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Foreword 
Those interested in the design of pavement systems should be aware of con­
tinuing changes and advancements in technology. The 6 papers in this 
RECORD address the subject of design and performance of both rigid and 
flexible pavement systems. Investigations on the subject include analytical 
and laboratory techniques as well as field testing and observations. 

The validity of an analytical method can be applied with confidence when 
its solutions are confirmed with actual test results. Agarwal and Hudson 
report on the verification of discrete-element solutions for pavement slabs 
by use of tests with small-dimension aluminum slabs resting on saturated 
clay subgrades. They conclude that this analytical method can be used to 
provide satisfactory solutions for pavement slabs. 

The paper by Treybig, Hudson, and McCullough describes a sensitivity 
analysis using an extended AASHO Interim Guide Mathematical Model to 
determine the change in rigid pavement service life caused by wiit changes 
in independent design variables. The analysis determined the relative im­
portance of and significant interaction among the design variables and also 
evaluated the stochastic variation for each variable. 

Teng' s paper covers an observation study of continuously reinforced 
concrete pavements constructed in Mississippi since 1961. Reported are 
failure investigations, repair procedures, and a preliminary review of de­
sign and construction statistics related to crack spacing. Also presented 
and discussed are design features and measurements made on experimental 
projects constructed in 1961 and 1962. 

Fredrickson, Diethelm, and Zwiers report on the development of a new 
flexible pavement design from results of the Minnesota Department of High­
ways AASHO Satellite Test Program on 50 selected roadways. The design 
emanated from the study of the effects of pavement section characteristics, 
subgrade soil strength, climate, and loading and distribution of traffic on 
the performance of flexible pavements. A design chart is presented that 
shows the required gravel equivalent thickness dependent on embankment 
stabilometer R-value and equivalent 18,000-lb single-axle loads. 

The investigation reported by Coffman, Ives, and Edwards was conducted 
to determine whether asphaltic concrete will respond isotropically to sur­
face forces when used in relatively large volumes such as in structural 
pavement. Core and block specimens were secured from a contract­
constructed pavement in 3 orthogonal directions and tested in unconfined 
compression and bending. A comparison of the resulting linear complex 
moduli indicated that, on an engineering basis, the differences found were 
not considered significant for predicting strains and deflections for a layered 
pavement structural system. 

The final paper by Vaswani covers results of a quantitative evaluation of 
the thickness equivalences of materials on Interstate, primary, secondary, 
and subdivision roads in Virginia and a qualitative model study of layered 
systems. Among other things, the investigation showed that the structural 
strength of a pavement decreases when a weaker layer lies over a stronger 
layer or when a weaker layer is sandwiched between 2 stronger layers. 
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Experimental Verification of Discrete-Element 
Solutions for Pavement Slabs 
SORAN L. AGARWAL and W. RONALD HUDSON, 

Center for Highway Research, University of Texas at Austin 

The validity of any analytical method can best be proved by comparing its 
solutions with actual test results. To obtain specific test results for use 
in verification of the discrete-element methods, a study of small­
dimension slab-on-foundation under controlled conditions was conducted. 
An instrumented aluminum slab 9 by 9 by 1/a in. was tested resting on a 
specially prepared saturated clay subgrade under 2 loading positions. 
Plate-load tests were performed to determine linear and nonlinear char­
acteristics of the soil for representing the subgrade according to the 
Winkler assumption. These characteristics were also determined from 
stress-strain relations of the soil, obtained from unconfined compression 
tests. A comparison of discrete-element solutions and experimental re­
sults was made for deflections , principal stresses, and stresses along the 
edge for different loads. The tests confirm that the discrete-element 
solutions can be used with confidence to obtain satisfactory solutions for 
pavement slabs. 

•PRIOR TO 1963, the Westergaard solutions for pavement slabs (17, 18, 19, 20) were 
the best available. Since that time a discrete-element method develop by Hudson and 
others (3, 4, 5, 6, 10, 14) has overcome many of the limitations of previous methods. 

Matlock-and Haliburton (10) presented a discrete-element model that satisfied the 
differential equation for a beam column. The model is a system of rigid bars connected 
by springs that represent the stiffness of the beam. Hudson and Matlock (3, 4, 5) ex­
tended this bar spring model to a slab by using an alternating direction iterative -method 
to solve for the deflected shape of the slab. Stelzer and Hudson (14, 6) utilized a direct 
matrix manipulation technique to obtain the deflections. For mostproblems this has 
been shown to be more efficient computationally than the alternating-direction technique. 

In the discrete-element model of the slab as suggested by Hudson and others (3, 4, 
5, 6, 14), the slab is replaced by an analogous mechanical model representing all stiff­
ness and support properties of the actual slab (Fig. 1). The joints of the model (Fig. 2) 
are connected by rigid bars that are in turn interconnected by torsion bars represent­
ing the twisting stiffness. The flexible joint models the concentrated bending stiffness 
and the effects of Poisson's ratio. The soil support is represented by independent 
elastic springs, i.e., the Winkler foundation, concentrated at the joints. 

The deflection at each joint is unknown. The basic equilibrium equations are de­
rived from the free body of the slab joint with all appropriate internal and external 
forces and reactions. These equations include summing the vertical forces at each 
joint and summing the moments about each individual bar. A complete derivation of 
these equations can be found elsewhere (14). The stiffness matrix thus generated is 
partitioned into submatrices. A back-and-forth recursive technique analogous to Mat­
lock's method of solving beam columns (10) is applied to the submatrices to solve for 
the deflections; and the slopes, moment~ shears, and reactions are computed by using 

Paper sponsored by Committee on Rigid Pavement Design and presented at the 49th Annual Meeting. 
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Figure 1. Discrete-element model of a plate or slab (19.l . 
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Figure 2. Typical joint i-j taken from discrete-element slab model (NJ. 

the difference-equation relations. Computer programs DSLAB 5 and DSLAB 30 (14 and 
11 respectively} have been developed for a slab resting on linearly elastic foundation 
springs. They are written in FORTRAN computer language for the Control Data Cor­
por·atton 6600 digital computer. Subsequently the method has been modified by Kelly (7) 
using nonlinear support characteristics. Salient features of DSLAB 5, DSLAB 30, and 
DSLAB 26 are given in the Appendix. The method was checked by comparing solutions 
with data existing for problems in the literature, but more complete checks were 
needed. 

The validity of analytical solutions can best be proved by comparing them with re­
sults of carefully controlled tests. To obtain test results for use in verifying discrete­
element methods for slabs on foundation, a study was developed in two parts, one to 
check the modeling and method of solution for plates on simple supports for a variety 
of stiffness and load conditions, and the second to investigate the modeling of a slab 
on soil foundation using linear and nonlinear Winkler foundation models (1, 2). Tests 
were conducted on an instrumented aluminum slab resting on a clay subgrade for a 
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center load and two-point corner loads. Characteristics of the soil subgrade, for use 
in the computer program, were determined by tests conducted on circular rigid plates 
(12), and from stress-strain relationships of the soil obtained from unconfined com­
pression tests. This paper briefly describes the second portion of the study including 
development of the test procedure, various tests conducted, representation of the soil 
by linear and nonlinear characteristics, and comparison of analytical and experimental 
solutions for the tests under static loading. 

SOIL PREPARATION AND PROPERTIES 

Taylor Marl clay from near Austin, Texas, was used as the subgrade material. 
The clay was thoroughly dried at 130 F, crushed, redried, and pulverized. It was 
then mixed with water in a mechanical mixer to get an approximate water content of 
38 percent, and the mixed soil was placed in plastic bags and stored in a moisture­
controlled room to avoid evaporation. Storing of the prepared soil for a month helped 
to achieve uniform moisture content throughout the soil mass. After one test was per­
formed, the soil was stored in a similar way until the next test. 

The properties of Taylor Marl as determined in the laboratory were liquid limit, 
59; plasticity index, 29· optimum water content, 17.5 percent; and maximum dry den­
sity, 106

3
5 lb/ft3. The in situ properties in the test box were average density, 

116 l b/ft ; water content, 38 percent; average degree of saturation, 96 percent; aver­
age shear strength from unconfined compression test, 177 lb/ft2 (1.23 lb/in~) ; and 
modulus of subgrade reaction (tangent) k, 160 lb/in 3 • 

TEST BOX AND SLAB SIZES 

A 2 by 2 by 2 ft box, made of plywood % in. thick, stiffened by 2 by 4 in. lumber 
with detachable top and bottom covers that could be bolted on, was used in the tests. 
Based on work by Lee (8), a slab of 9 by 9 in. was chosen so that there would be little 
restraining effect due to the container walls and bottom. This size also agreed with 
the r ough criterion that the zone of influence extend to at least twice the width of the 
slab (15). The thickness of the slab, 1/e in., was chosen so that increasing the hori­
zontaldimensions of the slab would have a negligible effect on the behavior of the slab. 

Elastic properties, i.e., modulus of elasticity E and Poisson's ratio 11, were de­
termined by testing a 2 by 18 in. strap of the material in tension. Longitudinal and 
transve1·se strains were measu1·ed by using foil s train gages oriented at 90 deg. The 
slab properties determined are as follows: modulus of elasticity E, 10.5 x 106 lb/in.2; 
Poisson's ratio 11, 0.34; bending stiffness Dx = Dy, 1.930 x 1013 lb/in. ; twisting stiff­
ness Cx = Cy, 1.280 x 103 lb/in .; and radius of r elative stillness t, 1.87 in. 

Method of Placing Soil and Slab in the Test Box 

The top and bottom covers of the test box were detached. To position the slab on 
the inside of the bottom cover, 4 plywood planks were fixed so that a 9 by 9 in. space 
was left in the center. This space was filled with plaster of paris, but the top 1/a-in. 
portion was left for the slab, which was positioned with the side having rosettes facing 
downward and the other side flush with the plywood planks. To reduce friction between 
soil and the slab, the top face of the slab, which would be in contact with the soil, was 
covered with a thin film of grease. A polyethylene sheet was spread on the planks, and 
the greased slab was left uncovered. The body of the box was then fixed to this as­
sembly by bolts. The soil was prepared by mixing and was extruded in a 3 by 3 in. 
cross section in convenient lengths under a vacuum of about 20 psi. The soil blocks, 
cut in different lengths, were placed in the box until one row was completed. Several 
precautions were taken to ensure close contact between adjacent blocks by staggering 
the joints in the adjacent blocks with fingers and compacting each layer by a 10-lb 
drop hammer with a compacting surface of 6 by 6 in. falling 18 in. with 2 blows at 
each position. This procedure was continued until the whole box was filled. Then a 
polyethylene sheet was placed over it, and the top cover was attached. The box was 
taken to the testing bed, where it was lifted by 2 small hoists and supported from the 
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ceiling. The box was then turned over, bringing the slab to the top, and the top cover 
in the new position was then removed. The plaster of paris block was also removed, 
leaving the slab and the rosettes exposed to the room temperature. The soil was 
covered by a polyethylene sheet and wooden planks until arrangements for loading and 
measurement were completed. 

