and 35 percenL l.11 the subgrade . At equal 
depths more permanent rutting appeared to occur in 
the upper part of the subgrade beneath the full­
depth asphalt-concrete section than i n the crushed ­
stone section. 

Going f ram a 1-2-in. (305-mm) crushed-stone base 
to an 8-in. (203-mm) crushed-stone base resulted in 
an increase in percentage of total rutting in the 
subgrade from 20 to 39 percent . At the same time, 
the percenlagt! of rutting in the asphalt surfacing 
dropped from 59 to 34 percent; rutting in the stone 
base only increased from 21 to 27 percent of the to­
tal. aoth this comparison and the previous one indi­
cate that rutting can be relatively small in a prop­
erly designed and constructed crushed-stone base 
under conditions in which water is not a problem in 
the base . As illustrated in Figure 9, for the 
crushed-stone bases studied , typical1y 60 to 70 per­
cent of the rutting occun: ing in the stone base 
developed in the upper half of the base. Finally, 
little difference in rutting was observed within the 
base between the sections having the coarse- and 
f i ne-qradation stone bases (sections 9 and 10) as 
shown in Figure 9. The gradation of both these sec­
tions below ·the No. 40 sieve was, however, essen­
tially the same; only 4 . 2 to 4. 4 percent passed the 
No. 200 sieve (Table 2) • More total rutting did de­
velop in the fine-gradation base section (section 
10) than in the coarse base sect.ion. The di£ference, 
however, was primarily caused by rutting in the sub­
grade . 

0.8 

o3 = 10 PSI 

o3 = 3 PSI 

STANDARD CRUSHED STONE BASE AT 
100,000 REPETITIONS 

• o3 = 10 PSI 

o3 = 5 PSI 

• o3 = 3 PSI 

100% T-180 DENSITY 

1PSI '" 689 kN/m 2 

1.0 1.2 1.4 1.6 

AXIAL PLASTIC STRAIN, < p (PERCENT) 

FIGURE 6 Influence of deviator stress and confining pressure on plastic strain in standard· 
gradation crushed-stone base. 

Resilient Response 

Resilient strains were measured by using Bison 
strain coil pairs (Figure 3). Hence the resilient 
strains given are the average strain occurring be­
tween the two coils and not a peak (maximum) value 
that occurs at a point; the difference, however, be­
tween the two values should be relatively small. 

The typical variation of resilient strain re­
sponse with number of load repetitions is given in 
Figure 10 for section 10; as indicated, the strains 

typically decreased after 10,000 to 100,000 repeti­
tions. They then underwent an important increase af­
ter about l million load applications, which indi­
cated reduction in the structural integrity of the 
pavement. 

Comparison of Theory and Observed Response 

A comparison of calculated and typical measured re­
silient response is given in Table 4. The response 
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TABLE 3 Fifty-Blow Marshall Mix Designs for Test Sections: AC-20 Asphalt Cement 

50-Blow Marshall Mix Design• 
Constructed 

Optimum 
Asphalt Asphalt 
Concrete Flow Stability Air Voids "( Concrete "( 

Section (%) (0.0 1 in.) (lb) (%) (pcf) (%) (pcf) 

1,2 4.9 9.6 2,500 4.5 146.0 4.61 143.7 
3,4 4 .9 9.6 2,500 4 .5 146 .0 5.9 145.1 
5,6 5.2 10.6 2,150 4.5 145.5 5.44b 145.3 
7,8 5.2 10.6 2,150 4.5 145 .5 4.92c 145.0 
9,10 5.0 JO.I 2,950 5.0 148.0 4.90 148 .0 
I 1,1 2 5.2 9.0 2,300 4.0 146.0 99.2c 

Note: 1 jn. = 25 mm. 1lb = 0.-ts kg. 1pcf::;16 kg/m
3

. 
BResiHent modulus of 70,000 p1I, 95°F. sections 7 and 8; bending stiffness of 380,000 psi, B0°F, sections 1 and 2; both tests 
on rehi!:nte1d .rtSphalt concre te. 
bsc-t tloo :5i hud a motm.Jred ns1~haJt con1c:nt of s. 71 1a:irctnl 11nd tiC!lton 6, 5.17 percent; i cclion 7 had 5.60 percent nnd tee .. 
tion 8 hmd 4.'23 percent; the :r.ccuaJ diffuonce in asph . lt <oni::rek ro rHont was probably less because each pair of secHons W.1118 

constructed at the same time. 
CPercent maximum from nuclear-density tests . 

1.50.---------------------------------..---------------..,.----------------.1"""--.. 1in.•25mm 

1.25 

1.0 

SECTION 8 

CENTERLINE DEFORMATION 
PRIMARY LOAD POSITION 
3.5 IN. AC/8 IN. STONE BASE 

LOAD REPETITIONS, N 

FIGURE 7 Variation of centerline deformation with number of load repetitions, section 8. 

was calculated by assuming the layers to be isotrop­
ic, Linear-elastic, homogeneous, and semiinfinite in 
horizontal extent (2). Linear-elastic theory of this 
type is usually us;d in mechanistic design methods. 
Because pavements are neither linear elastic nor 
isotropic, a good match of all measured variables 
should not be expected. 

The laboratory-measured resilient moduli were ad­
justed to give an approximate best overall fit of 
the observed strain, d.eflection, and stress response 
of the pavem~nt systems. For a reasonably good over­
all fit of the observed response, the resilient mod­
uli of the subgrade, crushed-stone base, and surfac­
ing were taken to be about 2,800 psi (19.3 MN/m'), 
15,000 psi (103 MN/m•), and 4 to 8 x los psi 
(2756 to 5512 MN/m'l, respectively. 

The moduli values used generally give deflections 
that are somewhat larger than those measured but 
give a reasonably good prediction of the tensile 
strain measured in the bottom of the asphalt-con­
crete surfacing. 

The theoretical vertical stress on the subgrade 
is considerably smaller than the measured values. 
Some overmeasurement of vertical stress may certain­
ly have occurred in the investigation. The pressure 

cells, however, were calibrated in the same subgrade 
soil, and the effect of dynamic loading was found by 
calibration to be small. ~herefore it is felt that 
the existing stresses were indeed greater than those 
predicted by theory. The finding (Table 4) that the 
measured verti cal strains on the subgrade for the 
full-depth and stone base sections were about 50 
percent greater than predicted also tends to indi­
cate larger subgrade stresses. 

The resilient modulus used to characterize the 
subgr ade was about' three times the value indicated 
by the repeated-load triaxial tests. Disturbance and 
remolding effects and the short time for which 
the laboratory test specimens are subjected to a 3 may 
partially account for this important difference. 
Previous work with the micaceous silty sands of the 
Piedmont have indicated similar problems with labo­
ratory-evaluated moduli (_1). 

Fatigue Behavior 

Crushed-stone base sections 9 through 12 failed in 
fatigue or a combined fatigue-rutting failure. The 
fatigue relationship obtained from these data points 
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for 79°F (26.1°C), Nf = O.OOlOBct· 2·695, was found 
where Nf is the number of repetitions to cause 
fatigue failure and c t is the tensile strain in 
the bottom of the asphalt-concrete layer. This fa­
tigue relationship is for a temper atu re of 79°F, 
fine hairline cracking, and the assumption that each 
load app1ication caused the same amount of damage. 
The relatively concentrated pattern of loaCI ing is 
felt to be more severe than would normally occur for 
a highway pa vement. 

The observed fatigue curve, corrected to 70°F 
(21.1°C), is located above the fatigue curves sum­
marized by Rauhut and Kennedy (_~), as shown in Fig-

ure ll. The - high fatigue cui:ve is probably partly 
caused by use of a thin bituminous surfacing a nd a 
high-guality crushed- stone base. The points f a ll 
between the curves developed by Barksdale (5) for a 
3-in. and 9.8-in. thickness of asphalt-conc~te sur­
facing. 

