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Ki: 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 (Kg) 1is 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 subgrade reaction
(k) , but the value of the former is signifi-
cantly higher. This indicates increased
stiffness in response to rapidly moving
loads. Factors influencing Kg include
plate size, deflection level, and subgrade
type. A 30-in.-diameter plate was chosen in
this study in conformity with general
practice. Equations relating Kp 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 Kp is also examined.
The introduction of a gqranular 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-grade pavements [portland
cement concrete (PCC), high-strength cementitiously
stabilized materials], it is necessary to idealize
the characteristics of the supporting medium. 1In
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 subgrade 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
not 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 (1,3).

In the original version of ILLI-SLAB the modulus
of subgrade reaction (k) based on the plate 1load
test is used for subgrade 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 k) 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-SLAB, various models proposed by others were
reviewed in a study by the U.S. Air Force Office of
Scientific Research (AFOSR) (4). 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 ILLI-PAVE (6), an

axisymmetric, resilient elastic-solid model, to
simulate repeated plate load tests. Equations were
derived relating Kp and deflection. Note that

this is no longer k from the static plate load test
but a modulus characterizing 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:

Er =ople (6]
where

Ep = resilient modulus,

op = repeated deviator stress, and

ey = 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.

Fine-Grained Soils

Two models of stress-dependent behavior have been
proposed for the stress-softening behavior of fine-
grained soils. The arithmetic model is demonstrated



in Figures 1 and 2 [AASHTO A-7-6(36)] and the semi-
log model is shown in Figure 3 [AASHTO A~7-6(36)].
FExtensive resilient laboratory testing, nondestruc-
tive pavement testing, and pavement analysis and
design studies at the University of Tllinois have
indicated that the arithmetic model (Figure 1) is

adeguate for pavement analysis activities.
In the arithmetic model the value of the resil-
ient modulus at the breakpoint in the bilinear curve
is a good indicator of a soil's
(K} and Ky)

resilient
display

(Eri)

behavior. The slope wvalues

Egr

Modulus,

Resilient

Repeated Deviator Stress, o

D

FIGURE 1 Arithmetic model for stress-dependent
resilient behavior of fine-grained soils.

Transportation Research Record 954

less variability and influence pavement structural
response to a smaller degree than Egj. Thompson
and Robnett (b) developed procedures for predicting
the resilient behavior of fine-grained soils based
on soil classification, soil properties, and mois-
ture content. They suggested the following regres-
sion equations relating Egpj with static soil modu-
lus (E) and unconfined compressive strength (q,):

Er;=3.36+19E )
Eg; = 0.86 + 0.307q, (3)
where
Epj = breakpoint resilient modulus (ksi),
E = static modulus of elasticity (ksi), and
qy = unconfined compressive strength (psi).
These correlations indicate that Eg; is substan-

tially greater than a static E.

Granular Materials

In contrast to fine-grained scils, 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:
Eg =Ko" @)

where K and n are experimentally derived factors and
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FIGURE 2 Typical stress-dependent resilient behavior of a fine-grained soil.
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FIGURE 3 Semilog model for stress-dependent resilient behavior of a fine-

grained soil.

6 is the first stress invariant (o3 + 05 +03) . (Note
that 8 = g4 + 204 in a standard triaxial compression
test.,) Figure 4 is an Eg-8 relation for a sandy
gravel [AASHTO A-1-b(0)].

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 1 for several granular materials and
coarse-grained soils.

Other Materials

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

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 BETWEEN Kp AND DEFLECTION

The finite-element program ILLI-PAVE (6) was used to
develop the data (resilient plate load deflections)
required to establish algorithms for Kp and de-
flection. 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 principal stresses in
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FIGURE 4 Resilient modulus versus 6 for a sandy gravel.



TABLE 1 Typical Resilient Property Data (7)

Kk (pei) n?

Granular No. of
Material Data Standard Standard
Type Points Mean  Deviation Mean  Deviation
Silty sand 8 1,620 780 0.62 0.13
Sand-gravel 37 4480 4,300 0.53 0.17
Sand-aggregate

blend 78 4350 2,630 0.59 0.13
Crushed stone 115 7,210 7,490 0.45 0.23

aER = K6" where ER is the resilient modulus (psi} and K,n are experimentally derived
factors from repeated triaxial testing.

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 responses, reported by Raad
and Figueroa (6), Suddath and Thompson (10), Traylor
(11), and Hoffman and Thompson (12), yielded favor-
able results. The ILLI-PAVE approach has been suc-
cessfully used in developing a highway overlay
design procedure for flexible pavement based on non-
destructive-testing data analyses (13) as well as
mechanistic thickness design procedures for second-
ary-road flexible pavements (14) and soil-lime
layers (15).

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 (Eg = 30 x 10° psi). Plate diameters
of 30, 21, and 15 in. were considered for various
plate pressures. For each loading condition, a
resilient (recoverable) deflection was determined
from the ILLI-PAVE analysis. Kp 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 =c
psi (¢ is the subgrade cohesion). Pressures larger
than nc are not of practical interest, because at
higher pressures significant permanent deformation
(rutting) will occur in the subgrade.

Four fine-grained subgrade 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 Ky
versus plate deflection for the various subgrades
are shown in Figures 8 through 11, The subgrades
show a definite softening behavior (reduced Kg)
with increasing pressures. The softening behavior

TABLE 2 Materials Property Summary

Subgrade

Very Gravel
Property Soft Soft Medium  Stiff Subbase
Unit weight (pcf) 1100 1150 1200 1250 1350
Coefficient of earth

pressure at rest 0.82 0.82 0.82 0.82 0.6

Poisson’s ratio 0.45 045 045 045 0.38
Eg; (ksi) 1.00 3.02 7.68 12.34 -
Eg, model (psi)® - - - = 5,0009°-50
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.) 50 100 150 200 -

aE, = Ko" (Eg, K, and 0 in psi).
bstandard modulus of subgrade reaction.
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FIGURE 5 Subgrade soil material models for ILLI-PAVE
analyses.

is most pronounced for the soft subgrade (Figure 9),
where Kp at a pressure of gc is approximately 60
percent of K at 2 psi. For a given plate pres-
sure and subgrade type, a decrease in plate size re-
sults in a stiffer plate response (Kp increases).

ALGORITHM DEVELOPMENT

A recent study by AFOSR at the University of 1Illi-
nois (4) indicated that an empirical relation of
plate pressure versus deflection proposed by Butter-
field and Georgiadis (16) 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 (kg), and a pressure-
axls intercept (q,) (Figure 12). The form of the
equation is as follows:

q=qy {1 -exp [~(kn = ke) (W/a,)] } +kew ©)

where w is plate deflection. The equation was modi-
fied for presenting the ILLI-PAVE data for plate
pressure versus resilient dicplacement. A nor-
malized deflection parameter (w/DY) was substi-
tuted into the equation for w, where D, represents
the deflection at a plate pressure of g7c psi. The
resulting equation is as follows:

p=As (1 -exp {~A; [W/D,) - As1}) + Aq [W/Dy) - Ag] +2 ©
where

P = plate pressure,

Dy = deflection factor for a given sub-
grade type (very soft, soft, medium,
stiff), and

Ay ,Ay,... = subgrade constants.
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FIGURE 7 Plate pressure versus resilient displacement for stiff and soft

subgrades.

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

Kg = (1/w) [AI (1 - exp{-A, [(w/D,) - A3} }) + Aq [wDy)
- 31+

=As /Dy if (w/Dy) < A3 Q)

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 subgrade resilient modulus
versus stress level (see Figure 5), Kr is assumed
to be a constant for pressures less than 2 psi.

Note that Ky 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 Egj and static E.
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FIGURE 8 Kg versus deflection for various plate sizes (very soft subgrade).
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FIGURE 9 Kg versus deflection for various plate sizes (soft subgrade).

SUBBASE EFFECTS

Effect of Granular Subbase

A layer of granular material is frequently used as a
subbase in PCC pavement construction. The struc-
tural contribution of the granular layer is general-
ly acknowledged by assigning an increased design k
to the combination of granular layer and subgrade

(18-20) .

Additional plate load tests employing a 30-in.-
diameter plate on a granular subbase and subgrade
soil support system were also simulated by using
ILLI-PAVE. The properties of the granular subbase
(gravel) are listed in Table 2. Three different
granular subbase thicknesses (8, 16, and 24 in.)
were considered. The applied plate pressure was 2c.
Figure 13 shows the effect of granular layer thick-
ness on Kp 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
SEE® of Variation
Subgrade A, Ay Aj Agq As Dy R? (psifin.) (%)
Very soft 15.0 0.80 0.1680 062 119 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 14
Stiff 5.0 5.30 0.0282 45.90 0 0.0707 0.995 13.9 1.5

aCorrelation coefficient,
bstandard error of estimate.



q, Subgrade Reaction

w, Displacement
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subbase up to 8 in. thick has a pronounced benefi-
cial effect on Kz. For greater thicknesses of
subbase, the effect on Kp 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 Kp 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 psi. 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 and 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 (l8,19) and the Federal Aviation Admin-
istration (20).

The ILLI-SLAB program, on the other hand, con-
siders the stabilized subbase as a flexural subbase
beneath the PCC layer. This is a more desirable
procedure than using an increased 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 (Kg) 1is 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 units 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 Kp include plate size, de-
flection level, and subgrade type. A 30-in.-diameter
plate was chosen in this study in conformity with
general practice. Equations relating Kr and de-
flection level were developed for four broad cohe-
sive subgrade soil types: very soft, soft, medium,
and stiff. The effect of a granular subbase on Ky
was also examined. The introduction of a granular
layer increases Kp substantially. The importance
of Lhis effect, however, diminishes rapidly as sub-
base thickness exceeds 8 in. The beneficial effect
of a granular subbase is consistent over the range
of plate pressures investigated (¢, 2c, and wc
psi).
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Finite-Element Model with Stress-Dependent Support

A.M. IOANNIDES, E.J. BARENBERG, and M.R. 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 these is
the incorporation through an iterative pro-
cedure of the deflection-dependent resilient
modulus of subgrade reaction (Kg). This
parameter is considered more appropriate in
modeling nonlinear subgrade response to
rapidly moving loads. Other changes include
generation of contour plots of system re-
sponse, introduction of 1lines 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 Kp compared with the com-
monly used static k.

The determination of stresses and deflections in
slab-on-grade pavements with Jjoints or cracks or
both has been a subject of major concern for several
years. For many pavement structures it has been
virtually impossible teo 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-
plex structural problems has been greatly facili-
tated. One of the most powerful methods that has
evolved is the finitc-eclement method. This method
of analysis is widely accepted as applicable 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 characteriza-
ticn theories, the subgrade is regarded as a flex-
ible 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 (1,2) 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 subgrade 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 ILLI-SLAB (1), the
modulus of subgrade reaction (k) obtained from the
plate load test is used for subgrade characteriza-
tion. This is in conformity with general engineer-
ing practice. weveral other finite-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 1level, being essentially a
linear, low-stress modulus. Most subbase-subgrade

support systcma, however, display 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 (Kg) was
introduced in a U.S. Rir Force Office 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-grained soils.

In this paper a description is given of how the
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deflection~dependent support relations are 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.