LOADING 

Load was applied by a mechanical screw jack, measured by a load cell, and re­
corded in a digital voltmeter. The output was read on the digital scanning system as 
well as on the digital voltmeter. The details and specifications of these devices are 
given elsewhere (1, 2). Tests were performed under 2 loading positions: center load 
and 2-point corner loads . 

DEFLECTION AND STRAIN MEASUREMENT 

Deflections of slab were measured by 0.0001-in. dial gages and LVDT's (linear 
variable differential transducers). An independent frame consisting of vertical, hori­
zontal, and diagonal members was made to support the dial gages and LVDT's. The 
frame did not touch the box or the loading unit during the testing. Strains were mea­
sured by 4 rosettes for center loading and by 3 rosettes and 2 strain gages along one 
edge for corner loading. 

TEST PROCEDURE 

After the box was turned upside down, it was positioned under the loading frame, 
the level of the top of the slab was checked, and the verticality of the applied load was 
ensured. All the LVDT's and dial gages were fixed at their respective places. The 
connections of the LVDT's, strain gages, and load cells to the 40-channel voltmeter 
were completed. Alternate channels were used for load to aid in getting the LVDT out­
put and strain gages output to correspond to exact loads separately. When all the test 
arrangements were completed, the LVDT's and strain gages were calibrated. The 
screw jack was set to produce a movement of the loading rod of about 0.0124 in./min. 
After the initial readings of all the measuring devices were recorded, the load was 
applied continuously and data were obtained at regular intervals. The loading con­
tinued until the maximum load, 255 lb for center loading and 208 lb for corner loading, 
was reached. The slab was then unloaded and readings were again taken at regular 
intervals. 

After the test the slab was removed. The plate load test was conducted on a rigid 
plate 1/a-in. thick and 9 in. in diameter according to ASTM specifications. Tests on 
rigid plates of 1, 2, 4, and 6 in. in diameter were also conducted, as reported by 
Siddiqi (12). Vane shear tests were conducted at 8 locations and up to 5 in. from the 
surface,and torvane shear tests were also conducted. Samples were taken for mois­
ture content, density, and degree of saturation and for unconfined compression tests 
during the soil placement and after the test. The unconfined compression tests were 
performed at the same loading rate as the slab testing and also at several moisture 
contents. 

TESTS CONDUCTED 

Tests were conducted in a 3-phase program. Phase 1 was preliminary slab testing 
under center load to establish a suitable test procedure. Two preliminary series 
(series 300 and 320) were conducted; one on :m uninstrumented slab and the other on 
an instrumented slab. Both series were conducted under small loads producing de­
flec tions within linear charac teristics of the soil. Test data, analysis , and difficulties 
encountered in these preliminary series are reported by Agarwal and Hudson (1, 2). 
Phase 2 (series 330) was the testing of the instrumented slab with center load. -The 
testing was done under loads producing deflections within linear and nonlinear soil 
characteristics, first under static and then under cyclic loads . Phase 3 was the test­
ing on the instrumented slab under 2-point corner loads (series 340), producing deflec-
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test setup loading and measurement devices 

Figure 3. Center-load slab test. 

tions within linear and nonlinear soil characteristics, first under static and then under 
cyclic loads. Slab series 330 and 340 were the main test series and are analyzed here 
for the static case. The chief findings of the preliminary series are also included 
wherever helpful. Test data of series 330 and 340 under cyclic loading are discussed 
elsewhere (!, ~). 

CENTER-LOAD SLAB TEST (SERIES 330) 

Load was applied by the mechanical jack (Fig. 3) through a %-in. diameter loading 
rod and transmitted to the slab by a ball so as to apply only a vertical component of 
load. 

Soil Properties 

Soil subgrade was represented by the Winkler foundation, which was determined 
from the pressure versus deflection characteristics obtained from plate load tests. 
From the preliminary series, as reported in detail by Siddiqi (12), it was observerl 
that these characteristics were influenced by the plate size. Therefore, it was de­
cided to use the data of the 9-in. diameter rigid plate in analysis of the 9 by 9 in. slab. 
The pressure versus average deflection data are shown in Figure 4 along with 2 sets 
of test data; one for a preliminary series (series 320), and the other for corner-load 
slab test (series 340). The curves for the material used in series 330 and 340 are al­
most identical, but the behavior in series 320 was significantly different. Curve I for 
the main series and Curve II for the preliminary series were used in subsequent linear 
and nonlinear analyses. 

The soil properties as determined after the slab test are discussed in detail by 
Agarwal and Hudson (!, .~), and the average properties have already been given. 

Test Results 

Deflections and strains were calculated for different loads during loading and un­
loading. The method of reduction is described by Agarwal and Hudson (1, 2). 

Dial gages on the slab served as checks for LVDT's at identical positions. The 
deflections at all the points increased nonlinearly with the increase in load (Fig. 5). 
At all points, deflections were downward up to a 55-lb load and then upward at the 
corner for the rest of the loading. During unloading the curves did not follow the load­
ing curves, but had permanent sets of different magnitudes at various points at zero 
load. The deflection data of the 3 dial gages serving as checks for the LVDT's at 
identical position showed that nonlinear behavior, following different paths during load­
ing and unloading and having different permanent sets, was similar to that for LVDT's 
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(1, 2). For 2 points on the soil near the slab periphery, the nonlinear behavior and 
large permanent sets on unloading indicate that the adjoining soil was affected as the 
slab was loaded (Fig. 6). 
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The method of getting largest principal stresses and their directions from the strain 
reading of the rosette is described elsewhere (1, 2). The behavior of nonlinear varia­
tions, having different paths during loading and-unloading, and different residual 
stresses at various locations on unloading, was similar to that for deflections (Fig. 7). 

Comparison of Experimental and Analytical Deflections 

Analytical solutions based on the discrete-element model were found by using 
DSLAB 30 (11), with soil represented by linear springs; and DSLAB 26 (7), with soil 
representedby nonlinear springs. Salient features of DSLAB 30 and DSLAB 26 are 
given in the Appendix. The linear and nonlinear soil springs below the slab were ob­
tained by the following methods: 

1. Linear springs from 9-in. diameter rigid plate test data corresponding to 0.01-
in. deflection (tangent modulus); 

2. Linear springs from 9-in. diameter rigid plate test data corresponding to 0.02-
in. deflection (secant modulus); 

3. Nonlinear springs using the entire pressure versus deflection curve of the 9-in. 
diameter plate test; and 

4. Nonlinear springs using Skempton's recommendation for unconfined compres­
sion test data (derivation given in! and~). 

The different soil representations outlined in the preceding are shown in Figure 8. The 
linear springs act in tension as well as compression. The nonlinear springs act in 
compression only. As clays can take small amounts of tension (16), these springs 
were made active in tension also, with the same slope as that in compression for the 
earlier portion of the curve. 
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The measured and computed deflections using linear and nonlinear springs for soil 
for a particular load on the slab were compared, and the error was calculated as per­
centage of maximum measured deflection, i.e., 

where 

Percentage error 

measured deflection at point i, 
computed deflection at point i, and 

X 100 

maximum measured deflec tion for the load under consideration. 

(1) 

For a load of 100 lb (categorized as a load producing small deflections), the plots 
along centerline and diagonal for measured and analytical deflections using different 
linear and nonlinear springs (Figs. 9 and 10) and the percentage errors (1, 2) indi­
cated there was good correlation between the experimental and DSLAB solutions using 
springs B, C, and D. The error was within 5 percent near the loaded area, 7 percent 
near the midedge, and 22 percent near the corner. The difference in error at the cor­
responding checkpoints, using dial gages, was within 2 percent. The results obtained 
by using linear springs (secant modulus corresponding to maximum deflection) were 
almost the same as those using nonlinear springs. Similar comparisons in both pre­
liminary slab tests were observed (1, 2). 

From the plots for measured and-analytical deflections along the centerline and 
diagonal (Figs. 11 and 12 respectively), for a load of 200 lb (categorized as a load 
producing large deflections), and percentage errors (1, 2), it was observed that good 
correlation existed using nonlinear springs only. Percentage error using C and D 
springs was within 8 percent near the load, 3 percent near the midedge, and 14 per­
cent near the corner. The difference in error at the corresponding checkpoints, us­
ing dial gages, was within 2 percent. Solutions using linear springs (A and B) did not 

Distan ce From Center Along Ctnhr Lint, inehn 

O ... o ---~------,...---~----,----~---3i-----.---~---~ 
Point, 

o.oo~ 

0. 010 

0,0 15 

0.020 

0 025 

0 © 

0---0 Eap., i manlol 

6- -6. Llnur It : 160 pci 

D--0 Linea, II : 144 pci 

.,___..... Nonllneor ..i ( Sktmplon) 

o----0 Nonlinear - ( 9-in:-Olomehr Plata Doto) 

Figure 9. Experimental and analytical deflections on centerline under center load of 100 lb (series 330) . 



10 

.c. 
u 
-~ 
C 
0 

u .. . 
0 

0.005 

0 0 

PotPl'i 

Distance From Center on Diagonal I inches 

2 3 4 

© © 
7 e 

© 

Eicperimentol 

L inear k = 160 pci 

Linear k = 144 pci 

Nonllntar - (Skempton) 

Nonlinear - ( 9 in . Diomettr Plat, Doto) 

Figure 10. Experimental and analytical deflections on diagonal under center load of 100 lb (series 330) . 

.c. 
u 
C 

C 
0 

.. 

D i,tance From Center on Cent1r Line, Inches 

0 o,......----,-----.-----,----,.2----,,------.3- ---,----,4----.,-

0. 01 -

0.02 

0 .0 3 

Points 

o---o 
A-~ 
o-....a -

(i) 

Linea, X : 160 pt.I 

Linea r k i: 1'4 4 pc l 
HonHntor - (Sti.empton) 

® 

Nonll neor - ( 9 In Ole1 m1J1r Ploie Doto J 

o 0.04 

0 . 05 

Figure 11. Experimental and analytical deflections on centerline under center load of 200 lb 
(series 330). 
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yield good agreement if the deflections on the slab were large and lay on the nonlinear 
part of the pressure versus deflection curve for the soil. 

Comparison of Experimental and Analytical Principal Stresses 

The largest principal stresses for loads of 100 and 200 lb on the slab were calcu­
lated from the strains of the rectangular rosettes (!, ~). The measured principal 
stresses corresponded to the top of the slab, whereas those obtained by using DSLAB 
corresponded to the bottom. This difference was kept in mind, as a comparison was 
made of the measured and DSLAB largest principal stresses with the absolute values 
and percentage errors calculated as a function of the maximum measured largest prin­
cipal stress. 

where 

Percentage error X 100 

measured largest principal stress at point i, 
DSLAB largest principal stress at point i, and 
maximum measured largest principal stress for the load under con­
sideration. 