Influence of Crushed-Stone Base Thickness 

Increasing the thickness of the crushed-stone base 
from 8 in. to 12 in. increased the life of the pave­
ment by a factor of almost 3 (compare sections l and 
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TABLE 4 Comparison of Measured and Theoretical Stresses, Strains, and Deflections by Using Final Material Parameters 
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Vertical Stress on Bottom of Asphalt Surface Displacement Vertical Su bgrade Strain 
Subgrade (psi) Concrete (µe) (mils) 

Typical Typical Typical 
Pavement Design Measured Theoretical Measured Theoretical Measured Theoretical 

Full-depth (9-in.) asphalt concrete 8.7 2.5 308 280 14 17 
Asphalt concrete (3 .5 in.) on 8-in. 

crushed-<>tone base 6.8-11.2 4.0 270-390 352 23 29 
Asphalt concrete (3.5 in.) on 8.7-
in. crushed-<>tone base on 5.8-in. 
cement-treated crusher run 3.5 2.1 272 262 17 15 

Asphalt concrete (3.7 in.) on 8.9-in. 
crushed-<>tone base on 6.0-in. 
cement-treated subgrade 3.2 2.5 324 276 26 19 
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2, Table 1). The AASHO Road Test results also indi­
cated a similar significant beneficial effect of a 
small increase in base-course thickness (6), As the 
base thickness becomes greater, however, the benefi­
cial effect of increasing thickness p robably de­
creases, as indicated by an analytical study Ill. 

Influence of Crushed-Stone Base Gradation 

Excellent performanr.P was obtained from tho granu ­
lar - base pavements that had both the coarse grada­
tion (section 9) and the fine gradation (section 
10). Both these sections failed in fatigue rather 
than in rutting at a higher number of repetitions 
than two other 9-in. crushed-stone base pavements 
(sect i ons 2 and 9). The fatigue life of the fine­
gradation base section was about 20 percent greater 
than the fatigue life of the coarse base section. On 
the other hand, rutting in the fine-gradation base 
section was 21 percent greate.r than in the section 
having a coarsely graded granular base section. 
These differences are reasonably minor considering 
the possible variation. 

The somewhat limited test results indicate for 
the relatively narrow range of gradations tested 
that gradation has a reasonably minor influence on 
performance provided the section is compacted to 100 
percent of AASH'.l'O T-190 density and little segrega­
tion is allowed to occur. All three crushed-stone 
base gradations, however, had a top size of 1 to 2 
in. (25 to 51 mm), 40 to 44 percent passing the No. 
4 sieve, and 4 to 5 percent fines. 

Influence of Asphalt Content 

Permanent deformation in the B and modif ied-B binder 
mixes was found to increase dramatically as the as­
phalt content increased, as shown in Figure 12, 
which is based on the permanent deformation occur­
ring in the upper 3.5 in. (89 mm) of both full-depth 
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FIGURE 12 Approximate relative rutting in asphalt 
concrete as function of asphalt content: B and 
modified-B binder. 
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and crushed-stone base se·ctions at 10, 000 load repe ­
tition&. BP.<"'i!11RP the permanent daformationa in moot 
sections were small at 10,000 repetitions, Figure 12 
indicates general trends of the influence of asphalt 
content on rutting. 

The results of these full-scale laboratory stud­
ies indicate that the SO-blow Marshall mix design 
method gives approximately the correct asphalt con­
tent. Use of greater asphalt content to increase 
fatigue life, which is sometimes advocated, does not 
appear to he justified for heavily lo;:idcd sections 
based on these findings. For heavy traffic and warm 
summer temperatures, the optimum asphalt content may 
e ven be slightly less than the Marshall value. 

Permanent Subgrade Deformation 

The same resilient micaceous silty-sand subgrade was 
used beneath all test sections. As previously dis­
cussed, the subgrade was removed and recompacted at 
the same density and moisture content for each test. 
Figure 13 shows that an increase in base thickness 
causes a decrease in permanent subgrade deformation. 
As the base thickness increases, however, the rate 
at which the deformation decreases becomes less. 

A 9-kip (40-kN) dual-wheel load would cause about 
1.4 times more rutting than that shown in Figure 13 . 
This extrapolation is based on theory and the plas­
tic strain response obtained from repeated-load tri­
axial tests. Finally, these studies indicated that 
the f ull-depth asphalt-concrete sections were no 
more effective in reducing subgraae rutting per inch 
of base than the unstabilized crushed-stone base. 

Base-course Coefficients 

The full-scale laboratory tests show that excellent 
performance can be obtained by using relatively thin 
asphalt-concrete surfacings and properly constructed 
crushed-stone bases . The crushed-stone base sections 
outperformed the full-depth sections in every test 
series. A hi9her ;lsphalt content i~ th~ ftAl'l-depth 
sections probably accounted for most of the poor 
performance of the full-depth sections. 

Based on the observed fatigue and strain response 
of the pavement, one application of the 6 . 5-kip cir­
cular load used in this study is approximately 
equivalent to O. 59 applications of a 9-kip dual­
wheel load. Now assume an AASHTO Lnterim Guide (7,8) 
layer coefficient a1 o f 0.44 for the 3.5-in . asphilt­
concrete surfacing and a soil support value of 3.5 
(which is greater than would be generally used in 
Georgia for Piedmont soils). A regiona l factor of 
0, 5 assumes that no environmental effects occurred 
during the study . For this conservative set of as­
sumptions, the average calculated AASHTO Interim 
Guide crushed-stone base-course coefficien t a 2 is 
0.19 . Based on the cesults of this study and ob­
served field response (]:), a base-course coefficient 
of 0 .18 was recommended for total pavement thick­
nesses less than 15 in. (381 mm) l this is slightly 
less than the maximum structural thickness used in 
th is study . The engineered crushed-stone base should 
be compacted to at least 100 percent AASllTO T-190 
density and have a gradation approximately similar 
to that of the stone used in this study. Also, seg­
regation should be minimized during construction and 
adequate drainage provided. 

CONCLUSIONS 

The test results show that engineered crushed-stone 
base sections having relatively thin asphalt-con-
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crete surfacings can successfully withstand large 
numbers of heavy loadings. Full-scale field tests 
such as those at Lake Wales, Florida; Stockbridge, 
Georgia; and in North Carolina support this finding 
(j, ,j!, 10) • The resul. ts of thi s study s how t-ha t rut­
t ing in a properly const ructed crushed-stone base 
can be less than that in either the asphalt-concrete 
surfacing or a silty-sand subgrade at a temperature 
of 79°Fi at higher temperatures even greater amounts 
of rutting would occur in the asphalt concrete. 

The good performance of the engineered crushed­
stone base is attributed to (a) a uniform, high de­
gree of density (100 percent of AASHTO T-180), (b) 
use on a well-graded crushed stone with 1- to 2-in. 
top size that has only 4 to 5 percent passing the 
No. 200 sieve, (c) practically no segregation, and 
(d) a relatively thin asphalt-concrete surfacing. 
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Seasonal Effects on the Strength of Pavement Structures 

JO A. LARY and JOE P. MAHONEY 

ABSTRACT 

Results are presented from monitoring and 
predicting changes in subgrade resilient 
modulus with season of the year for test 
sites on the u.s. Forest s·ervice road 
system. Data collection involved measuring 
deflection, subgrade moisture content, and 
soil suction over an 18-month period at 
four test sites located in Washington and 
Oregon. In addition the pavement materials 
(asphalt concrete and base and subgrade 
materials) were sampled and a series of 
laboratory resilient modulus tests was 
conducted on each sample. The laboratory 
and field data were used to develop methods 
of predicting changes in subgrade stiffness 
(strength) over time. The two most promis­
ing methods were those obtained from 
regression equations developed from the 
laboratory test data for the pavement mate­
rials and appropriate elastic-layered 
computer programs and a hand-calculation 
method based on deflection measurements. 

In analyzing pavement performance, seasonal varia­
tions caused by environmental conditions pose a dif­
ficult problem. These variations, particularly 
freezing and thawing and the associated soil mois­
ture changes, result in the deterioration of the 
pavement structure because of a decrease in its 
etiffncc:; aiH.~ assvciat.::t:; st.~en9th. This Oet:.eriora­
tion has economic impacts including maintenance and 
rehabilitation costs as well as user costs. 

The overall objective of the study being reported 
was to evaluate the effect of seasonal environmental 
variations on pavement stiffness and strength. More 
specifically, the objectives were to 

1. Measure changes in subgrade resilient modulus 
with changes in season and 

2. Develop an algorithm to predict seasonal 
change in modulus from easily measured field data. 

Easily measured field data include deflections, soil 
moisture content, soil suction, and weather informa­
tion. 

To meet these objectives, computer programs and a 
hand-calculation method were tested to see whether 
modulus values could be predicted from deflection 
measurements such as those obtained with a Benkelman 
beam or from deflection basins measured by the oyna­
flect or similar equipment. In addition an attempt 
was made to correlate modulus with soil type, weath­
er data, eoil moisture, and soil suction . 

FIELD STUDY 

Site Selection 

To meet the study goals, extensive use of existing 

u .s. Forest Service (USFS) roads was made. Several 
criteria were used as a basis for roadway test-site 
seleclion. They were that 

l. The site must represent USFS Region 6 soil 
conditions, climate, and topography; 

2. The site must be easily accessiblei and 
3. Weather data from a nearby source must be 

available. 