ILLI-SLAB

ILLI-SLAB was developed at the University of 11li-
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
(1,2). 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. It 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

1. 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;

5. 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 Definition

The general expression for the relation between Ky
and w as developed in this study (30-in.-diameter
plate) is (8)

Kr = (1/w) [ A1 (1 -exp{-Az (/D)) - Al } ) + Aq [(w/Dy)
-As] +2)

=As/Dy  if(wW/Dy) < Az ®
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where A;, Ay, A3, A4, Ag, and D
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:

are regression pa-

1. Very soft (Kz = 300 psi/in.),
2. Soft (Kg = 425 psi/in.),

3. Medium (Kz = 725 psi/in.), and
4. Stiff (Kg = 1,000 psi/in.).

The figures in parentheses are recommended initial
(small-deflection) 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 Ky versus w.

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

3. Springs: 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 (Kg) corresponding to calculated deflec~
tions with previously assumed or determined values,
is used in the modified version of ILLI-SLAB. New
support values are assigned for each subsequent
iteration 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 addition-
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 iterations desired. Usually three itera-
tions are sufficient; a value of ITMAX = 6 is recom-
mended.

2. TOLl:

Convergence tolerance for updated Ky
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 TOL1 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.

Contouring Capability

During a study conducted in summer 1981, the facil-
ity to generate contours of stresses and deflections
was incorporated into the ILLI-SLAB package (4).
This was done through auxiliary program CONT, which
accepts ILLI-SLAB results as input data. Subroutine
CONTOUR in this auxiliary program passes these re-
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sults to a number of subroutines developed at the
National Center for Atmospheric Research (NCAR). The
software uocd in these subioulines has been devel-
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 ILLI-SLAB is CONRAN.
CONRAN, the standard version, plots contour lines by
using random, sparse, or irregular data sets; adds
line labeling and contour dash patterns; and plots
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

CONT@AURS @F DEFLECTIBN- SLAB 1
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of the numerical solution is desired or when several
slabs are used, faces the possibility of exceeding
machine memory core capacity. This problem has been
addressed by the introduction of the capability to
take advantage of any symmetry lines that may exist.
In the modified ILLI-SLAB version, the user has the
following options:

1. No lines of symmetry exist (ISYM = 0),

2. The x-axis 1s a line of symmetry (ISYM = 1)

3. The y-axis is a line of symmetry (ISYM =
and

4., The x- and y-axes are both axes of symmetry
(ISYM = 3).

2,

Care was taken to introduce these options without
imposition 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. 1In the
new version of ILLI-SLAB, the various options re-
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FIGURE 1 Typical contour plots.
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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 of the major advantages of ILLI-SLAB over other
available programs is that the Winkler-type founda-
tion is no longer modeled by four concentrated
springs at the corners of each slab element. Through
an eguivalent 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 (1) follows the same steps as
the ones presented by Dawe (1l1), who first derived
this matrix. In Dawe's equivalent mass formulation,
the product of mass per unit area and plate thick-
ness (ph) replaces the subgrade modulus k (or
Kg) . Similar derivations using different sign
conventions are also presented by Przemieniecki (13)
and Zienkiewicz (10).

The subgrade stiffness matrix used in ILLI-SLAB
was compared with each of the matrices presented in
these publications, which were further compared with
each other, with due allowance for differences in
sign convention. The original formulation of the
stiffness matrix in ILLI-SLAB (1) was thereby cor-
rected. For earlier users of the program, the cor-
rections in the stiffness 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 Terms of
Global Coordinates

In the original version of ILLI-SLAB, input data
gpecifying loaded area or areas had to be in terms
of local (element) coordinates. In this sytem the
origin is set at the lower left corner of each
element and the axes 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 fineness of
the mesh used, each loaded area (such as a wheel im-
print) might 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 subarea in terms of the
local element coordinate system., 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,
especially when it was used, as it was, with the
fixed-form input format, a large portion of all
problems encountered by ILLI-SLAB users was related
to specifying loading pattern data. 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 1left 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 free-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 (14-16). 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 POIO 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 facili-
tate debugging the input data file and are particu-
larly useful to new users of ILLI-SLAB.

Miscellaneous Changes

In addition to providing a user-oriented input data
capability, it is 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 carriage control characters, elimina-
tion of unnecessary lines of output, and replacement
of these by other meaningful output information.
The changes incorporated in the revised version of
ILLI-SLAB are aimed at providing a well-organized,
clear echo of the input file so that the parameters
and loading conditions used can be easily checked as
well as at giving the user a neat, usable output.
Of great interest 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 thec output.

A second group of changes involved the elimina-
tion of several code errors ("bugs") that were re-
vealed by numercus error checks. Comparisons with
FINITE show that at least the major routines of
ILLI-SLAB, such 2: stiffness matrix assembly, inver-
sion, and solutioc.. 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 m~:difications described earlier, a
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number of demonstration runs are presented. Two
typical pavement cross sections are considered in
this investigation. Thc first is a 10-in. 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 highway 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 10°® psi. This pavement
consists of panels 15 ft by 12 ft and is typical of
pavements proposed for the U.S. Air Force (USAF)
alternate launch and recovery surface (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, and the F~11l. A
typical soft subgrade is assumed with two alterna-
tive characterizations. The first is the conven-
tional static subgrade modulus (k), which was
assigned a value of 120 to 150 psi/in. by using the
WINKLER option in ILLI-SLAB. The second is the pro-
posed resilient modulus (Kg), which was set at 425
psi/in. by using the SOFT option. Associated with
the latter opinion is stress dependence, provided by
the iterative scheme in ILLI-SLAB.

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 investigate the impact of load transfer systems,
load transfer by aggregate interlock was provided in
some runs and these are compared with those in which
only one panel was used., It was intended to inves-
tigate the two extreme cases, that of 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 10° was specified, producing LTEs between 97
and 99 percent.

Under conditions of full load transfer, maximum
deflection is reduced to half its value for the con-
dition of no load transfer. The effect of load
transfer on maximum bending stress is shown as a
stress ratio in Table 1, which indicates that full-
load-transfer stress is about 0.6 times the no-load-
transfer stress. It is also observed that the pro-
posed change to a resilient modulus subgrade
characterization has only a minor effect in this

TABLE 1 Effect of Load Transfer

Pavement Loading Subgrade Stress Ratio?
PCC 9kip k = 150 psi/in. 061
SOFT 0.63
F4 k = 150 psifin. 061
SOFT 0.62
C-130 SOFT 0.62
ALRS F4 k = 120 psi/in. 0.59
SOFT 061
C-130 SOFT 0.62

Note: All runs are for edgedonding condition. PCC = portland cement
conerete; ALRS = alternate launch and recovery surface.

TStress ratlo = oqax for LTE = 100 pereent divided by aypay for LTE = 0,
where LTE = load transfer efficiency (deflection across joint on unloaded
side divided by maximum deflection along joint on loaded side). The cor-
responding deflection ratio Is 0,50 for LTE = 100 percent. All compari-
sons are for the first iteration,
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respect. As expected, LTE is more pronounced (al-
beit only slightly) in the case of the less stiff
ALRS pavement.

Effect of Resilient Modulus 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 subgrade in finite-element programs
like ILLI-SLAB should be replaced by a stress-depen-
dent Kg-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 static k-value of 120 to 150
psi/in. This is considered equivalent to the stress-
dependent SOFT subgrade option in ILLI-SLAB. The
low-stress-level Kg-value 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®*P Stress®:©
Pavement Loading LTE (%) Ratio Ratio
PCC 9Xkip 0 0.53 0.91
100 0.54 0.93
F4 0 0.55 0.88
100 0.56 0.90
C-130 100 0.49 0.81
ALRS F4 0 0.46 0.87
100 0.47 0.89
C-130 100 0.40 0.80

Note: All runs are for edge-doading conditlon, PCC = portland cement con-
crete; ALRS = alternate launch and recovery surface.

ADeflection ratio = maximum deflection for SOFT divided by maximum de-
flection for WINKLER.

bAll comparisons are for the first iteration,

CStress rotlo = maximum stress for SOFT divided by maximum stress for
WINKLER,

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).

Effect 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., K-
values). If this compatibility is poor, a new itera-
tion is performed after the support pattern has been
updated until specified convergence tolerances are
achieved. Usually no more than three iterations
were required to achieve convergence within a toler-
ance 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®® Stress®'d
Pavement Loading® LTE (%) Ratio Ratio
PCC F4 0 1.03 1.01
100 1.00 1.00
C-130 0 1.10 1.05
100 1.03 1.02
F-111 Q 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

Note: All runs are for the SOFT subgrade and edge-loading condition. PCC =
portland cement concrete; ALRS = alternate launch and recovery surface,
AJterative scheme has no effect for 9-kip highway leading.

bDeflection ratio = maximum deflection for last iteration divided by maximum
deflection for first iteration.

CConvergence tolerances: TOLL = § percent; TOL2 = § percent,

dStress ratio = maximum stress for last itoration divided by maximum stress
for first jteration,

flection and stress ratios the responses after the
first and after the 1last 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.

Because 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 ordinary pavement slabs,
and their radius of relative stiffness (1) is much
higher than the wvalues 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® Stress?
Pavement Loading LTE (%) Ratio Ratio
PCC 9-kip 0 0.53 0.91
100 0.54 0.93
F4 0 0.57 0.89
100 0.56 0.90
C-130 100 0.50 0.83
ALRS F4 0 0.49 0.89
100 0.47 0.90
C-130 100 0.42 0.82
Note: All runs are for edge-loading condition. Changes consist of subgrade

characterization by resilient modulus Kgg (= 425 psifin,; SOFT) instead of static
subgrade modulus k (= 120 or 150 psi/in.) and stress dependence-iterative scheme.
PCC = portland coment concrete; ALRS = alternate launch and recovery surface.
Apeflection ratio = maximum deflection after changes divided by maximum de-
flection before changes.

bStress ratio = maximum stress after changes divided by maximum stress before
changes.
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the resilient modulus and of the iterative scheme.
The deflection ratios range between 0.42 and 0.57
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
University 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)
model, in which the resilient subgrade modulus
(Kg) decreases with increasing deflection (w).
Such a model was developed and incorporated into
ILLI-SLAB by using an iterative scheme. According to
this scheme, a selected initial value of Ky (depen-
dent on subgrade type) is corrected after each it-
eration. After a number of iterations, the values of
Kg before and after the last iteration differ by
only a specified small percentage.

The impact of the iterative Ky 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 Kp-value assigned in the iterative pro-
cedure) and the static k typically used. The effect
of iterative analysis is 1limited and becomes more
pronounced for conditions 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 deseribed, This model is
based on the ICES STRUDL computer program
that was recently extended 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 increase of the subgrade modulus, the
stiffness of the Jjoints and the bedding
layer, and the decrease in the deflection
with respect to 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 Europe (Aahnut one-third of the paved
area in the Netherlands consists 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.

Concrete block paving is the most recent development
which 1is built by
sub=-
grade. Element paving has been used since the Middle
Wooden setts were sometimes used as elements
nontooled natural stone
was the only pavement material that had sufficient

in element (segmental) paving,
laying down small elements on the (improved)
Ages.
but, especially at first,

resistance to the traffic loading by steel wheels.



Molenaar et al.