(2) 

For a 100-lb load on the slab, the comparison of measured largest principal stresses 
with the DSLAB solutions, using the linear and nonlinear springs (1, 2), showed that 
the maximum percentage error was within 7 percent and that there-was small differ­
ence in percentage errors for solutions using linear and nonlinear springs. Similar 
observations were made for the preliminary series 320 (1, 2). A similar comparison 
of largest principal stresses for 200 lb showed that agreement was within 7 percent be­
tween experimental measurements and DSLAB solutions using nonlinear springs; linear 
spring did not yield good agreement (!, ~). 
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test setup loading beam 

Figure 13. Corner-load slab test (series 340). 

CORNER-LOAD SLAB TEST (SERIES 340) 

Load was transferred to the slab near the opposite corners through a loading beam 
(Fig. 13). To ensure equal loads at both ends, the beam was joined to the loading rod 
by a pin connection. As it was desired to measure deflections along the diagonal it­
self, %-in. diameter holes were made in the beam for the co1·es of the LVDT's to pass 
through. Identical holes were made on both sides of the center of the beam, so that 
equal loads were transmitted at the 2 ends. The testing procedure was exactly the 
same as for the center-load slab test. The soil properties as determined after the slab 
test are discussed in detail elsewhere (!, ~), and the average values have also been given. 

Test Results 

Deflections and strains were calculated for different loads (1, 2). For all the 
LVDT's, except 6 and 7, the deflections increased with load nonlinearly (Fig. 14). 
LDVT 6, placed at the unloaded corner, and LVDT 7, measuring the smallest deflec­
tions, showed almost linear variation. The deflections were upward at the unloaded 
corner, and downward at all the other points. The results, which showed different 
paths during unloading and permanent sets, were similar to center-load slab test re­
sults. The deflection data for the 4 dial gages on the slab that served as checkpoints 
for 4 LVDT's showed that the nonlinear behavior during loading and unloading was 
similar to that of LVDT's. 

The deflection data for 2 points on the soil near the slab periphery showed that the 
deflections at both points were nonlinear and downward, with large permanent sets on 
unloading (1, 2). This indicates that the adjacent soil was affected as the slab was 
loaded. The data for largest principal stresses (1, 2) and stresses along the edge 
(Fig. 15) showed that nonlinear behavior with permanent sets in unloading was similar 
to that for deflections. 

Comparison of Experimental and Analytical Solutions 

Analytical solutions were obtained by using DSLAB 30 (11), for linear soil springs, 
and DSLAB 2 6 (7), for nonlinear springs, for total loads of 100 and 200 lb ( 50 and 100 lb 
at each point respectively). The following soil springs were used: linear springs A 
and nonlinear springs C and D were the same as for the center-load test. Linear 
springs B were calculated from 9-in. diameter rigid plate test data for deflections of 
0.02, 0.03, and 0.04 in. Secant moduli thus obtained were 144, 128, and 112 lb/in.3 

respectively. 
Comparison of measured and analytical solutions for deflections, principal stresses, 

and stresses along the edge was made, and percentage errors were calculated as a 
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function of the maximwn measured value for the load under consideration. The mea­
sured and analytical deflections were plotted along the diagonal and the edge. Because 
the loads were placed symmetrically on the diagonal, the measured values on both sides 
of the center were taken as the same while plotting the deflections. 
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Figure 16. Experimental and analytical deflections on diagonal under corner loads of 100 lb (50 lb 
at each point). 
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Figure 17. Experimental and analytical deflections on edge under corner loads of 100 lb (50 lb at 
each point). 
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For a total load of 100 lb, i.e., 50 lb at each point (load producing large deflections), 
good correlation existed (Figs. 16 and 17) using nonlinear springs only (1, 2). The per­
centage error using nonlinear springs (C and D) was within 6 percent on-the entire slab. 
The difference in error at checkpoints using dial gages was within 1 percent. Solutions 
using linear springs (A and B) did not yield good agreement, as the deflections on the 
slab were large and lay on the nonlinear part of pressure versus deflection character­
istics of the soil. 

The comparison for largest principal stresses and for stresses along the edge 
showed that the maximum discrepancy using nonlinear springs (C and D) was within 14 
percent and using linear springs (B) was 27 percent (1, 2). 

For a total load of 200 lb, i.e., 100 Ib at each point (load producing large deflec­
tions), good correlation existed (Fig. 18) usllng nonlinear springs only (1, 2). The 
percentage error using C and D springs was within 11 percent near the loaded area, 6 
percent near the unloaded corner, and 3 percent on the rest of the slab. The percent­
age error for the corresponding checkpoints using dial gages was 5 percent for points 
all over the slab. Solutions using linear springs (A and B) did not yield good agree­
ment, as the deflections lay on the nonlinear part of the pressure versus deflection 
characteristics of soil. 

The comparison of largest principal stresses and stresses along the edge (1, 2) 
showed maximum discrepancy between measured and analytical solutions of 9 percent 
using nonlinear springs (C and D) and 43 percent using linear springs (B). 

CAUSES OF DISC REP ANCY 

In the slab tests discussed in this paper, the slab was resting on soil, whereas 
plates tested at another time (!, ~) were resting on rigid supports. From the study of 
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plates with different stiffness, load, and support conditions, the rigid supports may 
be represented adequately int.lie input data in this method of solution. Therefore, the 
major cause of discrepancy in the slab tests may be in the representation of soil. 

From the comparison for deflections, largest principal stresses, and stresses 
along the edge under the 2 loading conditions, it has been observed that soil can be 
represented satisfactorily by the Winkler foundation provided that (a) linear or non­
linear springs are input for loads producing small deflections, and (b) only nonlinear 
springs are used for loads producing large deflections. 

It has also been observed that the maximum discrepancy is along the periphery of 
the slabs. The following factors may be some of the causes of the discrepancy. 

1. According to the Winkler foundation, the soil springs act only under the slab, 
and the adjoining soil is not affected at all. This is in contradiction to the observed 
deflections of the soil surface during the tests. Deflections were observed at 2 points 
on the soil each for center-load and corner-load slab tests. From these observations, 
it seems that the effect of the soil outside the perimeter of the slab may also be in­
cluded while representing the soil. 

2. In the DSLAB input, the properties of the slab and soil are lumped in joints and 
bars in proportion to the area occupied by each station. This necessitates full values 
at the interior stations, half values at the edge, and quarter values at the corners. 
This applies to the slab as well as to the soil, and may be true only if the slab (9 by 9 
in.) is resting on 9 by 9 in. soil. If the soil is not represented beyond the dimensions 
of the slab, the soil springs acting along the periphery may need to be modified. Pos­
sible ways to carry out such modifications should be thoroughly investigated. 

3. The interaction between the slab and the soil has not been taken into account. 
The effect of the frictional forces developed because of such interaction should be 
thoroughly investigated. Because the present DSLAB solutions neglect these frictional 
forces, the bottom of the slab was lubricated with a thin film of grease before the soil 
placement, but whether the frictional forces during the testing were completely reduced 
is not known. 

4. The soil is represented by linear and nonlinear independent springs in the DSLAB 
solutions. The interaction between these springs, in both vertical and horizontal di­
rections, is neglected. Such interaction between the soil springs may be incorporated 
by introducing coupled springs. A thorough investigation regarding coupled-spring 
foundation for both linear and nonlinear solutions and the method of representing this 
parameter needs to be made to understand the phenomenon. 

5. Only one nonlinear pressure versus deflection curve, or uniform linear k, that 
was input for the entire soil surface below the slab may be necessary, as pointed out 
by Lewis and Harr (10). An experimental investigation with pressure measurements 
to determine such curves or k variation needs to be made. 

6. Great care was taken during the entire test procedure, but the following possible 
experimental errors could have occurred at various stages of testing: 

(a) The soil placed by extrusion may not have been perfectly homogeneous in 
moisture content and density. When adjacent blocks, rows, and layers, were placed, 
perfect jointing may not have been achieved at all the places in the box. 

(b) The method adopted for good contact between slab and soil may not have been 
perfect enough to ensure such contact at all places. 

(c) A time lag in loading and recording the data may have produced a small 
error. 

(d) With LVDT's of 11/a-inch range used for deflections of ±0.2 in. or less, it 
was not possible to obtain a good resolution. LVDT's of smaller range with greater 
resolution should have been used. 

(e) Slight inaccuracies in fixing gages and rosettes may have led to small error. 
(f) The discrepancies in determining slab properties may have caused a small 

error, in the same way as for plates (!, ~). 
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CONCLUSIONS 

The experimental evidence in this paper shows that discrete-element solution tech­
niques provide extremely good results in predicting slab stresses and deflections and 
can be useful tools in the analysis of bridge slabs and pavements. The following spe­
cific conclusions can be drawn regarding the results. 

For a slab-on-foundation problem, the soil support can be satisfactorily represented 
as a Winkler foundation by linear and nonlinear springs as determined by plate load 
tests or from stress-strain data for the soil. A plate load test may not always be 
feasible in practice; therefore, laboratory testing of the saturated clay sample under 
triaxial compression test is sometimes recommended. When such soil representation 
was used for a linearly elastic slab resting on clay soil and tested under 2 different 
loading configurations, good correlation existed for loads producing small deflections 
between experimental and analytical results for deflections and stresses using linear 
springs for the soil. However, for loads producing larger deflections on the slab, non­
linear springs were required. 
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Appendix 

SALIENT FEATURES OF PREVIOUS REFERENCES USED MOST OFTEN 

Slab on Linear Winkler Foundations Model 

DSLAB 5 and DSLAB 30 (14 and 11 respectively) are the computer programs devel­
oped for the solution of a slab resting on linearly elastic foundation springs based on 
the discrete-element model and utilizing a direct matrix manipulation technique for the 
solution. Because DSLAB 30 is a modified version of DSLAB 5 and has more capa­
bilities, DSLAB 30 was used most of the time during the present study. 

In the discrete-element solutions for slab (known as DSLAB solutions), the slab is 
replaced by an analogous mechanical model representing all stiffness and support prop­
erties of the actual slab. The joints of the model are connected by rigid bars, which 
are in turn interconnected by torsion bars representing the twisting stiffness. The ef­
fects of bending stiffness and the Poisson's ratio are concentrated at the flexible joint. 
The soil support, represented by linear Winkler foundation model, is concentrated at 
the joint. 