Based on these criteria, four test sites were 
chosen: in the Olympic and Wenatchee Nationa.l For­
ests in Washington and the Deschutes and Willamette 
National Forests in Oregon. Table 1 provides a sum­
mary of the site characteristics. TO illustrate the 
differ ences betweei:i test sites during winter condi­
t.ions, design freezing indices (1,2) were compared 
as follows [t°F 0 (t°C 0.55) + 32J7 

Site 

Olympic 
Wenatchee 
Deschutes 
Willamette 

Degree-Days 

150 
1,000 
800 
200 

Instrumentation 

A main objective of this study was to measure 
changes in subgrade moduli during a 2-year period. 
To this end, each site was instrumented with Soil­
test MC-JlOA soil cells to measure subgrade moisture 
content, soil suction, and temperature (typical lo­
cations shown in Figure 1) 1 frost tubes to measure 
depth ~:: fr.::azing i:>chematic view shown in Figure 
2) i and pavement station markers to facilitate re­
peatable deflection measurements. A typical schemat­
ic view of the location of the deflection points, 
frost tubes, and moisture-temperature cells for one 
of the four test sections (Olympic National Fores-ti 
is s'hown in Figure 3. 

In addition to measure~ents obtained wi th the Dy­
naflect and Benkelman beam, the fa.llinq-weight de­
flect.ometer (FWD) (Dynatest Consulting, Inc.) was 
used to measure deflections at both the Olympic and 
Willamette sites. 

Data-Collection Procedures 

Field data were collected at all four sites over an 
18-month period beginning in January 1981 with spe­
cial emphasis on the spring thaw period. The follow­
ing data were collected during each site visit: 

1. Pavement deflection, 
2. Pavement temperature, 
3. Air temperature, 
4. Subgrade temperature, 
5. Soil cell resistivity (for moisture content), 

and 
6. Frost penetration depth. 

Tensiometer suction measurements and gravimetric 
water contents were also recorded at the Deschutes 
and Willamette sites. 
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TABLE 1 Summary of the Characteristics of the Four Test Sites 

USFS Elevation Yearly 
Road (ft above Rainfall Pavement 

Forest No. sea level) (in.) Material Base-Course Material Subgrade Material 

Olympic 220 ~ Sea level ISO 5-in. ACP Crushed aggregate (8 in.) Clean silty sand with 
5 percent gravel 

Wenatchee 2451 2,450 24 4-in. CSS-1 Granitic sand (4.Q in.) Granitic sand 
Deschutes 2301 4,400 25 5-in. open.graded Crushed aggregate (4.5 in. SW-SM light-brown 

emulsion GW) pumice ash 
Willamette 2233 2,200 70 2.4-in. ACP Crushed aggregate (I 4.4 in. MH clayey silt, resid-

GP) ual soil 

Note: 1 in.= 2.54 cm; 1 ft= 0.3 m; GW, GP, SW, SM, MH =groups from Unffied Soil Classificatio n of U.S. Corps of Englneers and U.S. Bureau of Recla­
mation. 
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FIGURE 1 Typical soil-cell layout. 

LABORATORY STUDY 

Pavement cores and grab samples of the base and sub­
gra de materials were obtained from each test site. 
Samples of each were taken .for laboratory test i ng 
and moisture content de termi na tion. The moisture 
content samples were placed in plastic bags and 
sealed to prevent evaporation.. In situ dry density 
of each soil was also determined at the time of sam­
pling. 

The laboratory testing included sieve analysis 
(ASTM 0421 and 0422), hydrometer analysis (ASTM 0421 
and 0422), Atterberg limits (ASTM 0423), and specif­
ic gravity (ASTM DB54) for each soil. These tests 
were done to provide basic identification of the 
base and subgrade materials. The optimum density 
and moisture content for the soils was also deter­
mined b.Y AASRTO T-99 (Standard Proctor). Much of 
the labora tory testing was conducted at the Oepart­
me nt of Civil Engi neer ing, Ore gon State University. 

In addition to the standard soil tests, the re­
silient moduli of the bases and subgrades were also 
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FIGURE 2 Schematic of in situ frost tube. 

determined. The soil samples were tested at several 
moisture contents and densities to bracket in situ 
conditions. The resilient moduli were then used as 
inputs for computer programs to predict subgrade 
modulus. The resilient moduli of the pavement cores 
were also determined by using a repeated-load diame­
tral test apparatus at 70°F (21°C). 

DATA ANALYSIS 

This section contains a description of the methods 
used and the results obtained in predicting modulus 
from easily measured field data. The relationships 
examined were those of predicting subgrade modulus 
from soil moisture content and measured deflections. 
Soil suction was not investigated as an alternative 
because suction data were not available for the 
Olympic and Wenatchee test sites and it was deter­
mi ned that soil suction was no better a pred i ctor of 
modulus than subgrade moisture content and was more 
difficult to measure. 
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FIGURE 3 Schematic of Olympic National Forest, USFS Road 
220. 

Prediction of Resilient Modulus from Moisture Content 

The regression equations developed from the labora­
tory resilient modulus test results (Table 2) can be 
used directly to predict resilient modulus. Equa­
tions were developed for the base cou r se and sub­
grade soils of the four test sites. To use the equa-
.... .: ..... -... ............ Q, thr-c-e quantiLi~s mu::>t be known: 

1. Dry density of the soil, 
2. Stress appropriate to a given load (either 

bulk or deviator depending on whether the soil is 
granular or fine-grained), and 

3. Moisture content. 

The dry density of the soil is considered to be a 
constant and can be determined either from the ini­
tial construction records or from field measurement. 
The stress required is either bulk or deviator 
stress. These stresses vary depending on the surface 
loading conditions and can be determined by use of 
computer programs such as PSAD2A <1> or ELS'iMS (ll. 
The loading conditions and the appropriate pavement 

Transportation Research Record 954 

l ayer data are input into the programs. Layer data 
include t he thic kness , ury <lens ity, .11ois son's rat i o, 
and the s tress r elationship (MR = K1 0K2 , and so on) 
for each. The programs wi l l then output s tress e s a t 
the points requested, including bulk and deviator 
stresses. Alternatively, bulk and deviator stresses 
at a point in a layered system can be estimated by 
using other me t hods such as those developed by Jones 
and Pea ttie (~12l. 

Once the bulk or deviator stress for a particular 
loading b known, along with the dry density, the 
regression equations can be used to calculate modu­
lus at a given moisture content. The moisture con­
tent to input can be determined' by sampling to 
determine g r avi metric water content or obtain i ng re­
sistivity meas urements with instrumentation such as 
the Soiltest cell s. To use the latter method, cali­
bration curves of r esistivity versus moisture con­
tent for the soil must be developed in the labora­
tory. 

Such equations can be used to predict change in 
modulus with moi s ture conten t variation throughout 
the year: however, the equations are only valid for 
the range of stresses at which the soils were 
tested. The laboratory devia tor stress r ange wa s 
from l to 12 ps i ( 7 to 83 kN/m 2 ) for the subgrade 
soils and l to 20 psi (7 to 138 kN/m 2 ) for the 
base-course s oils. The bulk stress range was 7 t o 
30 psi (48 to 207 kN/m2) for the subgrade soils 
a nd 4 t:o 64 p s i (28 t o 448 kN/m 2 ) for the base­
course soils. The behavior of the soils at lower 
stresses has not been determined. 

Prediction of Subgrade Modu l us from Deflect ion 
Measurements 

To predict subgrade resilient modulus from measured 
deflec trons , thre e methods were chos en for analysis . 
Two were c omputer programs, PS~D2A (3), developed at 
the University of Calif orni a, Berkeley, and BISDEF' 
(_!!), developed at the U.S. Army corps of Enginee r s 

Waterways Experiment Station in Vicks burg , Mi ss is ­
s ipp1. The t h i rd, a hand-calculation me thod, was 
the dual parametric approach (7), ref ined at the 
Texas Trans portation Institute by Little . Each of 
these will be discussed. 