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 rectangular
brick, which was needed for the construction of
houses. Concrete blocks are now used much more than
bricks because of the substantially higher cost of
the bricks. Outside the Netherlands bricks are
hardly used. In CGermany and Belgium concrete block
paving has also been used on a large scale since
1950; in a number of other countries concrete blocks
have been introduced hesitatingly since 1960 (3).

The profile of a concrete block pavement is shown
in Figure 1 (4). For the subbase, sand or a granular

concrete block layer
bedding sand layer

base

sub-base

B 4 subgrade
| i

FIGURE 1 Profile of concrete block pavement.

material of higher quality is used, depending on the
cost (availability) of the materials. It is impor-
tant that the subbase have high permeability. The
base, which is not necessary for lightly trafficked
pavements (pedestrian areas, roads with hardly any
trucks), may consist of granular 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 of 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 spreading
(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 also that they re-
main filled with jointing sand.

CONCRETE BLOCKS

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=-
sonry 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 section)
and dozens of nonrectangular (shaped) concrete
blocks (3-5). 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, rectanqgular blocks

that do not interlock.
Historically in the Netherlands

blocks have been used almost exclusively.

rectangular
Outside
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category A category B category C
Uni-block Ipro-block rectangular block

FIGURE 2 Categories of concrete blocks (with chamfer).

the Netherlands 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 Ffit
together in just one way), and so forth.

In general, concrete blocks have a chamfer around
the wearing 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 mm2, 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 (6-10). 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 are the differences 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) and horizontal (in the direction 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 manufacturing, transport, and process-
ing and under traffic loading. In 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 specifications mentioned in the literature
are compressive strength of at last 40 N/mm? and
flexural strength of at least 2.5 N/mm? (in the
Netherlands flexural strength of at least 5.9
N/mm? 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
rarely 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 mineral oil and fuel, but they are af-
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fected by inorganic acids (hydrochloric, nitrie, and
so on), organic acids (lactic), and vegetable and
animal oils and fats. By addition ot pigments con-
crete blocks can be given different colors. These
colored blocks have functional uses (traffic mark-
ings) or are used for aesthetic reasons. Concrete
blocks are sufficiently skid and abrasion resistant.

GENERAL ASPECTS OF CONCRETE BLOCK PAVING

Properties, Advantages, and Disadvantages

A concrete block pavement consists of small, precast
concrete elements, which can be torn up and used
again (3,4). The main advantages of concrete block
paving are as follows:

1. The pavement is able to conform with the un-
equal settlement of the subgrade without further
disintegration (cracking);

2. The subgrade remains easily accessible to
underground services (cables and piping), except in
the case of a stabilized subbase;

3. The blocks can be relaid (restoration of
local settlement, reconstruction, and so on) easily,
quickly, and with hardly any loss of material;

4. The great block strength makes a c¢oncrete
block pavement (with a base) resistant to heavy and
static (concentrated) loads;

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

6. The pavement can be opened to traffic immedi-
ately after construction or relaying;

7. Small and irregular surfaces
paved;

8. Because concrete can be given almost any
shape there are many block types, different sizes
and thicknesses, and accessory blocks [half blocks,
"bishop hats" for herringbone bond B (Figure 3), and
80 on] and therefore there are many possible appli-
cations;

9. The skid resistance remains sufficient, also
because the joints tend to prevent a water film on
the pavement;

10. The pavement gives diffuse light reflection,
especially when uncolored or light-colored blocks
are used; and

11. Application of

can easily be

different-colored concrete

cf cravel

basket weave

FIGURE 3 Most important laying patterns (bonds).
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blocks, possibly laid in different patterns, offers
possibilities for optical traffic-guidance markingo

and, from an aesthetic point of view, attractive
pavements.
The most important disadvantages of concrete

block paving are as follows:

1. A block pavement is not suited for vehicle
speeds more than 50 to 60 km/hr because at high
speed the fresh (granular) jointing sand is sucked
away or, when the road 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 leads to more
load spreading in the block layer); 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
the direction of travel) and 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, especially the 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).

(move in

Applications

Concrete block pavements are well suited to the fol-
lowing uses (3,4):

1. Trafficked zones in built-up regions, e.q.,
pedestrian walkways, residential streets, parking
lots, bus stops, and fuel stations, in which fre-
quently there are cables and piping, traffic speed
is low, spillage of oil and fuel sometimes occurs, a
functional division is often desired, and aesthetics
can be important;

2. Trafficked =zones in rural areas, especially
rural roads and farmyards, in which both traffic in-
tensity and traffic speed in general are low, but
axle loads can be heavy and dirtying by such agents
as soil frequently occurs (which may contribute to a
fast luting of the jointing sand);

3. Industrial yards 1like 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. sSmall 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 (3-5). 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., Ipro 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. 1In 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 partly 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
available that fully took into account the specific
properties of the discontinued 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
linear elastic theory, assuming that the layers are
homogeneous and isotropic, This is because graphs,
tables, and computer programs 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 description 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 is 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 with 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 1linear elastic theory to
describe the deflection behavior of concrete block
pavements has led to the conclusion 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 concrete 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 proper schemati-
zation of the concrete blocks. This element was
developed at the Structural Mechanics Division of
the Delft University Civil Engineering Department
(19 .

The main features of this element are shown in
Figure 5. 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 bedding layer.

2. Horizontal forces: Deflection 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 was much
like the deflection curve of a pure-shear-layer
pavement. The failure mode that was observed on the
prototype concrete block pavements was shear fail-
ure, and only a limited amount of bending was ob-
served.

3. Rotation: Assuming that the concrete block
layer behaves like a pure shear layer implies that
no horizontal forces are transmitted in the joints
and that no rotation of the blocks occurs.

The joints of the block pavement are represented
in the model by 1linear 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 millimeter).

Bedding Sand Layer

As indicated in Figure 1, a bedding sand layer is
constructed just beneath the block layer. In the
model this layer is represented by vertical springs.
This means that this layer cannot absorb bending
moments either. The stiffness of these springs is
represented by the bedding constant ¢ (in newtons
per cubic millimeter). Figure 7 shows the bedding
sand layer.

Base, Subbase, and Subgrade

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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FIGURE 4 Measured dcflection profile compared with profile simulated by linear elastic theory.
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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. The load applied to the structure was a fall-
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 0, 0.2, 0.3,
0.5, 1, and 2 m from the center of the loading
plate. The deflections were measured close to the
loading plate because in that region the largest de-
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FIGURE 6 Modeling of the concrete block layer.
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FIGURE 8 Finite-element mesh.

where E is the subgrade modulus in megapascals and
dy 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

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

The measured deflection profiles were simulated
by means of the ICES STRUDL 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 (22):

log E =3.868 - 1.009 log d, (€8]

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 (23).
Because in almost each case good correspondence be-
tween the measured and the simulated profiles could
be obtained, it was concluded that the finite-ele-
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Falling-weight deflectometer.

ment model adopted is indeed a proper schematization
of the real pavement behavior, and it can therefore
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RELATION BETWEEN 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
for the selection of reasonably accurate starting
values for k and c. It was therefore determined
whether a first estimate of k and ¢ could be ob-
tained from the surface curvature index (SCI) of the
measured deflection profile, because SCI is normally
a good indicator of the stiffness of the pavement
layers. SCI is defined here as follows:

SCI=dg -do.s )

where d; is the deflection at the loading center
of the falling weight in micrometers (P = 50 kN) and
dp,5 is the deflection at a distance of 0.5 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
11 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 Lo match the calculated pro-
file with the measured one. It is obvious that
these graphs are especially useful in the evaluation
of existing pavements.

STRUCTURAL PERFORMANCE OF CONCRETE
BLOCK PAVEMENTS

As might be expected, rutting is the most important

be used with confidence for design purposes.. This defect- that- can be observed in concrete block pave-
will be discussed in a later section. ments. There is usually a considerable amount of
distacce to loading center |m|
To.s h I1.s 2.
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FIGURE 10 Agreement between measured and calculated deflection profiles for an in-service conerete 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 1s, 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 1is 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; 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 ¢ 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:

U

N b b
pIN 2] Uel,, (angsan —ang_an) 3)

n=

where

Up1, = Pavement deformation of a concrete block
pavement after the design number of load
applications (N),

Ugj_ = maximum deflection occurring at the nth
load repetition, and

a,b = constants.

FOr Ny anv Np_pne 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 Belglian Road Research Lab-
oratory for use in the design of flexible pavements
(25,26). It is modified in the sense that it takes
into account the variation of the maximum deflection
during the pavement life. It is obvious that the
amount of rutting is dependent not only on the maxi-
mum deflection but also 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 derived.
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 of the ICES STRUDL runs to-
gether with the rut-depth equation and the 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 chart; i.e., the pavement engineer is able to
determine how well the concrete block pavement will
perform given the prevailing subgrade conditions. If
the expected pavement life is considered too 1low,
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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FIGURE 14 Relation between the number of equivalent 100-kN single axles (N) and decrease in SCI.

block pavement. With 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-
grade modulus as well as the joint stiffness and
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bedding-layer stiffness increase with increasing
number of load repetitions; and
Based on these time functions, tentative

design charts for concrete block pavements have been
derived.
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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 support,
tied-concrete shoulders, and tridem-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.
Measnrements included edge and 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.
FPield measurements and theoretical analysis
indicate that concrete pavement performance
is improved when a tied shoulder is used.
Deflections along a tied-shoulder joint can
be conservatively taken as 85 percent of
those along a free edge. Based on study re-
sults and analysis of data, it is concluded
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 program of strain and deflection measurc-
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 effects of frozen sup-
port, tied-concrete shoulders, and tridem-axle load-
ing on concrete pavement performance. Results of the
investigation are reported separately for each of
the three topics. Results of the frozen-support and
tridem-axle loading studies are given in reports
prepared for MnDOT (1,2).

Concrete shoulders have been used adjacent to
main-line concrete pavements in the United States
for almost 20 years. More recently it has been
noted that the use of tied shoulders has improved
the performance of concrete pavements. Similarly
the use of widened lanes has also resulted in im-
proved pavement performance. The improved perfor-
mance is due to reduced edge strains, reduced edge
and corner deflections, and reduced water infiltra-
tion along the pavement edges.

Current thickness design methods for concrete

pavements do not consider the contribution of tied
shoulders and widened lanes. Use of these design
methods results in the same thickness requirements
for concrete pavements with or without tied shoul-
ders or lane widening. However, both tied shoulders
and widened lanes contribute to improved pavement
performance by reducing deflections and stresses in
the main-line pavement. Therefore it should be pos-
sible to use a less thick main-line pavement and ob-
tain the same pavement performance as that of a
thicker pavement without tied shoulders or lane
widening.

A field study was sponsored during 1976 by MnDOT
to evaluate the effect of tied-concrete shoulders
and widened lanes. The field study involved load
testing of several newly constructed concrete pave-
ment sections with and without tied shoulders and
widening. The report to MnDOT (3) showed signifi-
cant reductions in pavement strains and deflections
for pavements with tied shoulders and lane widening.
Implementation of the study results has not been
carried out because of concern 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-concrete shoulders and lane widening, a
follow-up study was conducted at locations included
in the 1976 study. These pavement sections have ex-
perienced about 6 years of traffic. The study in-
cluded field load testing, data analyses, and
development of methods to facilitate incorporation
of the study findings into Minnesota's concrete
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.