The deflection at each joint is unknown. The basic equilibrium equations are derived 
from the free body of the slab joint with all appropriate internal and external forces and 
reactions. These equations include summing the vertical forces at each joint and sum­
ming the moments about each individual bar. The resulting stiffness matrix is sym­
metrical about its major diagonal, and it is also banded; that is, the terms lie in lines 
parallel to the major diagonal. This banded matrix has the central band 5 terms wide, 
the bands un either side of the central band 3 terms wide, and the 2 extreme bands 
only 1 term wide. The stiffness matrix is partitioned into submatrices. If the slab to 
be solved has been divided into m increments in the x-direction and n increments in the 
y-direction, the stiffness matrix will have n + 3 rows and n + 3 columns of submatrices. 
The submatrices will have m + 3 rows and m + 3 columns of terms. Solution of slab 
problems involves manipulating the submatrices. A back-and-forth recursive tech­
nique analogous to Matlock's method of solving beam columns (11) is applied to the 
submatrices to solve for the deflections. Slopes, moments, shears, and reactions 



are computed by using the difference equation relations. It has been observed that 
rectangular slab problems will be solved more efficiently if m is larger than n. 

Slab on Nonlinear Winkler Foundation Model 

19 

DSLAB 26 (8) is a computer program developed for the solution of the slab resting 
on nonlinear Winkler foundation model. The entire nonlinear support is used, utiliz­
ing the piece-wise linear estimate. The solution of the slab gets started with an initial 
load at each joint, which is accomplished by inputting an initial linear spring (may be 
tangent modulus). With these initial loads at each joint, the deflections are obtained 
by using the direct matrix manipulation technique. A correction is applied to the ini­
tial loads at the supports by finding the loads corresponding to the deflections obtained 
from the support nonlinear characteristics. This correction may be applied either in 
the load or in the spring (secant modulus). The solution for deflections is again ob­
tained with the modified loads. This process is continued until the solution is obtained 
within a specified tolerance. Slopes, moments, shears, and reactions are computed 
by using the difference equation relations. The nonlinear springs act in compression 
only but can be made to act in tension also for clays to take care of the small amount 
of tension. 



Sensitivity Analysis of the Extended 
AASHO Rigid Pavement Design Equation 
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This paper describes a sensitivity analysis of stochastic rigid pavement 
design variables. The mathematical model used is that of the extended 
AASHO interim guide for the design of rigid pavement structures. The 
sensitivity analysis determined the relative importance of the rigid 
pavement design variables and also evaluated the effects of stochastic 
variations for each variable. An analysis of variance was made to de­
termine what interactions among rigid pavement design variables were 
significant. The sensitivity analysis is for a full factorial of the vari­
ables. The variables included are the modulus of elasticity, flexural 
strength, slab thickness, slab continuity, modulus of subgrade reaction, 
initial serviceability index, and terminal serviceability index. Each 
variable was evaluated for 2 levels except that the modulus of subgrade 
reaction was evaluated at 3 levels and the initial and terminal service­
ability indexes were evaluated at 1 level each. In each factorial cell, 
each variable was evaluated for the effect of perturbations around its 
mean. In order to compare meaningful variations, the standard devia­
tion was used rather than the standard unit change in the variable. The 
analysis indicated that flexural strength and thickness were the most 
important design variables. Others of importance were the slab con­
tinuity and terminal and initial serviceability indexes. The modulus of 
subgrade reaction and modulus of elasticity were the least important of 
the design variables considered. The analysis of variance indicated the 
same ordering of variables and showed significant interactions among 
the variables. 

•THE SYSTEMS APPROACH to pavement design has, since 1965, received the attention 
of many researchers and design engineers. The use of systems engineering has not de­
veloped any startling new inputs for the solution of pavement design problems, but 
rather has organized the various aspects of the total problem into a manageable form. 
The systems concept emphasizes those factors and ideas that are common to the suc­
cessful operation of relatively independent parts of the whole pavement problem. 

The output response of the pavement system (!) is the serviceability or performance 
that the pavement experiences. This serviceability-performance concept was first de­
veloped by Carey and Irick (2) at the AASHO Road Test. The AASHO Interim Guide for 
the Design of Rigid Pavement structures (1) was the first design method that incorpo­
rated the performance criteria. 

The pavement design variables are of a stochastic nature. Variations occur in the 
parameters that must be recognized by designers. The effects of these stochastic var­
iations are not always known. The design variables usually considered in rigid pave­
ment design are flexural strength, modulus of elasticity, thickness, type of rigid 
pavement, environmental conditions, expected traffic, modulus of subgrade reaction, 
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Poisson's ratio, and subbase. All of these variables affect the pavement problem 
seriously. 

The objectives of this research are (a) to determine the importance of rigid pave­
ment design variables, (b) to determine the interactions among the variables, and (c) 
to evaluate the effects of stochastic variations of each variable by using an extension 
of the AASHO Interim Guide (3). 

The rigid pavement design -variables considered are the modulus of elasticity, flex­
ural strength, slab thickness, slab continuity, modulus of subgrade reaction, initial 
serviceability index, and terminal serviceability index. Each variable was evaluated 
at 2 levels, except that the modulus of subgrade reaction was evaluated at 3 levels and 
the initial and terminal serviceability indexes were evaluated at 1 level each. 

THE PROBLEM AND APPROACH 

The evaluation of rigid pavement design variables requires the use of some type of 
mathematical model relating the variables. If a systems approach such as that of Hud­
son et al. (!) is ultimately to be applicable to the model, then a system output response 
such as performance must be included as a variable in the model. 

Selection of Model 

Pavement performance criteria were developed and used at the AASHO Road Test; 
hence, any design models developed by using these performance data could have been 
used in this study. Two mathematical models for the rigid pavement design variables 
including the performance variable were considered. The first model is from the 
AASHO Interim Guide for the Design of Rigid Pavement structures (3). Realizing the 
shortcomings of the Interim Guide, Hudson and McCullough (4) extended the Guide to 
include modulus of elasticity, modulus of subgrade reaction, -and a term for pavement 
continuity that would include continuously reinforced concrete pavement. 

Hudson and McCullough's extension of the Interim Guide was selected for use in the 
study described here because it was the best available mathematical model based on 
performance and it contained the desired design variables. The model is as follows: 

where 

EW 
J 

Sx 
D 
z 
E 
k 
a 

G 

[ 
J ( 2.61a )] G log EW = -9.483 - 3.837 log SxD2 1 - z%n% + J'" 

= number of accumulated equivalent 18-kip single-axle loads; 
= coefficient dependent on load-transfer characteristics or slab continuity; 
= modulus of rupture of concrete at 28 days, psi; 
= nominal thickness of concrete pavement, in.; 

E/k; 
modulus of elasticity for concrete, psi; 
modulus of subgrade reaction, psi/in.; 
radius of equivalent loaded area= 7.15 in. for Road Test; 

(
Po - Pt ) 

log Po - 1.5 ; 
serviceability index immediately after construction; 

= te,rminal serviceability index assumed as failure; and 
l + 1.624 X 107 

(D + l)B,46 

Approach 

( 1) 

A sensitivity analysis is a procedure that determines the change in a dependent vari­
able caused by a unit change in an independent variable. A sensitivity analysis can be 
used to evaluate a whole system of variables and interactions among the variables that 
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compose the system. The rigid pavement 
design variables were evaluated in this 
research by means of a sensitivity analy­
sis that determined the change in pave­
ment life caused by changes in the vari­
ables. However, the unit of study for each 
variable was chosen to represent statistical 
variations observed in actual engineering 
practice. The analysis involved the levels 
of the variables given in Table 1. 

In aprevious sensitivity study by Buick 
(fil, the theoretical importance of design 
variables was evaluated by the use of an 
instantaneous rate of change quantified by 
first orderpartial derivatives. Buick also 
evaluated the practical importance with a 

TABLE 1 

VARIABLES AND LEVELS FOR SENSITIVITY ANALYSIS 

Variable 

Modulus of elasticity, E 
Flexural strength, 8x 
Thickness, D 
Modulus of subgrade 

reaction, k 
Continuity, J 
Initial serviceability 

index, P0 
Terminal serviceability 

index, Pt 

Low 

2.0(10) 6 

400 
6 

25 
3.20 

Level 

Medium 

200 

4.2 

3.0 

High 

5.5(10) 6 

800 
12 

1,000 
2.33 

study of the parameter variations tolerated by selected thickness change constraints 
and a least squares fitting of appropriate equations to parameter thickness data. 

In another sensitivity analysis, McCullough et al. (fil formulated the necessary par­
tial derivatives but used numerical techniques to evaluate the "error" in total traffic in 
terms of percentage change in each variable. McCullough et al. evaluated only the 
AASHO Interim Guide ®, whereas Buick evaluated the AASHO Interim Guide Design 
Method, Corps of Engineers Rigid Pavement Design Method for streets and Roads, and 
the Portland Cement Association Design Method for Rigid Pavements. 

For this research a full factorial of the variables given in Table 1 was evaluated. 
In each factorial cell, each variable was evaluated for the effect of its perturbations 
around the mean. In order to compare meaningful variations of a variable, the standard 
deviation was chosen rather than the standard unit change in the variable. 

Every material property, modulus of elasticity, flexural strength, and the like has 
a statistical distribution with a mean and a variation or a dispersion about this mean. 
Therefore, standard deviations have been developed for all the design variables to 
characterize their variation. The development of these standard deviations is covered 
in the rest of the paper. 

The changes in expected pavement life have been computed for variations in each 
variable in each block of the factorial (Fig. 1). Each block of the factorial involves a 
fixed level of the 7 variables. One solution for each block was made for the expected 
pavement life for the mean values in the factorial. Solutions were then run with each 
of the 7 variables allowed to vary, once positively and once negatively, totaling 14 ad­
ditional solutions for the expected pavement life. 

The changes in expected pavement life caused by these perturbations were computed 
in terms of percentage increase or decrease in expected pavement life. The change was 
computed with the following formula: 

where 

(2) 

Li = percentage change in expected pavement life due to a variation in de­
sign variable, i; 

Wj expected _pave111e11t life for mean values in factorial {j indicates block 
of factorial by number listed in Figure 1, thus j = 1, 2, ... , 48,); and 

W (j ,i ± .:1) expected pavement life for factorial. block j with variable i incremented 
plus or minus some change. 

A positive sign on Li indicates increased pavement life, whereas a negative sign in­
dicates a reduction in pavement life. The meaning of the change in expected life is 
shown in Figure 2. Three hypothetical lines are shown. The center line represents 
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the expected pavement life for one of the factorial blocks j; e.g., j = 1 (Fig. 1). The 
upper line represents the expected life of a pavement with all variables fixed at that 
level except for one, e.g., thickness, which is increased 2 standard deviations. The 
lower line represents the expected pavement life for the same factorial block with a 
negative variation in thickness. The effects of some variations will of course be re­
versed; that is, an increase in the variable causes a decreased life. 

FORMULATION OF DESIGN VARIABLE VARIATIONS 

Highway contractors in general do not use statistical quality control in construction. 
Consequently, there are few exact data on expected variations in the design variables. 
The 2 largest sources of data for the development of the standard deviations used in this 
research were the permanent construction files of the Texas Highway Department and 
the reports on the AASHO Road Test. The authors' experience also aided in the devel­
opment of some of the standard deviations. A search of the literature yielded little 
more than what was available through the above-mentioned sources. 