PSAD2A Computer Program 

PSAD2A is the comp uter program used to analyze Ben­
kelman beam loads. The program uses an iterative 
approach to determine moduJ. i of the different 
layers. Several inputs a re required for the program. 
Each layer must be c haracte rized by 

1. Poisson's ratio, 
2. Dry density, 

TABLE 2 Multivariate Regression Equations Developed from Laboratory Data for 
Predicting Resilient Modulus from Bulk or Deviator Stress, Moisture Content, and 
Dry Density 

Site Layer Regression Equation ,2 

Olympic Subgrade logM1\ = 0.749 + 0.673(1og0) -0.0286(w/cl - O.OOOSCrd 0.837 
Olympic Base logM1t = --0.102 + 0.796(1os0)-0.0 124(w/c + 0.0053('Ydl 0.845 
Wenatchee Subgrade JogMR =-0.266 + 0.551 (log0)-0.0554(w/c) + 0.0097(')'d) 0 .894 
Wenatchee Base 1011M1< ~ --0.63G + 0.581 (logO) - 0.0254(w/e) + 0.0102('Yd) 0.877 
Deschutes Subgrade logM " = -0.850 + 0.671 (Jog/)) - 0.0 l 22(w/c) + 0.0 182(')'d) 0.895 
Deschutes Base logMR = 0.473 + 0.584(1og0) - 0 .0324(w/c) + 0.0022('YJ) 0.930 
Willamette Subgrade logM1t "' I.GI -0.213(1ogod)-0.0346{w/c) +0.0130(r<1) 0.419 
Willamette Base losMtt = --0.0143 + O.G4S(los0) - 0.0304(w/o + 0.003S('l'd l 0.928 

Note: MR in ksi; 0 and ad in psi (I psi= 7 kN/m 2): w/c in percent: 'Yd in pcf (1 pcf = O.J 6 kN/m 3). 
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3. Thickness, 
4. Stress relationship, and 
s. Initial estimate of modulus. 

Poisson's ratios for the individual layers were de­
termined from average values found in the literature 
f o r s i milar material (8). The dry den s i ty o f the 
a s phalt concrete was a s sumed to be 1 50 pcf (24 
kN/m') , and t he dry dens i t i es for the soils were 
a s meas ured in t he fi e l d . The t h i cknes ses o f the 
layers were t he actual thicknesses of t he pavement 
c omponents. The input values for each s i te are sum­
mar ized in Ta ble 3. The stress relationships to in­
put were obtained from the regression equations pre­
sented in Table 2. 

TABLE 3 Summary of the Layer Characteristics for the 
Four Test Sites 

Thickness Dry Den- Poisson's 
Site Layer (in .) sity (pcf) Ratio 

Olympic Asphalt 5 .0 150 0.30 
Olympic Base 8.0 137 0.35 
Olympic Subgrade 21 2 115 0.40 
Wenatchee Asphalt 4.0 150 0.30 
Wenatchee Base 4.0 124 0.40 
Wenatchee Subgrade 212 129 0.40 
Deschutes Asphalt 5.0 150 0.30 
Deschutes Base 4.5 114.5 0.35 
Deschutes Subgrade 212 65 0.40 
Willamette Asphalt 2.4 150 0.30 
Willamette Base 14.4 127 0.35 
Willamette Subgrade 0.45 

Not e: l in . = 2.54 cm; 1pcf=0. 16 kN /m 3, 

The base-course moisture contents were not mea­
sured in the field. For each site, the in situ base 
and subgrade moisture content were measured at the 
time of material sampling. The percentage of change 
in moisture content between that measured at sam­
pling and those determined by the soil cells was 
assumed to be the same for the subgrade and base­
course materials. In other words, the same percent­
age of increase or decrease in moisture content was 
assumed for both layers. 

Hecause asphalt-concrete modulus changes with 
temperature, a temperature-corrected modulus was 
required. The pavemen t surface t emper a ture was mea­
sured during each v isi t. To de termine the asphalt­
concrete temperature at the layer middepth, South­
gate and Deen' s me t hod was used (9) • This me t hod 
uses air and pavement surface tempe r atures. Once 
this temperature had been determined, the correction 
factor (10) was multiplied by the laboratory as­
pha l t -concrete modulus to provide the appr opr i ate 
asphalt-concrete modulus at the time of deflection 
testing. 

The load inputs were two loads of 4, 500 lbf ( 20 
kN) each, 12.7 in. (32.2 cm) apart center to center. 
The load radius was assumed to be 4.2 in. (10.8 cm), 
which corresponds to a tire pressure of 80 psi (552 
kN/m 2 ). 

The output of the p r ogram consist s of stresses, 
strains, and deflections . The outputs of primary 
interest were the surface deflection between the two 
tires, the modulus of each layer, bulk stress at the 
middle of the base course, bulk or deviator stress 
at the top of the subgrade, horizontal tensile 
strain at the bottom of the asphalt-concrete layer, 
and the vertical compressive strain at the top of 
the subgrade. Several runs were made for each test 
site, each one representing the subgrade moisture 
content and asphalt-concrete modulus for a particu­
lar site visit. 
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BISDEF Computer Program 

BISDEF is a program that uses the concept of mini­
mizing the differences between the compu t ed and mea ­
sured deflection basins to determine r e silient modu­
li. This program was used to analyze the Dynaflect 
and the FWD data. 

The inputs required by the program for each layer 
are 

1. Poisson's ratio, 
2. Thickness, 
3. Range of allowable modulus, and 
4. Initial estimate of modulus. 

Poisson's ratios and layer thicknesses were the same 
as those used in PSAD2A. 

The load inputs were those representative of Dy­
naflect loading, two 500-lbf (2. 2-kN) loads 20 in. 
(51 cm) apa rt center to center. The loaded area per 
force wheel was assumed to be 4 in. 2 (25 cm'), 
giving a load radius of 1.13 in. (2.87 cm) (]l. Four 
geophone i nputs were used for all analyses. 

The ou tputs of the program are the modulus o f 
each layer and the stress es at any predetermined 
point. So that bulk and deviato r stress could be 
determined, stress output was requested at the mid­
dle of the base and the top of the subgrade. 

Dual Parametric Approach 

This method is a graphical approach for subgrade 
modulus determination from Dynaflect deflections 
based on layered-elastic theory. It uses two deflec­
tion basin parameters. They are maximum deflection 
and spreadability. 

Spreadability is defined as follows: 

(1) 

where ~ax is the max i mum pavemen t deflection and 
d 1 , d 2 , d 3 , d 4 are def lec tions at 1 , 2, 3, 
and 4 ft (0.3, 0.6, 0 . 9 , and 1. 2 m) from t he center 
of the applied load. This approach is a modification 
of the Vaswani method (11) • 

One of the major assumptions in this method is 
that the spreadabilitie s for the deflection basin 
measured under Dynaf lect and Benkelman beam are 
identical. This allows the subgrade modulus to be 
estimated under normal load conditions rather than 
under the light Dynaflect loads by obtaining only 
Dynaflect data . 

To use t he method to predict subgrade modulus a 
composite or average modulus of elasticity for the 
layers above the subgrade must be calculated. The 
equation used is as follows: 

(2) 

where E1 , E2, and so on, are the elastic moduli 
of the layers and h1 , h 2 , a nd so on, are the 
cor responding t hicknesses of the layers. 

Once the compos ite modulus, spreadability, and 
maximum deflection are known, the subgrade modulus 
can be determined. This is done by using a graph 
such as that shown in Figure 4. For example, assume 
Eavg = 200,000 psi (1 380 000 kN/m 2 ), the spreadabil­
ity = 60, a nd the max imum d e flec t ion (Dynaflect con­
verted to Benkelman beam, BB = D x 16.2) = 22.6 
milli-in. This results in a subgrade modulus (Eg) 
of 10,000 psi (69 000 kN/m 2 ) as illustrated in 
Figure 4. Moduli can be interpolated between lines. 

compos ite moduLi were determ i ned by using the 
temper a ture-correc t ed asphalt modulus and the 
PSAD2A-determined base-course modulus for the date 
being investigated. 
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FIGURE 4 Typical graph for use with the dual parametric 
approach (7). 

Comparis on of Subgrade Modul us Predicti on Me thods 

To make comparisons it is necessary to examine the 
loading conditions used or assumed in the method. 
Benkelman beam loads were used in PSAD2A. The dual 
parametric approach uses Dynaflect deflections con­
verted to Benkelman beam values. The FWD can be used 
to approximate essentially ~ny loading c~nditicn. 

Even though all three measurement systems can be in 
terms of Benkelman beam load i ng condit i ons , stress­
sensitive l a ye r s will not necessarily reac t similar­
ly. Given this shortcoming, comparisons are pre­
sented in Table 4. 

With the exception of the Olympic test site the 
dual parametric approach and PSAD2A results matched 
well. A difficulty with the dual parametric approach 
io that it does not, as currently developed, predict 
moduli less than 7, 500 psi (51 800 kN/m2); how­
ever, the procedure can be easily extended to over­
come this limitation. 