RACKGROUND

A brief discussion is presented to highlight the
important aspects of the 1976 field study (3). For
this study measurements were obtained during the
fall of 1976 at four pavement projects located in
Minnesota. Three of these projects, projects 1, 2,
and 3, were included for retesting in the current
study.

Measured pavement strains are shown in Figure 1
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 1.
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 recommendations based on edge-
strain reduction are shown in Figure 4 in which the
permissible thickness reduction in the outer 1lane
due to the tied shoulder ranged from 1 to 2 in.
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Recent studies conducted at the University of Il-
linois for FHWA have also demonstrated that main-
line pavement response is greatly improved by the
use of tied-concrete shoulders (4). Theoretical
analysis showed that calculated edge deflections and
strain 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 of the University of 1Illinois study,
field measurements were made to determine joint ef-
ficiency across the outside lane shoulder joint
along the Y-74 and I-80 experimental portland cement
concrete (PCC) shoulders (4). Joint efficiency is
defined as the ratio of the deflection of the un-
loaded slab to the deflection of the loaded slab.
Field measurements are summarized in Table 1. As

TABLE 1 Field Data on 1-74 and I-80 PCC Shoulders (4)

Mean Edge Deflection (mm)

Load-Transfer

Traffic Efficiency
Project Shoulder Design Lane Shoulder  (eff)?
[-74° Tie bars, keyway, and
granular subbase 0.1143 0.1118 97.8
Tie bars, keyway, and
no subbase 0.1448 0.1016 70.2
Keyway and granular
subbase but no tie bars 0.2108 0.0330 16.0
1-80°¢ Tie bars and intermedi-

ate granular subbase 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

aDeflection of the unloaded slab divided by deflection of the loaded slab times 100,
bPCC shoulders 10 yr old.
¢PCC shoulders 9 yr old.

shown in Table 1, shoulder sections with tied key-~
ways on I-74 had retained joint efficiency in excess
of 70 percent even after 10 years of service. It is
also seen from Table 1 that the tied-shoulder sec-
tions on 1-80 without keyways had much lower joint
efficiencies.

Studies referred to earlier positively indicate
that use of a tied-concrete shoulder with a keyway
greatly improves main-line pavement performance.
However, except for the MnDOT 1976 study (3), none
of these studies incorporates 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-
tions 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

Field measurements were obtained at three pavement
project sites in Minnesota. These projects were in-
cluded in a 1976 field study on concrete shoulders
and lane widening (3). A brief description of each
project follows.
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Project 1: Designation State Project 2280-30
(TH-90) is a roadway 27 ft wide consisting of an in-
side lanc 15 ft wide and an outside lane 12 tt 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 pavement is plain concrcte 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 as silty clay to clay loam and
had a gravel subbase 5 in. thick over it. Dowel
bars were placed only in the 12-ft-wide outside
traffic lane. Dowels are No. 8 round bars spaced at
12 in. on centers; 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: Designation State Project 2280-30 (TH-
90) 1is 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 2280-31 (TH-
90) is a roadway 27 ft wide with an inside lane 15
ft wide and an outside lane 12 ft wide. The pavement
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.

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. 1In addi-
tion pavement temperature and slab curl were
monitored. Curl is a change in the vertical profile
of the slab resulting from changes in the slab
temperature.

Strain gage and deflectometer locations for proj-
ect 1 and 2 test sections are shown in Figure 5.
Instiumentation locations were similar for project
T 'hese locations were selected to obtain the
maximum values of slLrain and deflection tor the dif-
ferent load positions. Curl measurements were made
at deflectometer 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, shoulder edge, transverse joints, and joint
corners and in the interior. Gage positions and
loading locations shown in Figure 5 are referred to
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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 (5) 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.

Temperaturc Measurements

Changes in pavement temperature were measured with
copper-constantan thermocouples embedded in concrete
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.

Monitoring Egquipment

Data were monitored and recorded with equipment car-
ried in the Construction Technology ILaboratories'
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 recorded simul-
taneously for each vehicle loading. Computer pro-
grams were written to monitor, record, and tabulate
all field data.

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

TEST PROCEDURES

Strain and deflection data were recorded for a 20-
kip single-axle load (SAL), 34-kip and 42-kip tan-
dem-axle loads (TAL), and 42-kip tridem-axle 1load.
loading was applied with two semitrailers. One ap-
plied the 20-kip SAL and 34-kip TAL. The other ap-
plied the 42-kip TAL 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 Fiqure 5. 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
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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
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 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 projects 1 and 2. Project 3 has neither a
concrete shoulder nor lane widening along the inside
lane and was used as a control section to determine
the influence of traffic along the outside lane.
Pavement responses reported were measured under
20-kip SAL, 34-kip and 42-kip TAL, 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-concrete shoulders.
Although measurements were obtained during October
1982 and February 1983, only the October 1982 mea-
surements are presented and discussed in this re-
port. Because of the frozen support, measured
deflections during February 1983 were low for both

Transverse
joint

Concrete shoulder

Y
MY

e 25"
38"

Direction ot traffic

— Strain gage

X Deflectometer

the inside and outside lanes at each project site.
Details of the February measurements are given else-
where (1).

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. 1In 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
slab 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
cancelled 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 in interpreting deflection and
strain measurements if these measurcments are 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 reference
time is generally selected to be the time when the
slab top and bottom temperatures are equal.

As discussed, temperature and curl measunrements
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
80
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FIGURE 6 Variation of air temperature, corner curl, and deflection
with time.

seen that although slabs at each site exhibit pro-
nounced 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. Similar
trends were obtained for edge curl and deflections
and edge strain. This 1is because the slabs have
curled to their most downward profiles and changes
from these profiles are gradual with respect to
time, as shown in Figure 6. Therefore, no tempera-
ture 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 Data

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
and edge strains measured during October 1982 at the
inside and outside lanes are listed for each of the
four axle loadings. Each data point is an average
of four readings made up of data taken at two dif-
ferent times at each of the two replicate sections
at each project location. The measurements are
shown in Figures 7, 8, and 9 for edge deflection,
corner deflection, and edge strain, respectively. A
discussion of these measurements follows. (In Fig-
ures 7-9 axles are denoted as follows: axle 1, 20-
kip SAL; axle 2, 34-kip TAL; axle 3, 42-kip TAL;
axle 4, 42-kip tridem-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 0.038 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 deflecticns 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-
flections along the free outside lane edge ranged
from 96 to 115 percent of those along the untraf-
ficked 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 untrafficked free inside-lane
edge. This behavior is possibly caused by greater
loss of support along the outside-lane edge result-
ing from subbase and subgrade consolidation or ero-
sion or both. Thus, the effect of using tied-con-
crete shoulders at project 1 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 deflections 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 TAL along the inside lane. Wor project 2
measured corner deflections ranged from 0.021 in.
under the 20-kip SAL to 0.025 in. under the 42-kip
TAL along the outside lane and from 0.026 in. under
the 20-kip SAL to 0.034 in. under the d42-kip TAL
along the inside lane.

As shown in Figure 8, corner deflections along
the outside lane with the tied shoulder as a per-
centage of those along the untrafficked free edge of
the inside lane were about 70 to 87 percent for
project 1 and about 58 to 80 percent for project 2.

For the control sections at project 3, corner
deflections along the free outside-~lane edge ranged
from 125 to 150 percent of those along the untraf-
ficked free inside-lane edge. These results further
verify that the free outside-lane edge, which is
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inside-lane edge.

Edge Strains

For project 1 measured edge

strains

ranged from

lane and 17 x 10°°¢
load to 35 x 10°°¢

inside lane.
crete

TAL.

shoulder
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edge strain
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TABLE 2 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 0.038 0.034
Corner deflection gin.) 0.035 0.044 0.051 0.044
Edge strain (x 107°) 35 30 32 17
Outside lane
Edge deflection (in.) 0.019 0.026 0.029 0.027
Corner deflection gin.) 0.030 0.034 0.037 0.031
Edge strain (x 107°) 30 24 27 19
Shoulder strain (x 107) 3 3 8 6
Project 2
Inside lane
Edge deflection (in.) 0.016 0.026 0.027 0.023
Corner deflection gin.) 0.026 0.036 0.034 0,030
Edge strain (x 107°) 35 32 33 18
Qutside lane
Edge deflection (in,) 0.007 0.007 0.007 0.009
Corner deflection gjn‘) 0.021 0.021 0.025 0.019
Edge strain (x 107%) 33 31 38 20
Shoulder strain (x 107%) 7 6 12 9
Project 3
Inside lane
Edge deflection (in.) 0.013 0.022 0.025 0.020
Corner deflection 9"') 0.024 0.030 0.032 0.026
Edge strain (x 107°) 33 28 30 18
Outside lane
Edge deflection (in.) 0.015 0.021 0.025 0.023
Corner deflection (in.) 0.036 0.040 0.040 0.034
Edge strain (x 107°) 18 23 24 16
Note: All measurements were obtained during October 1982, Insideane measurements were taken along the
edge of the 3-ft lane widening. Outside-lane measurements were taken along the joint with tied shoulder.
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For project 1 the measured tied-con-
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For project 2 measured edge strains ranged from
20 x 10°¢ under the 42-kip tridem-axle load to
38 x 10°% under the 34-kip TAL along the outside
lane and 18 x 10°°® wunder the 42-kip tridem-axle
load to 35 x 10" % under the 20-kip SAL along the
inside lane. For project 2 measured tied-shoulder
edge strain ranged from 6 x 10°¢ under the 34-kip
TAL to 12 x 10" % under the 42-kip TAL.

For project 3 measured edge strains along the
free 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
measured deflections at project 3 in which measured
deflections along the outside 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 sites are reported elsewhere (l). These measure-
ments also indicate that corner and edge deflections
as well as edge strains are larger along the traf-
ficked free outside~lane edge as compared with those
along the lightly trafficked free inside-lane edge.

Theoretical Considerations

Analyses were conducted to determine the effect of a
tied-concrete shoulder on concrete pavement re-
sponse, A finite-element program, JSLAB, developed
by Construction Technology Laboratories for FHWA was
used (6). 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 of wheel loads at any location on the slabs.
Loss of support, variable support, or material
properties can be considered. 1In 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 transverse joints. 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.
deflections, edge deflections, and edge stresses are
listed in Tables 3-5. For both corner and edge
loadings, tire placements were 2 in. inward from the
edge.

Calculated corner

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 0.025 0.026 0.032 0.026
150 0.018 0.019 0.023 0.019
250 0.013 0.013 0.016 0.012
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

TABLE 4 Calculated Pavement Response: Edge Deflection

Edge Deflection (in.)

42kip
Shoulder k 20-kip 34kip 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 0.016
250 0.008 0.011 0,014 0.011
None 100 0.024 0.035 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 100 286 230 284 152

150 263 203 250 128

250 236 172 212 103

In the computer program a tied keyway is repre-
sented by springs. For the analysis a spring stiff-
ness value of 25,000 1b/(in. * in.) of joint
length was used. This resulted in calculated joint
efficiency of about 80 percent for a modulus of sub-
grade reaction of 250 pei to about 90 percent for a
modulus of subgrade reaction of 100 pci. For this
set of assumptions the ratio of calculated 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 those along a free edge is about 80
percent.