Development of standard Deviations 

By using available data together with some assumptions, standard deviations were 
developed for each level of each variable selected for this investigation (Table 1). 

Concrete Properties-Two properties of concrete were of interest in this study: (a) 
the modulus of elasticity (E), and (b) the flexural strength (Sx). The 2 levels of modulus 
of elasticity were 2.0 x 106 psi and 5.5 x 106 psi. Test data for modulus of elasticity 
were obtained from Shafer of the Texas Highway Department (1) and from Johnson's 
work (fil at the Iowa Engineering Experiment Station. Analysis of these data yiel ded 
standard deviations of 0.2 x 106 psi and 0.6 x 106 psi respectively for the low and high 
levels of modulus of elasticity. 

Two levels of flexural strength, 400 psi and 800 psi, were involved. Data related to 
variation of flexural strength were obtained from several sources. The Texas Highway 
Department maintains permanent files of flexural strength on all concrete paving proj­
ects. Many data were used from these records (_m. Hudson (10) has extended some of 
the AASHO Road Test work where flexural strength data were also available. Schleider 
reviewed large amounts of flexural strength data from the Texas Highway Department's 
construction files (11). Data for the 800-psi level came from all 3 sources, and the av­
erage standard deviation was 60 psi. The data for the low level of flexural strength 
came only from Schleider (1!). The standard deviation for the low level was 45 psi. 

Slab Thickness (D)-Slab thickness was involved at 2 levels of 6 and 12 in. Sample 
data were obtained for several other thicknesses from the Texas Highway Department 
(_m but were not available for these thicknesses . From these data the average coeffi­
cient of variation was obtained. The coefficient of variation was assumed t o be constant . 
The standard deviations for the 2 thicknesses in this experiment were computed by us­
ing the obtained coefficient of variation. They are 0.165 and 0.330 in. for the 6- and 12-
in. slab thicknesses respectively. 

Modulus of $'ubgrade Reaction (k)-Although k-values are used in design, records 
show little evidence that agencies designing and building pavements actively measure 
the modulus of subgrade reaction by use of plate load tests (fil . However, data were 
available from the AASHO Road Test (!Q). These data were for k-values averaging 
about 100 pci (pounds per cubic inch). The standard deviation for these data was 16 pci. 
In this investigation, k-values of 25, 200, and 1,000 were used, and the assumption was 
again made that the coefficient of variation would be a constant over a range of values 
of the parameter. The 3 necessary standard deviations were computed by using the co­
efficient of variation , with 15 percent coming from the AASHO data. The standard de­
viations calculated for the 3 levels were 4, 30, and 150 pci respectively. 

Slab Continuity (J)-The slab continuity term was used by Hudson and McCullough to 
characterize the particular type of rigid pavement being considered. Hudson and 
McCullough (4) found that J = 2.20 for continuously r einforced concrete pavement. This 
value was based on Texas Highway Department design procedur es and pavement per­
formance. Since that time, McCullough and Treybig (12) have conducted extensive studies 
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on the deflection of jointed and continuously reinforced concrete pavement. Research 
by Treybig (W has yielded a new J-value for continuous pavement, J = 2.33. Because 
this term is not a measurable material property but a pavement characteristic, its 
dispersion could not be determined in the normal way. Based on variability of deflec­
tion measurements and experience, standard deviations were estimated as 0.19 for con­
tinuous pavement and 0.13 for jointed pavement. 

Performance Variables (Pf,'P-t)-In this design method, performance is a function of 
the serviceability indexes. T1e initial serviceability index at the time of construction 
has never been evaluated for rigid pavements other than those evaluations done at the 
AASHO Road Test. Scrivner et al. (.!i) indicated that the average initial serviceability 
index on flexible pavement in Texas is 4.2. Having no better estimate for Texas, we 
assumed that rigid pavement for this study would have this same value. Performance 
studies by Treybig (.!fil indicate that the initial serviceability index of in-service pave­
ments is well below the 4.5 measured at the AASHO Road Test (.!fil. Based on a knowl­
edge of construction variability and numerous observations of pavements under con­
struction, the standard deviation of the initial serviceability index was estimated to be 
0.5. 

For the standard deviation of the terminal serviceability index, actual measurements 
of serviceability index were used. Measurements at the AASHO Road Test (.!fil as well 
as performance studies in Texas indicate a standard deviation of 0.3. 

Discussion of Variables 

The standard deviations developed for each of the design variables cannot all be used 
with the same confidence. Those that are true standard deviations developed from real 
data are thought to be good estimates of variation in service. These include the stan­
dard deviations given earlier for modulus of elasticity, flexural strength, and the ter­
minal serviceability index. 

For the modulus of subgrade reaction and slab thickness, the assumption was made 
that the coefficient of variation for each of the 2 respective variables would be constant 
for all levels of the variables in the ranges under study. Because the thickness data 
used (J!) gave reasonable standard deviations and also a reasonable constant coefficient 
of variation over the range, the standard deviations for the thicknesses in this experi­
ment are believed to be reasonable. The coefficient of variation on the k-value resulted 
from data recorded at the AASHO Road Test (!Q), which was conducted under somewhat 
more careful control than might be expected in the field. Furthermore, there are few 
data to substantiate the assumption of constant coefficient of variation, although wide 
variations would not be expected. The values used here should be verified in future 
studies. 

The standard deviations of the remaining 2 variables are associated with a some­
what lower level of confidence. The standard deviations for both the initial service­
ability index and the J-value are estimated and not computed from numerical data. 

Variations for Sensitivity study 

Each of the design variables has some distribution. For the analysis of changes in 
expected pavement life, the total variation selected for each variable was either 1 or 2 
standard deviations. The variation in modulus of elasticity was selected as ± 1 standard 
deviation. The variation selected for thickness, flexural strength, and modulus of sub­
grade reaction was ± 2 standard deviations, because 95 percent of the total variation 
(assuming that each variable had a normal distribution) would be included within the 
bounds. 

The level of variation for slab continuity was selected as ± 1 standard deviation be­
cause the variation was estimated rather than based on real data. The serviceability 
parameters were both varied ± 1 standard deviation. The initial serviceability index 
has an upper limit of 5.0. With a mean of 4.2 and 2 standard deviations, unreasonable 
answers would result. For the terminal serviceability index, ± 1 standard deviation 
was also selected. The deviation levels of all variables are given in Table 2. 
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RESULTS TABLE 2 

The t otal expected pavement life as 
predicted byEq. 1 has been determinedfor 
the factorial. Figure 3 shows the predicted 
pavement life for each case in total 18-kip 
single-axle applications. The effects of 
positive and negative variations in each of 
the variables in each factorial block have 
been evaluated in terms of percentage 
change in life. 

DEVIATION LEVELS OF INDEPENDENT VARIABLES 

Analysis 

An analysis of variance was made on the 
mean values of the expected pavement life 
shown in Figure 3. The analysis of var­
iance considered only 5 of the 7 factors 
because the initial and terminal service­
ability indexes were studied only at one 
level. Those significant factors and inter­
actions at selected alpha levels are shown 
in Table 3. All other possible interactions 
were insignificant. 

A graphic presentation was chosen to 
relate the effects of variations in each 
variable to pavement life. Pavement life 
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TABLE 3 

ANALYSIS OF VARIANCE FOR EXPECTED PAVEMENT LIFE 

Combination Degrees of Mean F- Significance of 
Variablesa Freedom Squares Value Level (percent) 

D 1 44,961,433 161.1 1 
8x 1 43,452,302 155.7 1 
8x X D 1 33,969,002 121.7 1 
J 1 16,971,287 60.8 1 
JXD 1 13,267,448 47.5 1 
J X 8x 1 12,822,076 45°.9 1 
Jx5xxD 1 10,023 ,472 35 .9 1 
k 2 8,946,193 32.0 1 
k X 8x 2 6,758,959 24.2 1 
kXD 2 5,269,082 18.9 1 
kxSxxD 2 3,980,810 14.3 1 
E 1 3,605,810 12 .9 1 
Jxk 2 2,639,904 9.5 1 
JXkXSx 2 1,994,450 7.2 5 
EXD 1 1,740,530 6.2 5 
EX k 2 1,601,046 5.7 5 
JXkXD 2 1,554,808 5.6 5 
EXkX8x 2 1,209,627 4.3 5 

8J • continuity; E ~ modulus of elasticity; k • modulus of subgrade reaction; Sx • flexural strength; 
D = thickness. 

change is characterized by the percentage change in the summation of traffic loads for 
the performance period. The performance period is the time required for the pave­
ment serviceability index to decrease from 4.2 to 3.0. The following are the variables 
analyzed and their order of importance with respect to change in expected pavement 
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life: flexural strength, thickness, continuity, terminal serviceability index, initial 
serviceability index, modulus of subgrade reaction, and modulus of elasticity. 

Flexural Strength-The change in predicted accumulated traffic or pavement life is 
more severe for the lower level of strength or lightweight concrete (Fig. 4). The change 
in life caused by variation in flexural strength is independent of the concrete modulus of 
elasticity, thickness, modulus of subgrade reaction, and slab continuity. 

Thickness-The changes in pavement life caused by variations in thickness are shown 
in Figure 5. The positive variations in thickness resulted in longer life, while thinning 
the slab shortened the predicted life. The change in life that results from thickness 
variations is independent of the continuity and flexural strength but dependent on the con­
crete modulus of elasticity, modulus of subgrade reaction, and thickness. The changes 
in life caused by positive variations in thickness are greater per standard deviation than 
those caused by negative changes (Fig. 5). 

Slab Continuity-Variations in slab continuity show that the change in expected pave­
ment life is greater for continuously reinforced concrete pavement than for jointed con­
crete. The change in expected pavement life caused by variations in continuity of the 
slab is independent of all factors that were evaluated at more than one level. In actual 
highway engineering practice this independence may be conjectured, but for the mathe­
matical model used here the independence does exist. Figure 6 shows the effects of 
variations in continuity on the change in expected pavement life for both jointed and con­
tinuously reinforced concrete pavement. 

Terminal Serviceability Index-One level of terminal serviceability index, 3.0, was 
evaluated . The change in expected pavement life is dependent only on the level of thick­
ness and is more severe at the higher level of thickness, as shown in Figure 7. 

Initial Serviceability Index-All work in this experiment was for one level of the ini­
tial serviceability index, 4.2. It was found that change in expected pavement life due to 

50 

!.O 

30 

~ 20 

C: ..... 
~ 10 
C: 

"' .i:: 
c.., 
.., 0 
C: 

"' c.., 

~ -10 
a.. 

-20 

-JO 

-bO 

-
' ., 

I-

... 

-
I 

~ 
I- I 

... 