I n a comparison of the modulus pred i cted by using 
FWD data in BISDEF with t hat predic t ed by us ing 
PSAD2A, the results we r e f avora ble. Th is i ndicat es 
that the reg r ess i o n equations are a good predictor 
of subgrade modulus beca use they were the basis for 
the output of PSAD2A. Another indication that the 
equations reasonably predict modulus is that the 
actual and predicted deflections are similar. This 
indicates that the equations (derived from labora­
tory data) reasonably matched the in situ soil con­
ditions. 

As an additional check on how well the labora­
tory-based equations predict modulus, the deviator 
stress resulting from FWD loading was placed in the 
regression equation for the Willamette subgrade in 
order to predict subgrade modulus. By using a mois­
ture conte n t of 51.7 percent as mea s ured by t he soil 
cells a nd a d ry density of 66 pcf (10.57 kN/ml), 
the e quation predicted a modulus o f 3 , 370 psi (23 
240 kN/m 2 ) as compared wi th that o f 3 , 410 psi (23 
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540 kN/m 2
) for BISDEF. To see whether the same 

pr~dl~tlve capability existed for the base-course 
equation for Willamette, it too was analyzed. By 
using a bulk stress of 11.4 psi (78.4 kN/m'), a 
moisture content of 5. 2 percent, and a dry density 
of 127 pcf (20.34 kN/m'), the equation predicted a 
base-course modulus of 8, 970 psi (61 890 kN/m'l • 
This can be compared with the BISDEF-predicted mod­
ulus of 6, 600 psi (45 530 kN/m2). Again the com­
parison was reasonable. 

Tu see whether this trend continued, the same 
analysis was completed for the Olympic National 
Forest FWD data. Three stress levels were used at 
this site; thus more comparisons could be made 
(results are shown in Table 5). As shown, the base­
course moduli are similar, whereas the equations 
predict subgrade moduli one-third those predicted by 
BISDEF. Recall that the dual parametric approach 

TABLE 4 Comparison of Predicted Subgrade 
Modulus Values for the Four Test Sites 

Date 
PSAD2A 
(psi) 

Dual Parametric 
Approach (psi) 

USFS Road 220, Olympic National Forest 

01/29/81 
11/06/81 
01/28/82 
02/25/82 
05/11 /82 

12,410 
10,510 
9,260 
9,060 

10,620 

26 ,100 
27,000 
3 1,500 
32,000 
32 ,300 

USFS Road 2451, Wenatchee National Forest 

11/05/81 
04/15/82 
05/11/82 

18,230 
13,750 
16,480 

20,000 
13,750 
15,850 

USFS Road 2301, Deschutes National Forest 

01/28/81 
03/24/81 
05/19/81 
11/19/81 
02/22/82 
Od./'11 /R"l 

os/17/82 

2,970 
4,450 
4,460 
4,090 
4,340 
A ""o" ...,.,1uv 

4,850 

<7,500 
<7,500 
<7 ,500 
<7,500 

- ~·~?9 
«.. / 1JUU 

<7,500 

USFS Road 2233, Willamette National Forest 

01/27/81 
03/25/81 
04/20/81 
05/18/81 
07/16/81 
11/18/81 
04/22/82 
05/17/82 

1,420 
2,120 
3,280 
1,540 
3,350 
2,890 
3,260 
2,560 

<7,500 
< 7 ,500 
< 7 ,500 
<7 ,500 

<7,500 
<7,500 
<7 ,500 

Noto: ubgrcult modulw. values mcaoured wiih 1ho FWD on 
~/ 1 6/SI In lho Ol~ tnplo Notional For.,1 and 6/ 23/ 81 iu 
WUlbmcui= National Fore$t'llwcre 34 ,503 and 3_,c\ 10 psi, ro~ 
•11ootlvcly . I ptl = 1 kN/m •. 

TABLE 5 Comparison of Moduli Predicted by BISDEF for FWD 
Loading and by the Regression Equations, Olympic National 
Forest, USFS Road 220 

Base MR Base MR Subgrade MR Subgrade MR 
Base from from from from 
8 Subgrade BISDEF Equation" BISDEF Equationb 
(psi) 8 (psi} (psi) (psi) (psi) (psi) 

15.6 l l.S 29,130 29,740 37 ,390 11,010 
15.0 11.2 23,850 28,830 34,500 10,820 
19.5 14.4 48,630 35,520 37 ,380 12,810 
19,8 14.8 33,550 35 ,960 34,160 13,050 
25.l 18.8 46,210 43,430 35,540 15,330 
30.6 18.2 62,550 50,850 38,470 15,000 

Note: I psi~ 7 kN/m 2; l pcf = 0.16 kN/m3• 
au1inR 'Yd= 137 pcf, w/c = 8.1 porc«:nt. 
bUAif11J, 'Yd = 11 s pcf, w/c = 11.S p.irccnt. 
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also predicted subgrade moduli in the range of 
30,000 psi (207 000 kN/m 2 ), which indicates that 
possibly the Olympic subgrade equation is not repre­
sentative of the subgrade soil behavior. 

SEASONAL VARIATIONS OF MATERIAL PROPERTIES 

By referring to Table 4, it is observed that the 
amount of change in the predicted subgrade moduli 
varies between test sites and with time of the year 
(both as one would expect). The subgrade soils at 
the test sites were generally coarse-grained (Olym­
pic, Wenatchee, and Deschutes) and hence (as the 
predictions show) vary only small to modest amounts 
throughout the year. Based on the PSAD2A-predicted 
moduli, the percentage differences given in Table 6 
were found for the four test sites. As shown in 
Table 6, the fine-grained subgrade at the Willamette 
test site varied by 40 to 50 percent during the 
data-collection period. Thus, a road structure de­
signed without consideration of such variation could 
be easily underdesigned. However, the modest sub­
grade variations at the other test sites were much 
lower, primarily becaus e of more granular gradation 
of the subgrade soils. 

Table 4 also reveals another interesting observa­
tion: The critical (or weakest) period for the Des­
chutes test site did not occur in the early spring 
but in November (however, the moduli variations from 
that test site are low). Further, the critical pe­
riod for the remaining test s i tes ranged from Febru­
ary through May. This is quite reasonable given that 
the frost penetration at all of the test sites was 
minor. Thus , the predicted moduli are primarily a 
function of rainfall, not of the formation and sub­
sequent thawing of ice lenses in frost-susceptible 
soils. 

SUMMARY AND CONCLUSIONS 

Seasonal variations in pavement strength caused by 
environmental conditions pose difficult problems. 
These variations can cause deterioration of the 
pavement structure, which results in maintenance, 
rehabilitation, and higher user costs. This study 
was undertaken to evaluate the effect of seasonal 
variations on pavement stiffness and strength and to 
develop a method to predict seasonal changes in mod­
ulus from easily measured field data. 

To accomplish these goals, four USFS roads were 
chosen to be monitored over an 18-month period be­
ginning in January 1981 (two in Washington and two 
in Oregon) • Surface deflections were measured by 
using a Dynaflect and Benkelman beam, subgrade mois­
ture content was measured by using Soiltest mois­
ture-temperature cells, and weather data were col­
lected from nearby weather stations. In addition 
soil samples and pavement cores were obtained and 
subjected to resilient modulus testing. 

TWO major relationships were explored: 

1. Prediction of subgrade resilient modulus from 
soil moisture content and 

2. Prediction of subgrade resilient modulus from 
measured surface deflections. 

Predicting subgrade modulus from soil moisture con­
tent was accomplished through the use of regression 
equations developed from the laboratory resilient 
modulus testing. In the equations resilient modulus 
is a function of soil moisture content, dry density, 
and bulk or deviator stress. 

To predict subgrade modulus from measured deflec-

TABLE 6 Percentage Differences for Moduli at Four 
Test Sites 

Site 

Olympic 
Wenatchee 
Deschutes 
Willamette 

Percentage Differences 

Between Maximum 
and Minimum Values 

27 
25 
168 

54 

3First observation not used. 

Between Mean and 
Minimum Values 

13 
15 
9 

43 
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tions, three analysis methods were chosen. TWO were 
c o mputer programs , PSAD2A and BISDEF, and the third, 
a ha nd-calculation me thod , was the dual parametric 
approach. PSAD2A was used to analyze the Benkelman 
beam data and BISDEF and the dual parametric ap­
proach were used to analyze the Dynaflect data be­
cause they use deflection basins. 

In addition to predicting modulus, percentage 
changes in modulus over time were calculated to de­
termine seasonal variations in pavement strength for 
the four test sites. 