Additional analysis was conducted 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 1b/(in. * in.)
of joint length. Based on these analyses, ratios of
calculated deflections and strains along a tied
shoulder joint to those along a free edge were
determined for different values of shoulder ‘joint
efficiency (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 (%) by JE

80 60 50
Response Percent Percent Percent
Edge deflection 65 70 75
Corner deflec-
tion 65 70 75
Edge strain 80 85 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 three locations were reported
to be in excess of 250 pci. The reason for this
anomaly in measured and computed deflection values
is that the theoretical analysis was conducted for
the case of full support under the pavement slabs.
In practice there is always some loss of support
along slab edges. This support loss results in
higher measured slab deflections.

Analysis of Results

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= JE =
Project Project 80 Per- 60 Per- 50 Per-
Response | 2 cent cent cent
Edge deflection 75-90 NR? 65 70 75
Corner deflection 70-87 58-80 65 70 75
Edge stress 80-85 94-97 80 85 90

Note: JE = deflection of maindine slab divided by deflection of shoulder slab.
aData considered not reliable,

which it can be seen that the reduction in the de-
flection response can be conservatively taken at 85
percent. This value corresponds to a calculated
joint efficiency at the tied-shoulder joint of less
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 (P) 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-kip SAL applied on a pave-
ment without a tied shoulder can be considered to be
equivalent to a 2l-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 (7). 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 AASHTO
traffic equivalence factors, 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 an axle load (P) 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 1B8-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 2l1-kip SAL applied on a pavement
with a tied shoulder is only 1/2.0, that is, 0.5
times as damaging, as a 2l-kip SAL applied on a
pavement without a tied shoulder. 1If 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 Slab Thickncess 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 0.002 0.002 0.002 0.002
6 26.7 0.01 0.01 0.01 0.01 0.01 0.01 0.01
8 35.6 0.04 0.04 0.03 0.03 0.03 0.03 0.03
10 445 0.10 0.09 0.08 0.08 0.08 0.08 0.08
12 53.4 0.20 0.19 0.18 0.18 0.18 0.17 0.17
14 62.3 0.38 0.36 0.35 0.34 0.34 0.34 0.34
16 1.2 0.63 0.62 0.61 0.60 0.60 0.60 0.60
18 80.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 89.0 1.51 1.52 155 1.57 1.58 1.58 1.59
22 91.9 221 2.20 2.28 2.34 2.38 2.40 2.41
24 106.8 3.16 3.10 3.23 3.36 3.45 3.50 3.53
26 115.7 4.41 4.26 442 4.67 4.85 4.95 5.01
28 124.6 6.05 5.76 5.92 6.29 6.61 6.81 6.92
30 133.4 8.16 7.67 7.79 8.28 8.79 9.14 9.34
32 142.3 10.81 10.06 10.10 10.70 11.43 11.99 12.35
34 1512 14.12 13.04 12.34 13.62 14.59 15.43 16.01
36 160.1 18.20 16.69 16.41 17.12 18.33 19.52 20.39
38 169.0 23.15 21.14 20.61 21.31 22.74 24.31 25.58
40 17178 29.11 26.49 25.65 26.29 27.91 29.90 31.64
Tandem Axles

10 44.5 0.01 0.01 0.01 0ol 0.01 0.01 0.01
12 534 0.03 0.03 0.03 0.03 0.03 0.03 0.03
14 62.3 0.06 0.05 0.05 0.05 0.05 0.05 0.05
16 71.2 0.10 0.09 0.08 0.08 0.08 0.08 0.08
18 80.1 0.16 0.14 014 0.13 0.13 0.13 0.13
20 89.0 0.23 0.22 0.21 0.21 0.20 0.20 0.20
22 97.9 0.34 0.32 0.31 0.31 0.30 0.30 0.30
24 106.8 0.48 0.46 0.45 0.44 0.44 0.44 0.44
26 1159 0.64 0.64 0.63 0.62 0.62 0.62 0.62
28 124.6 0.85 0.85 0.85 0.85 0.85 0.85 0.85
30 133.4 111 1.12 1.13 1.14 1.14 1.14 1.14
32 1423 1.43 1.44 1.47 1.49 1.50 1.51 1.51
34 151.2 1.82 1.82 1.87 1.92 1.95 1.96 1.97
36 160.1 2.29 2.27 2.35 2.43 2.48 2.51 2.52
38 169.0 2.85 2.80 291 3.04 311 3.16 3.18
40 177.9 3.52 3.42 3.58 3.74 3.87 3.94 3.98
42 186.8 4.32 4.16 4.30 4.55 4.74 4.86 491
44 195.7 5.26 5.01 5.16 5.48 5.75 5.92 6.01
46 204.6 6.36 6.01 6.14 6.53 6.90 7.14 7.28
48 213.5 7.64 7.16 7.27 7.73 8.21 8.55 8.75

Note: Terminal 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 0.5 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 load applied on a pavement with a tied shoulder
be considered as one-half of that for the same axle
load applied on a pavement without a tied shoulder.
Thus, only one-half of the eguivalent 18-kip SALs
applied needs to be considered for thickness design
of pavements with a tied shoulder.

Design Application

The following parameters are assumed:

1. Concrete modulus of rupture, 650 psi;

2. Concrete working stress, 490 psi;

3. Concrete modulus of elasticity,
psi, and

4, Modulus of subgrade reaction, 200 pci.

4 x 10¢

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:

Required Pavement

Design 18-kip Thickness (in.)

SAL Applications Without With
(000,000s) Shoulder Shoulder
2.5 7.6 6.6
5 8.7 7.6

10 9.7 8.7

20 10.8 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 minimum the use of a tied shoulder allows for
reduction of 1 in. in the reguired 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 reduction of 1 in. in the required main-
line 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 also be warranted if future performance of other
pavements incorporating tied shoulders indicates
that a level of reduction in deflection response is
more than the 15 percent established in the current
study. .

Future modifications can be made following the
procedures presented in this paper. For example,
let a level of reduction in deflection response of
20 percent be established. Then following proce-
dures presented in this paper, it is found that for
application to the AASHTO design procedure, only 40
percent of the design 18-kip equivalent SAL applica-
tions needs be considered for concrete pavements
incorporating tied-concrete shoulders. This would
result in a reduction 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
measured along tied-shoulder joints and along free
edges at two project locations. In addition, a
theoretical analysis was performed to determine the

effect of tied shoulders on concrete pavement
response. Study results indicate that pavement
response is improved for pavements using a tied

shoulder as compared with pavements not using a tied
shoulder.

Based on study results, it is concluded that for
application to the AASHTO thickness design proce-
dure, only one-half of the design 18-kip equivalent
SAL applications needs be considered for concrete
pavements incorporating a tied-concrete shoulder.
This recommendation results in a reduction of 1 in.
in the required main-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-
crete 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 Minncoota. 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 during 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 on concrete pavement performance. The results
of the investigation of the effect of frozen support
and tridem axles on concrete pavement performance
are presented (1,2). 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-

fic and vehicle gross weight have led to increased
need for highway maintenance. To increase 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 1958 and ended on November 30, 1961. The
final axle load count was 1,114,000,

Because MnDOT has adopted the AASHTO procedure as
a basis for design of concrete pavements, presenta-
tions in this paper will be referenced to the AASHTO
design procedure.

Effect of Frozen Support

The AASHTO Road Test design equation for concrete
pavements contained in the AASHTO guide does not
provide for variations in pavement life that may re-
sult from changes in 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 AASHTO guide, no such factor is
considered in the design of concrete pavements to
account for regional effects.

Effect of Tridem~Axle 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 in the AASHTO Inter-
im Guide (4), mixed truck traffic 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 tridem-
axle loads in their thickness design procedures. A



Tayabji et al.

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 (7) an at-
tempt was made to relate theoretically computed con-
crete pavement response parameters to the AASHTO
traffic equivalence factors for SALs and tandem-axle
loads (TALs). However, 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. 1In 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 (8). A brief
description of each project follows:
Project 1: Designation State Project 2280-30

(TH-90) is a roadway 27 ft wide consisting of an in-
side lane 15 ft wide and an outside 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. Dowel bars were
placed only in the 12-ft-wide outside traffic lane.
Dowels are No. 8 round bars, spaced at 12 in. on
centers; 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: 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 520455 and
521+81.

Project 3: State 2280-31

Designation Project
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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 1loam. 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 24 ft wide with a 12-ft inside
and a 12-ft 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. Modulus 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
1329452 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 1lanes. 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 were retested. Care was
taken to assure that the sites selected 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 1 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 1 Instrumentation layout for projects 1 and 2.

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

Load beflections

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 (9) of the Portland Cement
Association.

Curl Measurements

Pavement curl was measured with 0.00l1-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 Measurements

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 wvan. Strain and deflection
data were recorded with a high-speed computer-based
data acquisition system. Twenty-two channels of in-
strumentation were monitored and recorded simulta-
neously for each vehicle loading. Computer programs
were written to monitor, record, and tabulate all
field data. Temperature data were recorded with a
24-channel continuously monitoring temperature re-—
corder. All monitoring and recording instrumentation
was calibrated before testing.

TEST PROCEDURES

Strain 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. One truck applied the 20-kip SALs
and 34-kip TALs. The other truck applied the 42-kip
TALs and 42-kip tridem-axle loadings., Trucks usced
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., 1In
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. 1In
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 SALs, 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 strains. In addition, results of theoretical
analysis are also presented to compare pavement re-
sponses under the four different axle loads. Wheel
configurations and spacings for 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 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 mois-
ture differentials are referred to as warping. Warp-
ing leaves slabs unsupported for distances of as
much as 4 te 5 £t at slab corners and 2 to 3 ft at
elab edges. Warping is almost never recoverable.

In addaition 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., Curling 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 reduces 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.
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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 tc 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-kip SAL at each of the five sites.

It 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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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 considers the effect of frozen support
on concorcte pavement perflurmance. ‘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 strain, respec-
tively. (Axles are defined as follows in Figures
5-7: 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.)

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.
the 20-kip SAL, edge deflections ranged from 0.007
in. at project 5 to 0.021 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.

Under

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 0.001 in. at Project 5 to
0.004 in., at project 1 during February.

Measured Edge Strains

As shown in Figure 7, edge strains measured dnring
February generally ranged from 20 to 60 percent of
edge strains measured during October. Under the 20-
kip SAL, edge strains ranged from 19 x 10°% at the
inside 1lane of project 5 to 35 x 10°% at the inside
lane of project 1 during October. Edge strains under
the 20-kip SAL ranged from 9 x 10°% at the inside
lane of project 5 to 18 x 10" % at the inside lane
of project 1 during February.