' ... 
' I 
I 
I 
I ... 
' I 
' 

' ' I 

' ' I - I : I 

Subgrade Modulus----1 M H 

Thickness-------------- H 

Modulus of Elasticity------- L 

,I 

., 

I ~ 

~ ~ 
II 
!/ 
~ 

!/ 

I 
I 
I 
I 
I 

~ 
I I 

~ 
I 

I 

,I I ' ~ I 
I 

I 
I 

~ I 1 
I I I:: I I ' I 

' I I ' ' I I I I I I 
I I I I I I 

L M H L M H 

L H 

H 

Figure 5. Effect of thickness variations on predicted life. 

,I ., 

~ 
~ 

., 
I 
,I I 

14 ' 
' 

I 
I I 
I 

I I 
I I 
I I 

' I 

L M ri 

L 



tio 

30 

20 

" ..... 10 
CD 
OD 

" ., 

Continuously 
Reinforced 

f, 01-----1 
+' 

" CD 
u -10 

" CD 
p.. 

-20 

-JO 

Jointed 

Figure 6 . Effect of slab continuity variations on predicted life. 

29 

variations in the initial serviceability index depends only on the level of thickness . The 
change in expected life is independent of all other factors as shown in Figure 8 where 
the change in life for variations in the initial serviceability index is greater for the high 
level of thickness. 

Modulus of Subgrade Reaction-The changes in pavement life due to variations ink­
value are dependent on the level of the variable, modulus of elasticity, and thickness, 
as shown in Figure 9. They are independent of the level of flexural strength or the slab 
continuity. For the 2 lower levels of the subgrade modulus , the positive and negative 
changes in expected life are approximately equal , though they are not at the high level 
of the subgrade modulus. The changes in expected pavement life due to variations in 
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the modulus of subgrade reaction are much higher for the lower level of thickness than 
for the higher level of thickness. 

Modulus of Elasticity-The change in expected pavement life is positive for a de­
crease and negative for an increase in the modulus of elasticity (Fig. 10). The magni­
tude of change in life is dependent on the level of the concrete modulus, the pavement 
thickness, and the modulus of subgrade reaction but is independent of flexural strength 
and slab continuity. 

Discussion of Results 

Examination of the data in Figure 3 indicates that the design equation (Eq. 1) predicts 
extremely high estimates of the total pavement life or accumulated traffic when com­
binations of variables occur at the high level. These results alone are not meaningful. 
The percentage change in pavement life due to variations in the factors over this entire 
range is useful in evaluating the importance of factors. The use of a digital computer 
made it a relatively simple matter to evaluat e the full factorial expe1-iment. 

The analysis of variance for these data has indicated that 8 two-factor interactions 
and 5 three-factor interactions are significant. Thus, variations in expected pavement 
life other than those resulting from the main factors were not random, but were caused 
by a relationship between the factors. The analysis of variance indicates for the ex­
tended AASHO design equation for rigid pavement that the design variables are truly 
significant as are the combinations or interactions given in Table 3. The analysis of 
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variance yielded essentially the same ordering on the design variables as did the anal­
ysis of changes in expected pavement life resulting from chance variations in the design 
factors. 

As expected and as indicated by this study the 2 most significant factors in the ex­
tended AASHO rigid pavement design equation (Table 3, Figs. 4 and 5) are the flexural 
strength and the pavement thickness. The analysis of variance for the mean values of 
expected pavement life also showed the thickness and flexural strength to be very im­
portant (Table 3). These two are closely followed by the slab continuity term. Buick 
found in his work (5) that, for the AASHO rigid pavement design method, the flexural 
strength was one of the 2 most important parameters. McCullough et al. (6) also found 
the effects of flexural strength to be highly significant. It appears logical fiiat variations 
in the flexural strength should also be highly significant in the extension of the AASHO 
rigid pavement design method. Under actual construction conditions the flexural strength 
of the concrete has a high probability of variation (6). The magnitude of change in ex­
pected pavement life is not equal for equal magnitude of positive and negative variations 
in the flexural strength (Fig. 4). 

The expected change in pavement service life due to overestimated thickness or de­
ficiencies in thickness was over 20 percent in most cases (Fig. 5). The study by McCul­
lough et al. (§) also indicates that thickness is a very significant factor. The chance 
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for variation in thickness is always present during construction where a section might 
be built thicker or thinner than the desired plan dimensions. The size of change in ex­
pected pavement life is not equal for equal magnitudes of positive and negative varia­
tions in thickness. 

The slab continuity factor in this design equation does nothing more than designate 
the type of rigid pavement. In actual construction the continuity of continuously re­
inforced pavement would certainly depend on the percentage of longitudinal steel, con­
crete strength, and probably several other parameters. The continuity of a jointed 
pavement would certainly depend on joint spacings and mechanical load transfer supplied. 
Thus, the continuity or load-transfer term might be somewhat misleading. The varia­
tions in the load-transfer term show what might be expected in practice because of 
construction variations as well as variation in material properties. 

Variations in the serviceability factors showed significant changes in the traffic 
service life, though not as great as those shown by variations in flexural strength or 
slab thickness. This design method indicates that the change in life caused by variations 
in the serviceability parameters is dependent on thickness. Buick~' in his evaluation 
of relative practical importance paralleling this experiment, found the serviceability 
parameters to be less important than flexural strength, which agrees with the findings 
here. 

The numerical evaluation of changes in expected pavement life in terms of percentage 
change in total traffic shows that, of the variables in the design equation, variations in 
the modulus of elasticity of the concrete have the least effect on the pavement service 
life within reasonable variations. Except for the high levels of modulus of subgrade re­
action on the low level of tllicknes s , all changes in expected life (Fig. 10) , positive or 
negative, are less than 10 percent. This confirms the finding by McCullough et al. (fil. 

Another factor, whose variations were of little importance, was the modulus of sub­
grade reaction. For the factorial of this experiment only the variations at the high level 
of the subgrade modulus created significant changes in the expected t r affic service life. 
This corroborates the work of McCullough et al. 

CONCLUSIONS 

This investigation was conducted to determine the sensitivity of pavement life as 
predicted by practical variations in the design variables. The conclusions are limited 
to the range of variables studied in this experiment and are of course only as good as 
the model being investigated. These findings, however, can provide reasonable infor ­
mation for us e in desigu in selecting those variables requiring the most intensive study 
effort and those promising to yield the best improvements. This study illustrates a 
method that can be used to set priorities to upgrade any design model. 

Based on the premise that the more important factors produce a greater change in 
the expected pavement life, the following conclusions are warranted: 

1. The flexural strength and thiclmess are the most important factors whose nega­
tive variations may critically shorten pavement life. 

2. The continuity factor was found to be the third most important factor. 
3. The terminal and initial serviceability indexes were found to be important factors 

whose variations produce significant changes in the expected pavement life. 
4. The modulus of subgrade reaction and the modulus of elasticity are the least im­

portant of the 7 design variables. 
5. Significant inte1·actions between the design factor s do occur, indicating that the 

variations in the pavement life are not completely defined by the des ign variables alone. 

Furthermore, this study shows those variables where tii;hter quality control restrictions 
are needed in 01·der to improve l ife estimates. 

RECOMMENDATIONS 

Based on this investigation, the following are recommended: 

1. Practicing highway engineers should recognize that variations in the pavement 
variables are real and have a significant effect on pavement life and that better quality 
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control of concrete flexural strength and thickness be incorporated to improve pavement 
performance. 

2. Roughness specifications of new pavements should be updated to obtain smoother 
pavement and higher initial serviceability indexes. 

3. In future model development, attention should be given to these variables in the 
priority listing presented. 
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Continuously Reinforced Concrete Pavement 
Observation Program in Mississippi-
A Progress Report 
T. C. TENG, Mississippi State Highway Department 

This report covers the second year of a 5-year observation study of con­
tinuously reinforced concrete pavement construction in Mississippi. 
Measurements from the Desoto County and Jones County experimental 
projects constructed in 1961 and 1962 were continued. Their design fea­
tures, data on end movement, crack width, and crack frequency, are 
presented and discussed. A preliminary review of the design and con­
struction statistics and the statewide crack survey of all completed proj­
ects was made. This review indicates that in Mississippi the pouring 
temperatures and the design average daily traffic are not the major factors 
influencing crack spacing. ;\fter the early years of service, age of the 
pavement does not appear to be an important factor in crack spacing. The 
failure investigations and repair procedures are also reported. Failures, 
which represent a very small and insignificant percentage of the total 
completed mileage, were studied so that their causes could be corrected 
in future projects. Repair procedures were observed in the hope that a 
standard maintenance procedure could be established at the end of the 
study. 

•THE DESOTO COUNTY EXPERIMENTAL PROJECT was constructed during the pe­
riod from October 1960 to May 1961 in northwestern Mississippi and forms a part of 
Interstate 55, extending 5.3 miles southward from the Tennessee state line. This is a 
4-lane highway with a median. The two parallel pavements are 24 ft wide, each con­
taining two 12 ft traffic lanes. The upper 6 in. of the subgrade was cement-treated and 
compacted. A sand-gravel base course, 13 to 14 in. thick, was placed on the subgrade 
and the upper 6 in. of the base course was cement-treated. Two pavement thicknesses, 
7 and 8 in., were used. The entire project consisted of 10 individual continuously re­
inforced pavements, as shown in Figure la. Each of the pavements terminates at a 
bridge or at a conventional pavement. The characteristics of the 6 pavement types are 
given in Table 1 (10). 

The primary experimental feature of this pavement was the use of reinforced cast­
in-place concrete piles as terminal anchorages to inhibit the seasonal longitudinal 
movements of the terminal ends of the pavement. Details of the pile anchorages are 
shown in Figure lb and le. In order to determine the effectiveness of various sizes 
of pile groups, various numbers of piles were used at terminal ends of pavement, as 
given in Table 1 (10). The secondary experimental feature was to compare the 3 com­
binations of pavement thickness and steel percentage. The 4 sizes and spacings of 
transverse reinforcements are used for comparison also (10). 

From the various field measurement.c; ; it ~ppears that after 8 years of service, the 
effectiveness of using various numbers of cast-in-place concrete piles on the longi­
tudinal movement of pavement is not statistically significant enough to identify any 
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Figure 1. Details of Desoto County experimental project (10): (a) plan of design 
variables; (b) typical detail of end of pavement; and (c) typical detail of end of pile 

anchorage (3, 4, or 5 piles in line) . 