The following conclusions are appropriate: 

1. The regression equations (based on moisture 
content, soil dry density, and bulk or deviator 
stress) developed from laboratory resilient modulus 
data can be used to reasonably predict subgrade and 
base-course resilient modulus. 

2. The dual parametric approach is an easy-to­
use and accurate method of predicting subgrade mod­
ulus by using Dynaflect data. The method, however, 
needs to be extended to accommodate subgrade modulus 
values below 7,500 psi. 

3. Fine-grained subgrade soils exhibit larger 
variat i ons in resilient modulus throughout the year 
than do the more granular subgrade soils encountered 
in this study. 

4. When frost penetration into the pavement 
structure is minimal, variation in modulus is pri­
marily a function of rainfall and the minimum modu­
lus for the year does not necessarily occur during 
the spring. 
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Stresses in Full-Depth Granular Pavements 

S.R. DODDIHAL and B.B. PANDEY 

ABSTRACT 

Highway pavements for moderate to low-vol­
ume traffic often consist of gr,.nnl"r 
materials topped with thin bituminous sur­
facing . The particulate bases transfer the 
stresses to the underlying layer by grain­
to-grain interaction and cannot resist ten­
sile stresses. The usual analysis of multi­
layer pavements requires the granular 
layers to possess tensile strength. A fi­
nite-element solution is presented for de­
termination of stresses in pavements made 
up of full-depth granular layers. In this 
method the tensile stresses computed in the 
elements of the granular material by the 
elastic approach are eliminated during each 
iteration until the solution converges . The 
vertical stresses on the subgrade are found 
to be significantly higher than those ob­
tained from linear-elastic analys i s. 

Design of highway and airfield pavements involves 
selection of materials and determination of the 
thickness of various layers that should be used in 
pavement construction so that the pavement layers 
are stable and carry the traffic during the design 
period without any major maintenance. Highway pave­
ments in India and elsewhere for moderate to low­
volume traffic consist essentially of granular ma­
terials in the form of water-bound macadam or 
crushed rock with thin bituminous surfacing. The 
pavements in such cases are practically full-depth 
granular construction if the strength of the thin 

bituminous surfacing is ignored. Analysis of such 
pavements requires special consideration because of 
the particulate nature of the materials and the ab­
sence of confinement for want of a thick bituminous 

Various organizations have developed computer 
p rogr a ms such as BISAR (1), CHEVRON (2), ELSYM 5 
(3), a nd so on, based on mul tilayer elastic theor y , 

which r equires the granular ma t e r ials to withs t a nd 
tensile stresses. Materials like crushed rock or 
wate r-bound macadam have lit tle or no strength in 
t ens ion. The little tensile strength that they may 
have is bec a.use o f t he inter l oc k i ng a.nd the inter­
granular friction. Hence the linear or nonlinear 
elastic analyses used by different researchers re­
quire modification to account for the limited ten­
sile strength of granular layers of flexible pave­
ments. 

Some of the design procedures ( 4-6) assign defi­
ni te va lues of elastic moduli to the- granular bases 
depending on the thickness of the layers, and the 
pavement is analyzed as an elastic-layered system. 
The maximum tensile strain in asphalt concrete and 
the vertical stress or strain on the subgrade are 
evaluated in order to ensure the safety of the pave­
ment from fatigue and rutting, respec tively. 

In this paper the development of an analy tical 
method for estima ting stresses in full-depth granu­
lar pavements is desc ribed that takes into account 
the limited tensile strength of granular materials. 

DEVELOPMENT OF COMPUTER PROGRAM 

A finite-element technique has been adopted to de­
velop computer programs for calculation of stresses 
in granular pavements. A program designated EPAVE 
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was first developed for elastic analysis of a lay­
ered pavement. This formed the basis for development 
of computer programs that considered the no-tension 
nature of the granular layers. EPAVE was subsequent­
ly modified to account for the low tensile strength 
of granular materials and the modified program was 
termed NPAVE. When the results of NPAVE were com­
pared with experimental values for full-depth granu­
lar pavements the NPAVE program was further refined, 
and the new program for the full-depth granular 
pavements was named MPAVE. 

EPAVE Program 

For developing this basic program, a layered system 
is idealized as an axisymmetric solid with finite 
boundaries in both radial and vertical directions. 
Nodal points on the vertical boundaries at the cen­
ter line and at a distance of 12 radii from the cen­
ter have been constrained from radial movement and 
those on the bottom boundary were not allowed to 
move in either the vertical or the horizontal direc­
tion. The bottom boundary has been fixed at a depth 
of 18 radii in the case of elastic half-space analy­
sis and at a depth of 50 radii for layered pavements 
as suggested by Duncan et al. (2). The axisymmetry 
body has been divided into a set of 360 triangular 
ring elements. Meshes ace closer near the axis of 
symmetry, and they have been g c adually widened to­
ward the boundaries as shown in Figure 1. The dis­
placements within an element are represented by lin­
ear polynomials and one-point integration has been 
used for finding the stiffness of each element. The 
global stiffness of the system is banded ·and sym­
metric and the nodal displacements are obtained by a 
modified Gaussian elimination technique to suit the 
storage of the stiffness in half-band form. The 
analysis has been carried out for a single wheel 
load of 40 131 N (9,000 lb) distributed over a cir­
cular area with a tire pressure of 0.55 MPa (80 psi) 
by using a consistent load vector. The stresses cal­
culated by this program agree well with those ob­
tained from elastic half-space analysis (8) as shown 
in Figure 2 and indicate the validity of-the formu­
lation. Poisson's ratio has been taken as 0.35 for 
all the layers. 

NPAVE Program 

The elastic analysis invariably exhibits tensile 
stresses in unbound granular layers, which they can­
not resist. These tensile stresses are eliminated by 
adopting the following steps based on the principle 
of stress transfer developed by Zienkiewicz et al. 
<.~>: 

1. Elastic analysis is carried out. 
2. Principal stresses (01, 02, 03) at the cen­

troid of each element in granular layers are calcu­
lated by using the formulas given as follows: 

a,,a2; [(az + a,)/2] ±{[Caz -a,)/2) 2 + r;z }I' (I) 

(2) 

where 01, 02, and o 3 are the principal stresses at 
the centroid of each element and Oz• Or • o 9 , and Trz 
are, respectively, vertical, radial , tangential , and 
shear stresses at the centroid of each element. 

3. The angles of inclination (9) of principal 
planes are determined. 

4. Principal tensile and compressive stresses 
are identified. 
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FIGURE I Finite-element idealization of pavement_ 
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5. A nominal stress of o. 0055 MPa (0. 80 psi) 
equal to 1 percent of the applied surface pressure 
is taken as the limiting tensile strength of granu­
lar materials. 

6. If the principal tensile stresses are greater 
than the limiting value, stresses (oz, or, 
Trz• o 0) necessary on the elements to cause 
only principal tensile stresses are calculated from 
the following: 

(3) 

(4) 

(5) 

(6) 

7. The nodal forces {qe} required to develop 
stresses oz, or, o0 , and •rz calculated in step 6 are 
found by using the following equation: 

{q•} ;J[B]T {a} d (vol) (7) 

where 
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{o} 

vol 

transpose of strain matrix of an 
element, 
stress vector at the centroid of the 
element, and 
volume of the element. 

8. The nodal forces obtained in step 7 are as­
sembled to obtain the global load vector. 

9. The stresses Ozr orr Trz• a nd o 0 necessary on 
the elements to develop only pr i ncipal compressive 
stresses are calculated. 

10. Once again the elastic analysis is carried 
out with the load vector calculated in step B. 

11. The stresses obtained in step 10 are added to 
the stress found in step 9 and strains obtained in 
step 10 are added to those of the previous elastic 
analysis. 

12. Steps 2 to 11 are repeated until the tensile 
stresses in the granular layer become equal to or 
less than 0.0055 MPa. 

It is observed that for E 2/E 3 = 2 and H2/A = 5, 
convergence occurred within four cycles, whereas for 
E2/E3 20, H2/A = 2, six cycles were required 
for convergence. The la1:ger the tensile stresses 
computed by the elastic analysis, the greater is the 
number of iterations for convergence. 