Theoretical Considerations

Analysis was conducted to determine the effect of
the subbase and subgrade support on pavement re-
sponse. A finite-element program, JSLAB, developed
by Construction Technology lLaboratories for FHWA 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 of wheel loads at any location on the slabs.
Loss of support, variable support, or material prop-
erties can be considered. 1In 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 stresses 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 pci. These calculations and field mea-
surements indicate that during winter months, the
support 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

42kip Tridem-Axle

20-kip SAL 34-kip TAL 42-kip TAL Load
Parameter Fall Winter Fall Winter Fall Winter Fall Winter
Project 1
Inside lane
Edge deflection (in.) 0.021 0.004 0.034 0.006 0.038 0.008 0.034 0.007
Corner deflection gin.) 0.035 0.004 0.044 0.006 0.051 0.007 0.044 0.006
Edge strain (x 107°) 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 gin.) 0.030 0.003 0.034 0.005 0.037 0.005 0.031 0.005
Edge strain (x 107°) 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 gin.) 0.026 0.002 0.036 0.004 0.034 0.004 0.030 0.004
Edge strain (x 107°) 35 12 32 13 33 17 18 9
Qutside lane
Edge deflection (in.) 0.007 0.002 0.007 0.003 0.007 0.003 0.009 0.003
Corner deflection gin.) 0.021 0.003 0.021 0.004 0.025 0.003 0.019 0.002
Edge strain (x 107°) 33 11 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.) 0.024 0.002 0.030 0.003 0.032 0.003 0.026 0.003
Edge strain (x 107°) 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
Corner deflection gjn,) 0.036 0.002 0.040 0.002 0.040 0.002 0.034 0.002
Edge strain (x 1077) 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 gin.) 0.017 0.002 0.022 0.002 0.024 0.002 0.019 0.001
Edge strain (x 107°) 31 13 27 13 27 - 17 -
OQutside lane
Edge deflection (in.) 0.013 0.002 0.018 0.002 0.021 0.002 0.019 0.002
Corner deflection gin.) 0.022 0.002 0.026 0.002 0.027 0.002 0.024 0.001
Edge strain (x 107°) - 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 gin.) 0.010 0.001 0.011 0.001 0.010 0.002 0.008 0.002
Edge strain (x 107°) 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 107°) 31 14 23 12 26 6 17 2

Nate: Inside-lane measurements were taken along the edge of the 3-ft lane widening. Outside-lane measurements were taken along the
Joint with tied shoulder. Fall measuremonts were obtained during October 1982; winter measurements were obtained during February

1983.

and corner deflections for a 34-kip TAL would be
less than 0.004 in. and edge stresses for a 20-kip
SAL would be less than 150 psi.

It should be noted that deflection values mea-
sured during October were much higher than calcu-
lated deflection values, even 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 pci. The reason for
the anomaly in measured and computed deflection val-
ues is that the theoretical analysis was conducted
for the case of full support under the pavement
slabs. In practice, there is always some loss of
support along slab edges. This support loss results
in higher measured slab deflections.

Analysis of Results

As indicated, it is clear that concrete pavement
responses for the case of frozen support were much
smaller compared with those obtained when the sup-
port was not 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 is lower during winter months
because of 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 five 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 consideration of the effects of frozen sup-
for k of 2,000 pci as percentage of value for k of port in the thickness design for concrete pavements,
250 pci; B = measured value during February as per- it is recommended that 60 percent be used as the
centage of October measurement) : maximum level of improvement in pavement response
from fall to winter. This recognizes that deflec-
A (%) Pavement Response B (%) tions as well as stresses are important in assessing

pavement performance.
25-30 Corner deflection 15 Because pavement damage or loss in serviceability
25-35 Edge deflection 25 is a function of axle load magnitude and number of
50-70 Edge stress 60 load repetitions, it can be concluded that a given
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TABLE 2 Calculated Pavement Response: Corner Deflection

TABLE 4 Calculated Pavement Response: Edge Stress

Corner Deflection (in.)

Edge Stress (psi)

42-kip 42-kip
Shoulder k 20-kip 34-kip 42-kip Tridem-Axle Shoulder k 20-kip 34kip 42-kip Tridem-Axle
Type (pci) SAL TAL TAL Load Type (pci) SAL TAL TAL Load
Tied 100 0.025 0.026 0.032 0.026 Tied 100 236 180 222 114
150 0.018 0.019 0.023 0.019 150 218 160 198 98
250 0.013 0.013 0.016 0.012 250 199 139 172 81
1,000 0.006 0.005 0.006 0.004 1,000 157 102 126 55
2,000 0.004 0.004 0.004 0.003 2,000 138 85 103 42
None 100 0.035 0.040 0.050 0.040 None 100 286 230 284 152
150 0.026 0.030 0.037 0.028 150 263 203 250 128
250 0.019 0.020 0.025 0.019 250 236 172 212 103
1,000 0.008 0.007 0,009 0.007 1,000 178 116 143 63

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
150 0.012 0.0l6 0.020 0.016
250 0.008 0.011 0.014 0.011
1,000 0.004 0.004 0.005 0.004
2,000 0.003 0.003 0.004 0.003
None 100 0.024 0.035 0.043 0.036
150 0.018 0.025 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-
viceability during the winter as compared with that
in the fall. If a linear relationship is assumed
between magnitude of axle load and pavement re-
sponse, an axle load (P) applied during the winter
is equivalent to an axle load (0.6P) applied during
the fall.

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 B8.28 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 1t is recommended that the
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TABLE 5 Traffic Equivalence Factors for Single and Tandem Axles

Axle Load Slab 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 0.002 0.002 0.002 0.002
6 26.7 0.01 0.01 0.01 0.01 0.01 0.01 0.01
8 356 0.04 0.04 0.03 0.03 0.03 0.03 0.03
10 44.5 0.10 0.09 0.08 0.08 0.08 0.08 0.08
12 534 0.20 0.19 0.18 0.18 0.18 0.17 0.17
14 62.3 0.38 0.36 0.35 0.34 0.34 0.34 0.34
16 71.2 0.63 0.62 0.61 0.60 0.60 0.60 0.60
18 80.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 89,0 1.51 1.52 1.55 1.57 1.58 1.58 1.59
22 97.9 2.21 2.20 2,28 2.34 2.38 2.40 2.41
24 106.8 3.16 3.10 3.23 3.36 3.45 3.50 3.53
26 115.7 441 4.26 4.42 4.67 4.85 4.95 5.01
28 124.6 6.05 5.76 5.92 6:29 6.61 6.81 6.92
30 1334 8.16 7.67 1,79 8.28 8.79 9.14 9.34
32 1423 10.81 10.06 10.10 10.70 11.43 11:99 12.35
34 151.2 14.12 13.04 12.34 13.62 14.59 15.43 16.01
36 160.1 18.20 16.69 16.41 17.12 18.33 19.52 20.39
38 169.0 23.15 21.14 20.61 21.31 22.74 24.31 25.58
40 177.9 29:11 26.49 25.65 26.29 27.91 29.90 31.64
Tandem Axles

10 445 0.01 0.01 0.01 0.01 0.01 0.01 0.01
12 534 0.03 0.03 0.03 0.03 0.03 0.03 0.03
14 6.2.:3 0.06 0.05 0.05 0.05 0.05 0.05 0.05
16 71.2 0.10 0.09 0.08 0.08 0.08 0.08 0.08
18 80.1 0.16 0.14 0.14 0.13 0.13 0.13 0.13
20 89.0 0.23 0.22 0.21 0.21 0.20 0.20 0.20
22 97.9 0.34 0.32 0.31 0.31 0.30 0.30 0.30
24 106.8 0.48 0.46 0.45 0.44 0.44 0.44 0.44
26 115.7 0.64 0.64 0.63 0.62 0.62 0.62 0.62
28 124.6 0.85 0.85 0.85 0.85 0,85 0.85 0.85
30 133.4 1.1 1.12 1.13 1.14 1.14 1.14 1.14
32 142.3 1.43 1.44 1.47 1.49 1.50 151 1:51
34 512 1.82 1.82 1.87 1.92 1.95 1.96 1.97
36 160.1 2.29 2.27 2.35 2.43 2.48 251 2.52
38 169.0 2.85 2.80 2.91 3.04 312 3.16 3.18
40 177.9 3.52 3.42 3.55 3.74 3.87 3.94 3.98
42 186.8 4.32 4.16 430 4.55 4.74 4.86 4.91
44 195.7 5.26 5.01 5.16 5.48 5.75 592 6.01
46 204.6 6.36 6.01 6.14 6.53 6.90 7.14 7.28
48 2135 7.64 7.16 7.27 7.73 8.21 8.55 8.75

Note: Terminal pavement serviceability index (pg) = 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 SALs 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 presented in this report can be

traffic (7). 1In this procedure fatigue consumption
is computed for each axle-load 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

implemented into. the AASHTO design procedure if the
difference in severity and duration of winter condi-
tions between Ottawa, Tllinois, and the state of
Minnesota can be established.

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

considered. Although measurements were obtained dur-
ing October 1982 and February 1983, only the October
1982 measurements are discussed in this section.
Because of the frozen support, measured deflections
during February 1983 were low for each axle type.
The measurements listed in Table 1 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 9 Corner deflections as percentage of those for 42-kip TAL.

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 10 sections, edge deflec-
tions under the tridem-axle loads were less than 90
percent of those under the 42-kip TALs. As a compar-
ison, the 34-kip 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-
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.
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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-kip 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.

Measured Edge Strains

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.

Theoretical Considerations

Calculated pavement responses for the different axle
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 shown
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,

TABLE 6 Calculated Pavement Response as Percentage of
That for 42-Kip TALs

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
Cdge sialn iii 51 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 SALs
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 tridem-axle load produces
three peaks. These peaks are produced under each
axle.

Analysis of Results

It has been shown that pavement response under the
42-kip tridem-axle loads is less severe than that
for the 42-kip TALs., 1In fact, the response for the
42-kip tridem-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 theoretical analysis
and about 1.60 to 1.90 based on field measurements.
On the other bhand, 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 any 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. ‘Therefore, if proportionality is 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-
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tors for tridem axles were developed for concrete
pavements. These factors are listed in Table 7 and
are considered tentative. The factors were developed
by considering a tridem axle to be 2.40 times as
damaging as a single axle weighing 40 percent as
much as the tridem axle. The factors for each axle-
load group were then established by using traffic
equivalence factors for a single axle on a slab 9

TABLE 7 Traffic Equivalence Factors fur Tridemn Axles

Tridem-Axle Traffic Equiva- Tridem-Axle Traffic Equiva-
Load (kips) lence Factor Load (kips) lence Factor
30 043 46 2.64

32 0.55 48 3.12

34 0.70 50 3.77

36 0.91 52 432

38 1.20 54 5.04

40 1.44 56 6.00

42 1.68 58 7.20

44 2.16 60 8.06

Note: Terminal pavement serviceability index (p¢) = 2.5.

in. thick that has a terminal serviceability of 2.5.
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.

100.0 T T T T T T -
500 - j
r— Single-axle — ]
ol (9in. thick slab) o

Tandem-axle
100 (9 in. thick stab) -
5,01k —
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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 support is frozen can be considered to be only
one-seventh as damaging as the same loads applied
during the fall.