TABLE 1 

PAVEMENT CHARACTERISTICS OF DESOTO COUNTY EXPERIMENTAL PROJECT 

Longitudinal Thickness Transverse Type Station Limits (in.) Reinforcement Reinforcement End Restraint 
(percent) 

1455+00-1506+64, 7 0.7 No. 4 bars at Asphalt pavement and 
west 24 in. no piles south, 

6 piles north 
II 1511+86-1579+68, 8 0.6 No. 4 bars at 8 piles south, 

west 24 in. 10 piles north 
III 1586+10-1667+88, 8 0.7 No. 3 bars at 10 piles both ends 

west 18 in. 
IV 1673+ 11-1720+67, 8 0.7 No. 4 bars at 10 piles both ends 

west 30 in. 
1725+89-1733+ 13 , 8 0.7 No. 4 bars at 10 piles both ends 

west 30 in. 
V 1456+60-1506+64, 8 0.7 No. 4 bars at 10 piles both ends 

east 36 in. 
VI 1511+86-1578+90, 8 0.7 No. 4 ba rs at 10 piles both ends 

east 24 in. 
1585+32-1667+88, 8 0.7 No. 4 bars at 10 piles both ends 

east 24 in. 
1673+11-1720+67, 8 0.7 No. 4 bars at 10 piles both ends 

east 24 in. 
1725+89-1733+13, 8 0.7 No. 4 bars at 10 piles south, 

east 24 in. jointed pavement 
and no piles north 
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differences. The pile restrained ends (Figs. 2 and 3) showed an annual movement of 1/4 to Ya in. after the first 3 years of service. It appears that cyclic action is occux­
ring with a very slight increase in length added to the total length of pavement at the 
high point of each annual cycle. The same results were achieved in Illinois (5). Mea­
surements taken in 1969 indicate that the piles were able to restrain the pavement 
movement to 1 in. or slightly higher after 8 years of service. A previous report (9) 
pointed out that the longitudinal movement does not proceed at a smooth rate from fiie 
end to some unmoving point in the interior. As the measurements do not continue to 
show the same occurrence, the consequence of this behavior cannot be assessed. In 
contrast, the 2 unrestrained ends have shown large annual movements. Figure 2 shows 
that in 1963 the movement was about 1 ~ in. from the southern end and about 1 in. 
from the northern end. The magnitude of the yearly cycle appears to be increasing. 
Measurements of the past 3 years show a movement of about 2 in. 

The measurement of surface width of the selected cracks in each test section was 
continued, and the average crack widths are shown in Figures 4 and 5. It is obvious 
that no significant difference exists among various types of pavement sections. This 
is probably because only 2 different percentages of longitudinal reinforcement were 
used (0.7 and 0.6 percent). However, it appears that the overall average crack width 
has increased with time and is also slightly higher than the measurements obtained in 
Illinois (2), Pennsylvania (8), and Maryland (4). 

The average crack spacing is shown in Figure 6. The different types of pavements 
showed a slight difference of average crack spacing after the first few years of service 
However, it appears to level off with time. To date, all types of pavement have an 
average crack spacing of about 5 ft. 

The Jones County experimental project was constructed during the period from 
January to April 1962 in southeastern Mississippi and forms and forms a part of 
Interstate 59 between Ji;llisville and Moselle with a length of 6. 77 miles. This is 
also a 4-lane highway with a median. The 2 parallel pavements are 24 ft wide, 
each containing two 12 ft traffic lanes. The upper 6 in. of the base course was 
cement-treated. The entire east pavement is reinforced with welded wire mesh, 
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Figure 2. Measurements of longitudinal movement of Type I pavement on west roadway in Desoto County. 
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overlapped 13 in. at the end of the 24-ft long mats. The west pavement is rein­
forced with No. 6 deformed bars, 40 ft long, overlapped 15 in. The entire project 
consisted of 6 types of continuously reinforced pavements, as shown in the upper por­
tion of Figure 7a. The characteristics of the 6 pavement types are given in Table 2 
(10) . The two ends of the pavements are restrained with lug anchors, 5 at one end and 
4 at the other. Typical details of the lug anchors are shown in Figure 7b, c, and d. 
Each concrete lug anchor extends the full width of the pavements and is cast monolith­
ically with the concrete slab (10). 

The special experimental features of this project are the comparison of 3 percent­
ages of reinforcing steel for each of the 2 reinforcement types and the use of lug 
anchors as means of end restraint (10) . 

From the various field measurements, it appears that after 7 years of service the 
lug anchors were not effective in stopping all movement and in preventing growth in 
length. However, by comparing Figure 8 with the unrestrained ends in the Desoto 
County project (Fig. 2), one can easily appreciate the function of the lug anchors in 
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Figure 7. Details of Jones County experimental project (10): (a) plan of experiment 
variables; (b) pavement terminus of bridge; (c) pavement terminus of conventional 

pavement; and (d) details of concrete lug anchors. 
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TABLE 2 

PAVEMENT CHARACTERISTICS OF JONES COUNTY EXPERIMENTAL PROJECT 

Thickness Longitudinal Type of Transverse End Type Station Limitsa (in .) Reinforcement Longitudinal 
Reinforcement Restraint (percent) Reinforcement 

330+00-449+19, 8 0.5 No. 6 bars No. 4 bars at 4 lugs 
west 30 in. 

II 449+19-568+38, 8 0.6 No. 6 bars No. 4 bars at 
west 30 in. 

III 568+38-107+19, 8 0.7 No. 6 bars No. 4 bars at 5 lugs 
west 30 in. 

IV 330+00-449+19, 8 0.5 No. 5/0 wire No. 1 wire at 4 lugs 
east mesh 12 in. 

V 449+19-568+38, 8 0.6 No. 5/0 wire No. 1 wire at 
east mesh 12 in. 

VI 568+38-107+19, 8 0.7 No. 7/0 wire No. 00 wire 5 lugs 
east mesh at 12 in. 

aEquation: Station 650+00 equals station 71 +51 . 

reducing the degree of pavement movement. To date, the end movement is still re­
strained to within 1 in. of its original position. 

Average crack widths of the different types of pavements are shown in Figures 9 
and 10. These graphs indicate that the wire mesh reinforced pavement has relatively 
larger cracks than the steel bar reinforced pavement. Because all the extra-wide 
cracks took place at the overlap, this can probably be attributed to the fact that the 
13-in. overlap of the mesh was not sufficient. The percentage of longitudinal. rein­
forcement (0.5, 0.6, and 0.7 percent) caused almost no difference in the crack width, 
which is increasing with time. 
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Figure 8. Measurements of longitudinal movement of pavement on east roadway in Jones County. 
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As shown in Figures 11 and 12, the different types of pavements showed no signifi­
cant difference in average crack spacing, which also appears to level off with time. 
To date, all types of pavements have an average crack spacing between 5 and 6 ft. 

SOME STATEWIDE DESIGN AND CONSTRUCTION STATISTICS 

From the research findings of the Desoto and Jones Counties experimental projects 
and the recommendations of the American Concrete Institute (1), Mississippi has grad­
ually established its standard design criteria for continuously reinforced concrete 
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TABLE 3 

TYPES OF STANDARD STRUCTURE DESIGN 

Thickness 
Longitudinal Type of Transverse 

Type (in .) Reinforcement Longitudinal Reinforcement 
(percent) Reinforcement 

CRP-1 8 0.581 No. 5 bars No . 4 bars at 
at 6;/, in , 30 in. 

CRP-2 8 0 .611 No . 6 bars No. 4 bars at 
at 9 in. 30 in. 

CRP-3 8 0.581 No. 5/0 GA No. 1 GA wire 
wire at 3 in . at 12 in. 

pavement. As suggested by the American Concrete Institute (1) and according to the 
minimum criteria for federal-aid roads established by the Bur eau of Public Roads, 8 
in. uniform slab depth has been used for all projects. 

Three types of structure design were adopted as standard: CRP-1, CRP-2, and 
CRP-3 (Table 3). In order to comply with the recommendations of the American Con­
crete Institute (1) and results from the Desoto and Jones projects, efforts were made 
for these 3 struc ture types to have a 0.6 percent longitudinal reinforcement. About 15 
projects were constructed using these 3 standards during 1962-63. Since then only 
type CRP-1 has been used. As shown in Figure 13, 49 projects have been completed 
to date. 

For longitudinal steel, 3 lap lengths, 15, 18%, and 20 in., were used in the past 8 
years. Presently, a 20-in. lap length is used as the standard. 

At the construction joint, longitudinal bars are required to extend a minimum length 
of 5 ft. No additional steel was ins talled at the construction joints on 5 projects built 
during 1962-63. Since then, No. 5 deformed bars, 5 ft long, placed at 61/a in., were 
used as additional steel following the recommendation of the Concrete Reinforcing 
Steel Institute. 

The same type lug anchors used in the Jones County experimental project (Fig. 7) 
were adopted as standard. For the first 5 years of practice, 5 lug anchors were used 
for bridge ends and 4 lug anchors for pavement ends. Since 1967, 4 lug anchors have 
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Figure 13. Structure type of completed continuously reinforced concrete pavement projects. 
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TABLE 4 

CRITERIA FOR SUBBASE AND DESIGN SOIL TREATMENT 
FOR 8-IN. CONTINUOUSLY REINFORCED CONCRETE 

PAVEMENTS ON 6-IN. CEMENT-TREATED BASE 

Subbruae and Design CBR CBR CBR CBR CBR CBR CBR 
Soil Treatment 1 2 3 4 5 6-10 11-15 

Subbase, In. fT 1 
Design soil, in. 8 

Subbase, in. 4 1 1 l l 
Design soil, in. 6 B G 6 6 

Subbasc, In. 14 9 7 6 4 I I 
Design soil, in . 0 0 0 0 0 0 0 

CBR 
16-20 

~ I 
Note: Design soil with CBR of five or less shall be lime or lime-cement treated, except where there 

are only a few short isolated sections in which case granular materjal may be substituted. 
According to past experiences, the boxed areas indicate preferred design criteria. The sub-
base mentioned here is actually an untreated portion of the base course. 

been used for both bridge and pavement ends because the continuing measurements 
from the Jones County experimental project do not indicate any difference in pavement 
movement between 4- and 5-lug anchor installation. 

Strength for the concrete is not specified. However, it is a general practice in the 
field that the concrete should provide a modulus of rupture of 525 to 550 psi at 7 days 
and 700 psi or more at 28 days when tested by the third-point method. For the 49 
completed projects, 6 brands of cement were used including 46 projects with Type I 
cement and 3 projects with Type II cement. Fine aggregate for the concrete varies 
from 30 to 34 percent. The water-cement ratio ranges from 0.650 to 0.720 and the 
slump from 1.5 to 2 in. 

Almost all of the 49 completed projects have soil-cement base and lime or lime­
cement-treated subgrade. The present design procedures for base and subbase are 
based on CBR and traffic load. Mississippi law requires single axles not to exceed 
18,000 lb, tandem axles spaced 4 ft through 7 ft apart not to exceed 32,000 lb, and gross 
vehicle weights not to exceed 73,280 lb. The design criteria are given in Table 4. 

One of the major efforts of this research study is to compile design and construction 
statistics from all the completed projects and try to correlate them with the general 
performance of the pavements. To date the design and construction files are completed, 
and an attempt has been made to set up a system to collect pavement roughness data. 
This statewide pavement roughness survey is scheduled to begin during the early part 
of 1970. Once the pavement roughness information becomes available, the design and 
contruction statistics will be incorporated with it to make the performance analysis. 