NPAVE RESULTS 

Full-depth granular pavements have been analyzed for 
thicknesses ranging from two to five times the 
r adius of t he loaded a rea and modular r a tio s r a ng i ng 
f r om 2 to 20 . The vertica l stresses on the t op of 
the subg rad e e stima t ed by t he EPAVE and Nl'AVE p ro­
g rams are give n i n Table l . It is s ee n t hat t he no­
tension analysis (NPAVE) gives higher vertical 
stresse s than the correspondi ng elastic analysis 
(EPAVE). In order to c hec k t he validi t y o f t he anal ­
ys is , the measured values o f stresses by McMa ho n and 
Yoder (10), Kha nna and Mathur (11), and De (12) have 
be en compared with those predicted by the programs 
EPA VE and ?iH?!'&VE and w~e QhV1oii"1 iii Tables 2, 3, and 4. 
To compare the results of McMahon and Yoder (10) , 
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t he modula r ratio has been computed by using thP. 
equatio n given by Edwards and Val kering (13) because 
t hese bases were made up o f c rushed limestone well 
compacted by a gasoline-powered vibrator. The modu­
lar-ratio equation is given as follows: 

where E2 and E3 are the elastic moduli of the 
granular base and the subgrade, respectively, and 
H2 is the th i ckness of the granular layer in mil ­
limeters. 

The formula for computation of the modular ratio 
given by Dorman a nd Metcalf <.!ii has been adopted 
for comparing exper imental r e sul ts of Khanna and 
Mathur (!!) and De (12), who used open-graded granu­
lar mate r ials during their experime nts . In the model 
tests reported by Khanna and Mathur, 25-mm (1-in.) 
aggregates were evenly spread to a loose depth of 
100 mm (4 in.) in a tank 1.22 x 1.22 m (4 x 4 ft), 
and the layer was compacted dry. Subsequently 12.5-
mm (0.49-in.) aggrega t e and moorum with 75 percent 
sand were added in stages and compacted first in the 
dry condition and then after the surface had been 
wet with wate r. The compacted depth was 75 mm (3 
in.) • Various layers were cons tructed in multiples 
of 75 mm. The granular layers in De's model experi­
ments consis t ed of aggregates that passed through 
the foll o wing sieve sizes : 19, 12.5, 9.5, 4.76, and 
2.36 mm (3/4, 1/2, l/B in. and No. 4 and No. 8). The 
percent passing was 100, 93, 88, 50, and O, respec­
tively. The modular-ratio formula is taken as fol­
lows: 

(9) 

The validity of these approaches will be examined 
later in this paper. 

Although the stresses obtained by the NPAVE 
program are higher than those computed by the EPAVE 
program, they are still significantly lower than the 
measured values. Hence the NPAVE program requires 
further modification to take into account the 
load-spreading behavior of granular materials. 

From the pressure distribution diagrams obtained 

TABLE 1 Vertical Stresses on Top of Subgrade 

Vertical Stresses(% compression) 

Thickness of Base E2/E3 = 2 E2/E3 = 10 E2/E3 = 20 
Course (1atlii) 

Slab No. (H2/A) EPA VE NP AVE EPA VE NP AVE EPA VE NP AVE 

1 2.0 16.75 19.00 10.50 13.75 5.50 9.00 
2 3 ,0 9.75 11.00 5.50 6.25 2.50 3.25 
3 5.0 3.00 3.25 2.25 2.50 1.25 1.25 

Nole: A = radius of loaded area = 152 .4 mm (6 ln .); Hz/A= thickness of granular layer 1n radii; E2/E3 =ratio of the 
moduli of the granular layer and the sub8tl'ldf:!, 

TABLE 2 Comparison of Measured and Predicted Values of Vertical Stresses on Top of Subgrade: 
Results of McMahon and Yoder (10) 

Vertical Stresses(% compression) 
Plate Diameter 

E1/E3 Slab and Base Thick- McMahon and Elastic Half-Space 
No. ness (mm) H2 /A (0.58H~.4S) Yoder ( 1 OJ NPAVE EPA VE Analysis• 

1 182.6 and 10 l.6 1.113 4 .64 51.0 52.03 44 .57 60.00 
2 182.6 and 203.2 2.226 6.34 17.0 12.97 11 .63 23 .74 
3 182.6 and 304.8 3.339 7.61 12.5 5.76 5.32 12.60 
4 304.8 and 203.2 1.330 6.34 38.0 33.66 28 .61 48 .80 
5 304.8 and 304.8 2.000 7.61 26.0 14.86 12.87 28.45 
6 457 .2 and 304.8 1.330 7.61 38.0 31.59 26.01 48.80 

Note: 1 mm= 0.04 in. 
•E2/E3: 1. 
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TABLE 3 Comparison of Measured and Predicted Values of Vertical Stresses on Top of Subgrade: 
Results of Khanna and Mathur (11) 

Slab 
No . 

I 
2 

Plate Diameter 
and Base Thick­
ness (mm) 

152.4 and 152.4 
152.4 and 228.6 

Note: l mm = 0.04 in. 

•E2/E3 = 1. 

2.00 
3.00 

E1/E3 
(0.2Hg.4s) 

2.000 
2.305 

Vertical Stresses (% compression) 

Khanna and 
Mathur (11) 

38 .00 
20.00 

NPAVE EPAVE 

20.37 13.75 
9.22 8.32 

Elastic Half-Space 
Analysis" 

28.45 
14.62 

TABLE 4 Comparison of Measured and Predicted Values of Vertical Stresses on Top of Subgrade: 
Results of De (1 2) 

Plate Diameter 
Slab and Base Thick- E1/E3 
No . ness (mm) H2/A (0.2Hg.4s) 

I 330.2 and 304.8 l.846 2.623 
2 228.6 and 228.6 2.000 2.305 
3 152.4 and 228.6 3.000 2.305 

Note: 1 mm= 0.04 jn. 

•E2/E3 = I. 

by Herner (!.a) , Khanna and Ma thur (111 , and De (:!£) , 
it is observed that the stress distribution in g ran­
ular layers is confined to certain zones only. In 
the usual finite-element idealization all the ele­
ments up to 12 radii or more in the radial direction 
are considered for load transfer to the lower lay­
ers. It is seen from Figure 3 that the vertical 
pressure distribution on the subgrade due to the ap­
plied loads on the surface of the granular layers is 
confined within a zone formed by 45-degree lines, 
and hence the elements outside the zone do not par­
ticipate in the stress distribution. They have been 
assigned a modular ratio one-tenth of their values 
in the NPAVE program. This makes the boundary of the 
zone nearly free and it simulates the stress dis­
tribution condition illustrated in Figure 3. This 
method of stiffness reduction is adopted so that the 
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FIGURE 3 Stress distribution in granular bases. 

Vertical Stresses (% compression) 

Elastic Half-Space 
De (12) NP AVE EPA VE Analysis" 

28 .80 23.24 20.28 32.63 
34.00 20.37 17.72 28.45 
20.00 9.22 8.32 14.62 

same NPAVE program can be used with a little modifi­
cation in this case. The modified NPAVE program is 
termed MPAVE. 

MPAVE RESULTS 

Figures 4, 5, and 6 give the results of some full­
depth granular pavements for both the EPAVE and the 
MPAVE programs. Because the vertical stress on the 
subgrade is a major factor to be considered in the 
design of such pavements, the values of the vertical 
stresses on the top of the subgrade are shown in 
Figure 7 for various modular ratios and pavement 
thicknesses for the EPAVE, NPAVE, and MPAVE 
programs. It may be seen that when H2/A is equal 
to or greater than 5, all the analyses give the same 
results. 

COMPARISON OF MPAVE STRESSES WITH MEASURED VALUES 

The stresses measured by McMahon and Yoder (10) were 
compared with those estimated by the MPAVE program 
and are given in Table 5. For the comparison, the 
modular ratio given by Equation 8 has been used. 

VERTICAL STRESS IN PERCENT 
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FIGURE 4 Vertical stress versus depth below surface for 
H2/A = 2, E2/E3 = 2. 
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VERTICAL STRESS IN PERCENT 

0 or----'1~0~---=,'o::::J:o:::4:o:::~G~o:;;;&~o;;;;;;;;r~o;;;;a~o~~9~0"""'"°'1· u 
Table 5 shows clearly how the stresses on the sub­
grade i ncreas e as the p r og r am is improved by the 
considera t ion of the par tic ulate nature of the base 
courses. The stresses predicted by MPAVE ag r ee rea­
sonably well wit h those measured by McMaho n and 
Yoder (10) for rows 1, 2, 4, and 6, but the results 
in rows3 and 5 deviate considerably from the mea­
sured values. However, it may be seen that McMahon 
and Yoder's results in rows 3 and 5 are close to the 
elastic half-space solution (E2/E1 1) given 
for those rows in the l as t column of Table 5. This 
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indicates that the granular material was not effec­
tive in r educing ver tica l s t r ess on the subgrade , 
proba bly bec ause of lac.k of proper grading or poor 
compaction o r both. 