Study results also indicate that pavement de-
flections and strains are greatly reduced for a 42-
kip tridem~axle loading as compared with those for
42-kip TALs. In fact, measured and calculated corner
and edge deflections under 42-kip tridem-axle load-
ings were almost equal to or less than those for 34-
kip TALs. Measured and calculated edge strains for
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 environ-
ment on the thickness of flexible pave-
ments. Environmental variables 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
£t/1,000 f£t2?), 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
of 34.5 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 (1), however, more em-
phasis has been placed on environmental effects. 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 + 1) ~0.20 +log [(cq — p)/(co - 1.5)]
+ {040+ [1,094/(SN + 1)*-1°]}
+0.37756 (SSV - 3.0) - 0.97 log(Re) )

where
W = total number of 80-kN (18-kip)
equivalent axle loads (EALs),
SN = weighted structural number,
cg = initial serviceability index,
p = terminal serviceability index,
SSV = soil support value, and
Rg = regional factor.
Buick (2) studied the significance of these varia-

bles and showed that besides traffic, SSV and Rg¢
are most important in the formulated thickness func-
tion.

Following the AASHO study (1) several attempts
were made to investigate the climatic effect on
pavements, first in four climatic zones, then later
in six climatic zones (Figure 1). The effect of the

surrounding environment on the pavement performance,
however, has not yet been quantified to any degree.

No Freeze

Freeze/Thaw

Freeze
Dry No Freeze
Dry Freeze/Thaw
Dry Freeze

FIGURE 1 Climatic 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 motivated by the provi-
sions of section 137(a) of the Surface Transporta-
tion Assistance Act of 1982, which, in part, calls
for a study to make specific recommendations for
changing the apportionment formulas to take into ac-
count weather-related factors. "The study shall
analyze current conditions and factors including,
but not limited to, wvolume and mix of traffic,
weight and size of vehicles, environmental, geo-
graphical and meteorological conditions in wvarious
states...." Environmental and geographical effects
on flexible pavements 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 pavement (Equation 1) provided
the basic structural design model. Through 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, S8V, and
Re) . their impact on the eguation was evaluated
and quantified. In order to portray the severity of
environment nationwide, the concept of a depth fac-
tor is introduced and discussed.

GENERAL FRAMEWORK

A combination of existing design procedure (1),
weather information from the U.S. Weather Bureau
(4), and a soil map for the contiguous United States
(5) 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 Rg 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 (modulus) 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 grade.

In the second part 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 eguation with respect to the SSV
and Rg and (b) a sensitivity 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. 1In the development of this nomograph
two criteria are specified: the thermal cracking is
not to exceed 115 m/1000 m? (35 f£ft/1,000 ft?)
and rutting is to be no more than 1.25 em (0.5 in.).

Asphalt-Grade Selection to Minimize
Thermal Cracking

Von Quintus et al. used the TC-1 program (7) 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.

Asphalt-Grade Selection to Minimize Rutting

Climatologically representative stations were se-
lected throughout the United States, and pertinent
air temperature data were gathered for those sta-
tions from U.S. Weather Bureau records. AASHO flexi-
ble pavement designs were prepared for typical sub-
grade 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 Selection to Minimize Both Cracking
and 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 air
temperature 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 m? 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
IAC- 10
AC-§

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. (6) developed
a procedure that includes a weighted mean asphalt-
concrete modulus for each asphalt cement type and
climate. The terms "effective modulus" or "weighted
mean asphalt-concrete modulus"™ were developed to
designate the cffects of Lemperature variations on
fatique cracking. These effects cannot be adequately
determined by simply averaging the asphalt-concrete
modulus over all seasons because of the interaction
of temperature and modulus with the fatigue damage
produced in the pavement. The effective modulus is
defined mathematically by the following equation (6):

n n
E. = _El E; x FF(E;)/‘ZI FE(E;) )
= ) 2
where E, is the effective modulus and E; is the
modulus during the ith period (season). FF(E;) is
termed the fatigue factor, defined as follows:
FF(E;) = d¢(E;)/ds(34.5 x 10° kPa) 3)

where dg(Ej) is the unit damage caused by a sin-
gle application of 18-kip axle load at modulus E;
corresponding to temperature Tj. In 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 month-
by-month basis.

The fatigue factor is related to modulus E;;
this relationship is expressed by the following em-
pirical equation:
log FF(E;) = -1.9427 log E; + 1.3553 @)
where E; is the

asphalt-concrete modulus (psi x
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10%). It should be noted from Equations 3 and 4
that FF(34.5 x 10° kPa) = 1.0, because a modulus
of 34.5 x 10° 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 calculations of E, are given elsewhere (6).
Interestingly enough, the effective modulus, as
listed in Table 1, exhibited little variation within

TABLE 1 Calculated Effective Modulus in Various
Climatic Zones

Effective Modulus

Zone Asphalt Grade (psi x 10%)
Wet no-freeze AC40 8.40
Wet freeze and thaw AC-30 5.30
Wet freeze AC-20 442
AC-10 4.43
AC-5 4.27
Dry no-freeze AC40 4.90
Dry freeze and thaw AC-30 3.30
Dry freeze AC-5 2.50
AC-10 2.40
AC-30 2.90

Note: 1 psi=6.895 kPa.

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

Value

Percent asphalt by weight 8
Percent air voids 5
Percent passing No. 200 sieve 5
Loading frequency
PI -1.0

The data in Table 1 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 R¢ 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 1). This analysis clearly identified the
individual and combined effects of the AASHO design
parameters on SN. The design parameters considered
were SSV and R¢ 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 = (3SN/dcg) deg + (3SN/3p) dp + (9SN/OW) dW
+(3SN/3SSV) dSSV + (9SN/dR¢)dR¢ (52)

If the initial and final serviceability indices are
kept constant, dp = 0 and dcp = 0. In addition,
because this study is concerned with environmental
variables only, the wheel-load term also drops out.
With these modifications, Equation 5a becomes as
follows:

dSN = (3SN/BSSV)dSSV + (9SN/R¢)dRs (5b)

The first-order partial derivatives of the weighted
SN with respect to S8V and Rf were presented by
Buick (2) as follows:

dSN/dSSV = 0.3775/(3¢/3SN) ©6)
dSN/AR; = (-0.4166/Rq)/(3¢/9SN) )

where 3¢/3SN is defined by the function shown below:

9/3SN = [4.065/(SN + 1)] +log[(co - p)/(co - 1.5)] { 5.677.9 (SN
+ 1) 1/[0A(SN + 1)1 +1,004] %} ®)

with cg = 4.0, p = 2.5, and log [(co - p)/(co = 145)1
= -0.2218.

Proportional change in SN may be expressed by us-
ing Equation 5b as follows:

ASN/SN = [(3SN/3SSV)/SN] dSSV + [(3SN/aRy)/SN] dR¢ ©)

When the value of [(3SN/3SSV)/SN] 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 [ (3SN+3SSV)/SN] = 0.13, the values for [(3SN
+3SSV) /SN)dSSVv and the soil support value factor
(FSSV) are given in Table 2.

With a similar approach, the values of [(3SN/3R¢)
+ SN]Rf are computed as listed in Table 3 for Rg =
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 (FRg), as defined
in Equation 10.

TABLE 2 Soil Support Value Factor

SsV dssv [(0SN/2SSV)/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
5.0° 0.0 0.00 1.00
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.

aReference soil support value.

TABLE 3 Values of [(dSN/aR;)/SN] R
for Different Values of SN

SN 9SN/IR¢ [(3SN/3R¢)/SN] R¢
1.0 021 0.21
2.0 -0.33 0.17
3.0 -0.49 -0.16
4.0 0.62 .15
5.0 -0.70 -0.14
6.0 -0.77 -0.13
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Influence factors for SSV and Rg, respectively,
are defined as follows:
FSSV =1 + [(3SN/0SSV)/SN] dSSV
FR¢ =1+ [(0SN/dR¢)/SN] dR¢ (10)
Equation 9 could be simplified to read as follows:
ASN/SN = (FSSV + FRy) - 2 (1)

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

TABLE 4 Influence Factor of Ry

R¢ dR¢ [(BSN/dR;)/SN] dRg FR¢
1,02 0.0 0.0 1.00
2.0 -1.0 +0.08 1.08
3.0 -2.0 +0.11 1.11

Note: dRyg = change in Rf from reference value; FR¢ = influ-
ence factor of Rf.
4R¢ 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 (5) as shown in Figure 4. The general

Soll Deposif

FIGURE 4 FSSV for soil deposits in the United States.

soil description given by Woods has made 1t possible
to estimate such strength parameters as California
bearing ratio (CBR) and from that the SSV (5,8).
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 interpretation
could be offered for the FRg. From the range of
values of the latter (1.0 to 1.11), it could be con-
cluded that Ry 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 a; (asphalt layer coef-
ficient) to Ey (asphalt modulus), which yielded
the following equation:

a; =0.22691E%*%%  R? =0.993, SE =0.051 (12)
for 1.0 < E} < 10.0 where Ej is in units of 10° psi
(1 psi = 6.895 kPa).

In order to study the effect of modulus on flexi-
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% kPa to that at
an arbitrary modulus. That is,
MFg =2;+/a; (13a)
where aj;4 and ajp are layer coefficients evaluated at
the reference value and at an arbitrary value, Eg.
According to Equation 12, the layer coefficient
bears an explicit relation to the asphalt modulus.

Substitution for aj# and ajp from Equation 12 results
in the following:

MFg = 1.983/E 0426 (13b)

Note that Equation 13b is valid for a reference mod-
ulus of 34.5 x 10° kPa. By using Equation 13b,
MFs for typical values of modulus are 1listed in
Table 5. The significance of MF is the same as that
of FSSV or FRe¢ 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 Asphalt-Concrete

Modulus Ey (psi) MF (E,) Modulus E; (psi) MF (E;)

200,000 1.48 600,000 0.92

300,000 1.24 700,000 0.86

400,000 1.10 800,000 0.82

500,000% 900,000 0.78

Note: 1 psi= 6.895 kPa.

aAsphalt-concrete reference modulus.

Combined Effects of Asphalt Modulus, SSV, and R¢
on Asphalt-Concrete Thickness

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 = 5,0, and
Rg = 1.0.

Considering the general case of an asphalt pave-
ment, the change in asphalt thickness between
stations B and & (with reference values) (AhB/*) can

be estimated as follows:

Bp,. = (hg ~h. ), (4)

where hy and hx are asphalt thickness at B and *.
For a full-depth pavement, Equation 14 may be
written as follows:
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bhg , = |(SNp/a; 5) - (SN./a 1 )] /(SN, /a1 .) (15)

If the overall change in SN from station 4 to B is
defined as ASN,

SNp = SN, + ASN (16)

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

bhp,, =MF [1+(ASN/SN,)] - 1 a7)
The depth factor (DF) is defined as the ratio of

asphalt thickness at station B to that at station 4
with reference environmental conditions. That is,

DFj =hg/h, (18)

By using the simple relation hg = hy + ahg as well
«

as Equation 17 in Equation 18,
tained:

the following is ob-

DFy; = {MFp[1 + (ASN/SN)] } (19)

Note that MFp, the modulus factor corresponding to
the effective modulus at B, has finally been calcu-
lated (see Table 5). In addition, with values of
ASN/SN evaluated from Equation 11, the depth fac-
tor for a given station can be explicitly calcu-
lated. A map of the United States listing values of
DF for the whole country is presented in Figure 5.
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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 substantiated by compar-
ing DFs in Figure 5: DF varies 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° kPa (8.4 x 10° 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° kPa (2.5 x 105 psi).

DF 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 DF is greater than 1 than in re-
gions where the DF 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 DF, A DF map of the United States (Figure
5) is included for ready reference.

Highér DFs resulted from either poor subgrade
soil or a relatively small effective modulus or
both. DF 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 DF can be an
effective measure in allocating funds for construc-
tion and maintenance of highway systems throughout
the country.

Because DF 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 Rg on SN but also the
climatic effect on the asphalt layer coefficient
(aj). Two examples are presented in the following
to illustrate how DF could be incorporated into 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 Example 1 Example 2
Mean air temperature (°C) 7 20
Climatic zone Dry freeze Wet no-freeze
Asphalt-cement grade AC-5 AC40
Effective modulus E, (kPa) 17.2x 10° 58.0x 10°
Effective asphalt layer coefficient a; ¢ 0.38 0.56
AASHO asphalt layer coefficient a; 042 0.42
AASHO regional factor 3.0 1.0
AASHO mean SSV 6.5 9.0

Traffic (80-kN EALS) 3x 108 6x10°
Depth factor 1.23 0.47
Gravel base thickness h, (cm) 25.4 0.0

Note: 1c¢m =0,39in.; 1 kPa=0.145 psi;t°C= (t° F - 32)/1.8; 1kN = 0.2 kip.

Example 1: Huron, South Dakota

Thickness for Standard Conditions

6 with W =3 x 10® 18-kip EALs and
hy = 25.4 em (10.0 in.) to obtain the asphalt layer
thickness for reference conditions, hjg = 14.2 cm
(5.6 in.). Figure 6 was prepared by using the AASHO
design charts with inputs of Rg = 1.0 and SSV = 5.0
along with Eg = 34.5 % 10° kPa (reference values).
Note that the asphalt layer thickness can also be
computed by using Equation 20, which is the regres-
sion equation developed from the data in Figure 6:

Enter Figqure

0.161 exp(0.0354h2)
hyg = [4.62 exp(-0.061h,)} x W

R?=0.970,SE=0.10 (20)

where h, is the gravel base thickness in inches.
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FIGURE 6 Asphalt-concrete thickness
for the reference conditions versus
traffic with and without gravel base.

Asphalt Thickness for Huron, South Dakota

Multiply hjr by the depth factor to get the as-
phalt thickness; hl =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: Tallahassee, Florida

Thickness for Standard Conditions

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

Asphalt Thickness for Tallahassee, Florida

As in example 1, hy = 0.47 x 22.4 cm = 10.5 cm (4.2
in.). The required pavement 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 (a; = 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 {64
Huron, S.D. Asphalt
(DF =1.23) concrete 157 17.3 17:5
Gravel base 25.4 25.4 254
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 a; = 0.42, p = 2.5; B= AASHO SN with variable aje
[layer coefficient corresponding to the effective modulus (Equation 12)], p = 2.5;
C = AASHO design with DF modification, p =2.5. 1 ¢cm = 0.39 in,
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2. Had the effect of climate been included in
the AASHO design by judiciously varying the effec-
tive asphalt layer coefficent 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
projects in various parts of the country.

REFERENCES

1. Interim Guide for the Design of Pavement Struc-
tures. AASHTO, Washington, D.C., 1974.

2. T.R. Buick. BAnalysis and Synthesis of Highway
Pavement Design. Joint Highway Research Proj-
ect, Purdue University, West Lafayette, Ind.,
1968.

3. S.H. Carpenter, M.I. Darter, and B.J. Dempsey.
Evaluation of Pavement Systems for Moisture-Ac-

celerated Distress. In Transportation Research
Record 705, TRB, National Reccarch Council,
Washington, D.C., 1979, pp. 7-13.

4. Climatological Data WNational Summary, 1941-
1970. Weather Bureau, U.S. Commerce Department,
1970.

5 K.B. Woods and C.W. Lovell, Jr. Distribution

of Soils in North America. In Highway Engineer-
ing Handbook, Section 9, McGraw Hill, New York,
1960.

6. H.L. Von Quintus, F.N. Finn, W.R. Hudson, and

F.L. Roberts. Flexible and Composite Structures
for Premium Pavements, Vols. 1 and 2. Report
FHWA-RD-80. FHWA, U.S. Department of

Transportation, Dec. 1979.

7. M.Y. Shahin. Design System for Minimizing As-
phalt Concrete Thermal Cracking. Proc., Fourth
International Conference on Structural Design
of Asphalt Pavements, University of Michigan,
Ann Arbor, Aug. 1977.

8. E.J. Yoder and M.W. Witczak. Principles of
Pavement Design, 2nd ed. Wiley, New York, 1975.

Publication of this paper sponsored by Committee on
Flexible Pavements.

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 1limit 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 1limit to maintain the uniformity
of this trend. A computer program LOADIMT
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 within
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 egqual or exceed the
loss during the rest of the year (l). 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 spring
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 (2). Empirical as well as mechanistic
methods have been developed recéntly in at attempt
to rationalize the criteria for a seasonal load lim-
it. An empirical approach was introduced in NCHRP
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
regions with a mean freezing index exceeding 200
degree-days and in which the average normal Dyna-
flect 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 (Lg) that can
be applied to a given highway during the critical
period is inversely proportional to the maximum
(peak) SCI measured during that period:

Lg = k/maximum SCI (1)

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 regions. 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, fatigque 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 of the system. Moreover, roughness
is a function of variability of the material proper-
ties and poor construction control. Therefore, the
concept of controlling the load 1limit 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 (2) that assumes that the flexible pavement
damage is due to fatigue cracking of the asphalt-
bound layer. In this method, the maximum axle load
allowed during the spring-thaw period is restricted
to that which produces a horizontal (critical) 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. It 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 1life 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:

1. 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 weakening. In fact, slope variance and rut-
ting contribute to flexible pavement serviceability
more than fatigue cracking (4). The fatigue-based
criterion may be efficient if previous experience
shows that fatigue cracking is the critical type of
failure for the specific condition.

2. All axle 1loads 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 1limit is imposed, some
heavy trucks select other routes, which results in
reducing the number of axles on the road.

5. The study assumed 1linear-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 limit
that optimizes the use of the road and its remaining
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 uniform failure rate for
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TABLE 1 Material Properties for Summer-Fall and Spring-Thaw Conditions

Summer-Fall Conditions®

Spring-Thaw Conditions®

Material Property Surface

Base Subbase Subgrade Surface Base Subbase Subgrade

Modulus (psi) 532,000 20,000 10,000 5,000 900,000 20,000 10,000 3,000
Poisson’s ratio 0.35 0.40 0.40 0.45 0.35 0.40 0.40 045
Fatigue properties

K; 0.918 x 1072 - - 0.932x 1075 - -

K 3.08 - - - 3.14 - - -
Permanent deformation properties

u 0.06 0.04 0.05 0.06 0.035 0.04 0.05 0.07

o 0.75 0.75 0.75 0.85 0.75 0.75 0.75 0.65

Note: For detailed testing procedure, seo report on VESYS program (5).
A Average valnes for Tune through February.
bAverage values for March and April,

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 30 36 35

20 35 34 40

18 50 32 60

16 65 30 70

14 70 28 50

12 60 26 50

10 50 24 30

Note: Current daily 18-kip EALs = 500; traffic growth rate = 3 percent per
year.

a 2-month period with both summer-fall and spring-
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-thaw period
should be 14 and 28 kips, respectively. 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-
fall perind wae 0_0258, 2 difference of §.078.

The original VESYS computer program (5) was
further used to investigate the trend of pavement
failure with and without the seasonal load limit.
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 Figure 7. It is noted that
the trends of the individual pavement failure types
are not uniform under the seasonal load limit condi-
tion. However, the trend of serviceability index
under this condition is uniform, as shown in Figure
7. Also, if the terminal serviceability index is 2,

~—

— T T T T -

T ——WITH SEASONAL LOAD LIMIT
b 6 -~ -WITHOUT SEASONAL &
% LOAD LIMIT e 7
4
x4 1
<
=3 E
o
w 2 -
2
=il L
<
wo 1 1 L L A
o] 1 2 3 4 <] 8 7
AGE (YEARS)

FIGURE 4 Fatigue cracking index
versus age with and without
seasonal load limit.

the pavement is expected to reach the end of its
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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 1limits 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 method of selecting this load 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
pavement failure types should be considered, such as
fatigue cracking, rutting, and roughness. If the
properties of the pavement materials under thg 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 LOADILMT 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 1limit 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 is 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 asphalt layer and the top
of the subgrade. Because the only part of
a pavement that 1is 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 validating designs.

Mechanistic pavement design techniques for asphalt
pavements have been developed to a degree that per-
mits their application with a significant measure of
confidence. The Fourth International Conference on
the Structural Design of Asphalt Pavements (1) in
1977 was a milestone in the development of these
methods; it was devoted almost entirely to the pre-
sentation of complete design systems or subsystems.
Although mechanistic design is a reality and has
been for some years, it is not widely accepted or
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 basis
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
maintenance of the pavements are decreasing. Thus,
in order Lo maintain and reconstruct the highway
network pavement engineers need to use the flexibil-
ity 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
appropriate to attempt to develop a relationship be-
tween pavement life and some characteristics of the
deflected shape of the surface of a loaded pavement
that is sensitive to structural parameters such as
layer thickness and material properties.

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 Benkelman beam or similar device. How=
ever, the limitations of this single parameter,
i.e., that two different pavements may have the same
maximum deflection but different deflection pro-
files, are well known and are shown in Figure 1.
Because it is accepted that the strain in the as-
phalt is an important parameter in the definition of
its performance and that this strain is related to
the shape of the deflected surface, the inability of
a single deflection measurement to differentiate be-
tween the two 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 following 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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dgg = dgp
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Structure (b)
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FIGURE 1 Pavements with same maximum deflections but different deflection profiles.

TABLE 1 Parameters Based on Surface Deflection

Parameter Formula Source
Radius of curvature? R=r1%/2dg[(dg/d;) - 1] Miura and

Tobe (2)
Deflection ratio® DR =d,/dy Claessen

et al. (3)
Spreadability® SP =[(dg +d; +d;)/3dg] x 100 Rufford (4)
Bending index Bi=dgy/a Hveem (5)
Radius of influence RI=R1/dy Ford and

Bisselt (6)
Slope of deflectiond SD = tan™! [(dg = dp)/r] Kung (7)

MNote: r=radial distance from center of load; d = deflection (0 = center of load, r =
radial distance, 1,2 = locations 1 and 2); a = ono-fourth Jength of deflection basin; R1 =
distance from point of maximum deflection to where curve becomes tangential to
horizontal,

2r and radius for dp =127 mm,

bRadius for d; = 600 mm,

€dy and d; measured at 300 and 600 mm from the load, respectively.

dr and radius for d, = 610 mm.

Development

Development of the parameter described in the fol-
lowing is based on the assumption that elastic-layer
analysis, which is widely used for mechanistic de-
sign, will be used for the prediction. Because elas-
tic-layer analysis provides a reliable representa-
tion of the slope of the deflected surface but can
be in error with regard to the magnitude of the de-
flections (R. Koole, unpublished data), it is neces-
sary that parameters developed take account of this.
That is, deflection-based parameters should describe
the shape of the surface and be independent of the
absolute magnitude of the deflection at any point.

Preliminary analysis of pavement structures with
the BISTRO (8) 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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>