Stresses measured by Khanna and Mathur ( 11) and 
by De (g) are compared with those predicted by 
MPAVE and elastic half-space analysis. The compari­
son is shown in Tables 6 and 7. For these cases 
Equation 9 is used for modular-ratio calculation. 
Mea sured values by Khanna a nd Mathu r (11 ) ar e con­
siderabl y higher t han those pred i c ted b~the e l astic 
half- s pace soluti·o n (Ez/E3 3-), wh ich ind ica t e s 
t ha t the base cour s e was of poor quality . The stress 
predicted by MPAVE nearly agrees with that measured 
by De in row 1, but other results deviate consider­
ably from the measured values. Howe ve r, it may be 
seen that the measured values in r ows 2 and 3 are 
much higher than those predicted by the elastic 
half-space solution. This i nd icates that the granu­
lar layers had no s trengtheni ng effect because of 
lack of grading or improper compaction or both. 

It is thus generally found that the vertical 
stresses on the top of the subgrade predicted by the 
MPAVE program are reasonably close to the experimen­
tal values for the base courses that are well graded 
and properly compacted. 

It may be noted that the computation has been 
done with the assumption that the load is un iformly 
distributed over a ci rcle, whereas e xperime n tal re­
sults were obtained from rigid-plate tests. But the 
numerous tests by Herner (15) on granular bases of 
various thicknesses indicated that thP. v<>rt.i,,,,.1 
pressure transmitted to the subgrades from the loads 
applied on the bases by rigid plates or by pneumatic 
tires are nearly the same, except for the tests on 
thin bases. In such cases the stress distribution 
curves from rigid-plate loading are a little flatter 
than those obtained from pneumatic-tire loading. 

0 2 6 8 10 12 14 16 18 20 

The measured values of vertical subgrade stress 
for the thinnest base layer in slab 1 of Table 5 are 
lower than the MPAVE or NPAVE values. On the basis 
of Herner's test results (15) discussed earlier, the 
experimental results of McMahon and Yoder (!Q) for 
the thin layer would have been still closer to those 
predicted by the MPAVE program if the load had been 
applied by pneumatic tires. The comparison of the 
theoretical values with experimental results sub­
stantiates the validity of the theory within reason­
able engineering accuracy in spite of unavoidable 
experimental errors in pressure measurement in the 

MODULAR RATIO Ez1 E3 

FIGURE 7 Subgrade stresses for granular pavements. 

TABLE 5 Comparison of Experimental Results of McMahon and Yoder {10) with Computed Results 

Vertical Stresses(% compression) 
Plate Diameter 

E2/E3 Slab and Base Thick- McMahon and Elastic Half-Space 
No . ness (mm) H2 /A (0 .58H~.4S) Yoder (J OJ EPA VE NPAVE MP AVE Analysis 

1 182.6 and 101.6 1.113 4 .64 51.00 44.57 52.03 55 .42 60.00 
2 182.6 and 203.2 2.226 6.34 17.00 11.63 12.97 15.22 23.74 
3 182.6 and 304.8 3.339 7.61 12.50 5.32 5.76 7.04 12.60 
4 304.8 and 203.2 1.330 6.34 38.00 28.61 33.66 37.28 48.80 
5 304.8 and 304.8 2.000 7.61 26.00 12.87 14.86 17.18 28.45 
6 457 .2 and 304.8 1.330 7.61 38.00 26.01 31.59 34.94 48 .80 

Note: 1 mm= 0.04 in. 
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subgrade. McMahon and Yoder (10) have found the ex­
perimental errors to be withi0-5 percent of the ac­
tual values in clay soil. 

VALIDITY OF DIFFERENT PROCEDURES 

The measured values of stresses obtained by McMahon 
and Yoder (10) for well-compacted granular bases 
have been compared with those calculated by MPAVE by 
using modular ratios given by Equations B and 91 
they are given in Table B. It may be seen from col­
umns 4, 5, and 6 of Table B that the vertical 
stresses on the subgrade by using the modular-rat i o 
formula of Edwards and Valkering (13) are generally 
closer to the measured values th.an those computed by 
using Equation 9. Modular-ratio values given by 
others (5,16) generally give vertical stress values 
intermediate between those in columns 5 and 6. As 
mentioned earlier, the experimental values of Mc­
Mahon and Yoder ( 10) in rows 3 and 5 are close to 
elastic half-space~nalysis, and this indicates that 
the bases were poorly constructed. The stresses com­
puted with the modular ratio given by Dormon and 
Metcalf (14) for bases in rows 3 and 5 are closer to 
the measured values, whereas those computed by using 
the modular ratios given by Edwards and Valkering 
(13) are much lower. Hence the modular ratios given 
byDormon and Metcalf (14) are suitable for poorly 
graded base courses like the water-bound macadam so 
commonly used in India. If a good computing facility 
is not available, elastic half-space analysis for 
full-depth granular pavements similar to water-bound 
macadam may be carried out to obtain a reasonable 
estimate of the vertical stress on the top of the 
subgrade . 
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CONCLUSION 

The stresses and strains predicted by the EPAVE pro­
gram agree with those obtained by elastic half-space 
analysis. The values of the vertical stresses on the 
top of the subgrade predicted by the NPAVE program 
are higher than those predicted by the EPAVE pro­
gram. The maximum increase in vertical stress on the 
top of the subgrade is 63. 6 percent for a pavement 
with H2/A = 2.0 and E2/E3 = 20. The difference in the 
vertical stress est imated by the p rogra·ms decreases 
with greater base-course thickness, and little dif­
ference is observed if the thickness of the granular 
layer is equal to or greater than five times t he 
radius of the loaded area. 

Measured vertical stresses on the top of the sub­
grade agree well with those predicted by MPAVE ex­
cept for the cases in which the measured values are 
nearer or higher than those predicted by elastic 
half-space analysis. The measured values closer to 
or higher than the Boussinesq solution indicate that 
the grading or compaction or both of base courses 
are poor and there is no significant strengthening 
effect of the granular layer. 

The modular-ratio equation given by F.dwards and 
Valkering (13) is suitable for well-graded and prop­
erly compacted base courses. The values given by 
Dormon and Metcalf (14) appear to be more appropri­
ate for poorly graded-g ranular layers. 

In the absence of a good computing fac i lity elas­
tic half-space analysis may be used for the computa­
tion of vertical stresses on the top of the subgrade 
for full-depth granular pavements in which granular 
materials are open graded. 

TABLE 6 Comparison of Experimental Results by Khanna and Mathur (11) with 
Predict ed Values 

Vertical Stresses(% compression) 
Plate Diameter 

E1/E3 Slab and Base Thick- Khanna and Elastic Half-
No . ness (mm) H1/A (0.2Hg· 45 ) Mathur ( 11) MPAVE Space Analysis 

1 152.4 and 152.4 2.00 2.000 38.00 22.87 28.45 
2 152.4 and 228.6 3.00 2.305 20.00 1 J.12 14.62 

Note: 1 mm= 0.04 in, 

TABLE 7 Comparison of Experimental Results by De (12) with Predicted Values 

Vertical Stresses(% compression) 
Plate Diameter 

E1/E3 Slab and Base Thick- Elastic Half-
No. ness(mm) H1/A (0.2Hg.4s) De (12) MPAVE Space Analysis 

1 330.2 and 304.8 1.846 2.623 28.80 25.47 32.63 
2 228.6 and 228.6 2.000 2.305 34.00 22.52 28.45 
3 152.4 and 228.6 3.000 2.305 20.00 11.12 14.62 

Note: 1 mm= 0.04 in. 

TABLE 8 Measured and Computed Vertical Stresses by Using Modular Ratios Calculated 
by Different Equations 

Vertical Stresses (% compression) 
Plate Diameter 

Slab and Base Thick- McMahon and Dorman and Edwards and Elastic Half-
No. ness (mm) H2 /A Yoder(lO) Metcalf ( 14) Valkering ( 13) Space Analysis 

I 182.6 and 101.6 1.113 51.00 63.41 55 .42 60.00 
2 182.6 and 203.2 2.226 17.00 18.80 15.12 23.74 
3 182.6 and 304.8 3.339 12.50 9_08 7.04 12.60 
4 304.8 and 203.8 1.330 38.00 46 .06 37.28 48.80 
5 304.8 and 304.8 2.000 26.00 22.16 17.18 28.45 
6 457 .2 and 304.8 1.330 38.00 45 ,05 34.94 48.80 

Note: 1 mm = 0.04 in. 
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