In reviewing the construction statistics, an effort was made to determine if any re­
lationship existed between crack spacing, pouring temperatures, and design average 
daily traffic. The crack survey is also a statewide effort. Ten percent of the total 
length from each project was picked at random for this purpose, but none of the ran­
dom samples was near construction ends. Readings were taken from the edge of the 
roadway by visual observation. Any visible crack, large or small, was counted and 
recorded. Figure 14 shows that the pouring temperatures and the design average daily 
traffic do not appear to dominate the crack spacing, and this is in general agreement 
with the findings in most other states. It is also interesting to note that the age of the 
pavement, after a few years of service, is not an important factor influencing the crack 
spacing. Plans have been made, however, to pick individual projects in the future 
from different construction seasons for detailed analysis. 

It has been stated that the crack spacing on the Desoto County and Jones County ex­
perimental projects averages from 5 to 6 ft, whereas Figure 14 indicates that the 
crack spacing of all other projects constructed afterward averaged about 3 to 5 ft. 
This difference is due to a different method of counting the cracks (6, 9). In the 2 
research projects, only those cracks extending all the way across the pavement were 
counted. On the other 47 projects, any visible cracks, large or small, were counted. 
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FAIL URE INVESTIGATIONS 

Failure investigation is also one of the major objectives of the research study. 
Various types of failures were studied, and the information obtained was submitted to 
all operating divisions and districts in the hope that the causes of the failures could be 
corrected in any future projects . For a proper perspective on the continuously rein­
forced concrete pavement construction in Mississippi, it should be emphasized that the 
total length of these failures only constitutes a very small and insignificant percentage 
of the total mileage of continuously reinforced concrete pavements in the state. Re­
ported hereafter are the failures that have been investigated since the s tudy was initiated . 

I- 55 Experimental Project in Desoto County 

Eight small surface deteriorating areas were found that did not appear to be related 
to design, construction, or traffic. Severe cracking is developing in the de teriorating 
area. This can be easily observed from the exudation of the whitish-colored s ubstanc e 
from these cracks during or after wet weather (Fig. 15). 

To study the cause of these surface deteriorating failures, pH and sulfate content 
tests have been conducted on water and soil samples taken from the roadside ditches 
and the immediate vicinity. On the concrete sample taken from the surface of the 
pavement, microscope and X-ray technique wer e used to study the sulfur content, wet 
quantitative analysis was made to determine the cement contellt, and petrographic 
examination was made to study the aggregate reactivity. Results from these tests 
and examinations provided no substantial clues to explain the surface deterioration. 
It is felt that another approach should be employed to study the cause of these sur­
face failures. At this time, the detailed procedure remains to be determined. 

I-59 Experimental Project in Jones County 

The southbound lane with the bar rein-
forcement is performing verywell. How­
ever, on the northbound lane with smooth 
mesh reinforcement, 10 repairs have been 
made on extra-wide cracks that spalled 
badly. Four more of these extra-wide 
cracks (Fig. 16) are scheduled to be re­
paired in the future. All of these cracks 
occurr ed at the laps of the wire mesh, be­
cause of insufficient lap of 13 in. The 13-

Figure 15. Exudation of whitish-colored substance 
from cracks around deteriorating area on 1-55 in 

Desoto County. Figure 16. Extra-wide cracks on 1-59 in Jones County. 



Figure 17. Typical failure on 1-20 in Warren County. 
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Figure 18. Cores taken in failure area on 1-20 in 
Warren County. 

in. overlap was one of the experimental features. Both the Bureau of Public Roads 
and the Mississippi State Highway Department wanted to determine whether the 13-in. 
overlap was sufficient. 

I-20 in Warren County 

Four failures took place between closely spaced transverse cracks but are not re­
lated to cuts, fills, transitions, profile, or terrain (Fig. 17). Ten other locations 
have been spotted where failures may occur. Pavement coring investigation disclosed 
inferior honeycombed concrete or hollow spaces in the lower half and no bond with the 
steel (Fig. 18). 

During paving operation, the placement spreader frequently left void areas of about 
a square yard or more at random locations (Fig. 19). Concrete flowed into these void 
areas from the finishing screed that carried a load of concrete of inferior quality. It 
appears that these construction faults are the cause of failures on this job. To prove 
the point, plans have been made to watch several new paving jobs. Void areas will be 
located and watched. Coring investigation will be made if necessary. 

I- 55 in Madison County 

By mistake the wire-mesh overlap was increased to 46-54 in. instead of the de-
signed 28 in. at every first lap ahead of the construction joint. The Concrete Rein­

forcing Steel Institute recommended in­
creasing construction joint steel by one 
third. But, in this job, extra steel bars 

Figure 19. Void area left by placement spreader 
during paving operation. 

5 ft long, which doubled the reinforce­
ment, were used across all construction 
joints to hold them tight. However, this 
was not effective because the joints opened 
up, admitting water. The steel was 
rusted badly 4 to 6 in. on each side of the 
joint. 

To date, 11 failures (Fig. 20) have been 
experienced ahead of these construction 
joints in the direction of paving. Coring 
investigations show sound concrete in 
failed areas, but loss of bond with the 
steel occurred, probably because of over­
stress. However, the exact cause re­
mains to be determined as the research 
develops. At present mesh reinforcement 
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Figure 20. Typical failure on 1-55 in Madison County. Figure 21. Defective area on 1-59 in Pearl River 
County. 

has been discontinued as an alternate in continuously reinforced concrete pave­
ments. 

1-59 in Pearl River County 

Eight small deflective areas were found where cracking, crumbling, and distingra­
tion of concrete pavement took place (Fig. 21). Tapping the pavement at these areas 
with a hammer produced a hollow sound. Coring investigation disclosed that the top 
2 in. of concrete was dense and solid, while the rest of the material down to the soil 
cement base crumbled readily. It is possible that these circular failures were due to 
the use of some dry and harsh or improperly mixed batches that should have been 
discarded. 

US-82 in Leflore County 

One failure was found on the east side of the construction joint, which divides 2 
construction periods. Paving east of the joint began 5 months after paving west of the 
joint was completed. The failure, at a 30 deg angle across the entire project, is found 
on top of the lapped splices (Fig. 22). A few cores taken at random within the failure 
spot show an excellent quality of concrete but were broken at the middle where the steel 
is located. 

A close observation, made during the repair operation, indicated that the failure 
was not caused by construction and that the concrete was in good condition. Presence 

of the failure, which coincided with the 
lapped splices, suggested that it may be 
due to, at least in part, the very high ten-

·, -
1 

Figure 22. Failure on top of lapped splices on US-82 
in Leflore County . 

sile stresses in the steel ahead of the con­
struction joint that caused a decrease in 
bond at the splice where the concrete was 
poured almost 5 months later. It is pos­
sible that the serious slab separation at 
the failure spot was preceded or accom­
panied by progressive reduction in bond 
between the closely spaced cracks. 

I- 55 in Carroll County 

Serious pavement distortion occurred 
causing void spaces between pavement 
and subgrade. Many transverse and di­
agonal cracks developed (Figs. 23 and 24). 



.. 
Figure 23. Transverse and diagonal cracks on 1-55 in 

Carroll County. 
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Figure 24. Void spaces of 2.5 in . between pavement 
and subgrade on 1-55 in Carroll County . 

The major reason for such pavement dis­
tortion was attributed to the fact that 
water-bearing sand and silt strata existed 
within a highly expansive zilpha clay area. 
Because of the transverse and diagonal 
cracks in the pavement and void spaces 
under the pavement, serious failures 
could have occurred when loads were ap­
plied. Therefore, recommendation was 
made that all the void spaces be filled be­
fore the highway was opened to traffic. 

I-20 in Hinds County 

One failure spot was found on a fill 
section of this pavement that was constructed in 1967 (Fig. 25). Field investigation 
indicated that the failure was caused by a slight settlement of the embankment. 

1-55 in Copiah County 

One blowup type of failure took place on this section of pavement that was con­
structed in 1966 (Fig. 26). During paving 
operation, the machine broke down for 

Figure 25. Failure caused by embankment settlement 
on 1-20 in Hinds County. 

30 min at this spot during the hot midday 
October weather. No construction joint 
was made while the paving machine was 
being repaired. From the inferior con­
crete that was found at the failure spot, 
it is evident that the delay of construction 
without a construction joint caused a weak 
spot that failed when high stresses de­
veloped. 

REP AIR OBSERVATIONS 

No special efforts have been made to 
recommend repair procedures at this 
stage of the research study. It is felt that 
giving the district offices complete free­
dom in making repairs will help to 
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accumulate the experience of the district 
and project offices, which should be very 
h o."""",in.;r,l .;, ... ..-.1"'14-f"ll ... l.;,-,1 ... ..:n.rv n. ,.. 4- ,.. . ... l .--,,. .•. 1 • • •• • : .. 
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tenance procedure. However, detailed 
observations are being made of various 
repair methods used bydifferent districts. 
Specific recommendations will be made 
at the end of the study. The following dis­
cussion concerns the repairs that have 
been observed to date. 

One district in south Mississippi, on 
pavement with mesh reinforcement where 
extra-wide cracks occurred at the laps of 
the wire sheets, made repairs by first 
making 2 saw cuts 30 to 50 in. apart with 
the failure in the center. The cuts were 
1 in. deep after which a jackhammer was 
used to remove the concrete down to the 
reinforcement. After the concrete was 
removed and the area brushed clean, 1h 
in. reinforcing bars, 24 in. long, were 
placed and welded to the mats (Fig. 27). 
Following the welding, the entire repair 
zone, concrete and steel, was coated with 
epoxy glue (E-Poxtite Binder, Code 
2385-B). Mixing of concrete was accom­
plished at thejobsite byusing high-early-

Figure 27 . Patch ready for replacing concrete on 1-59 
in Jones County . 

\. 

-~ -

Figure 26. Failure on 1-55 in Copiah County. 

Figure 28 . Complete patch 5 years after repair on 
1-59 in Jones County . 



strength cement. A vibrator was used to 
ensure good placement, and the usual 
finishing practices were followed. The 
fresh concrete was covered by wet burlap 
while curing. Ten locations were re­
paired in this manner in 1962, and they 
still look good (Fig. 28). 

On the same section of pavement, 
another repair procedure was tried on 4 
locations in the early part of 1967. A 
narrow strip of concrete about 18 in. with 
the extra-wide crack in the center was 
removed down to the treated base. The 
continuity of the reinforcement was broken 
by removal of the rusted steel (Fig. 29), 
and 31/4-in. wood filler was installed to 
function as an expansion joint (Fig. 30). 
These procedures are against the theory 
of continuously reinforced concrete pave­
ment and failure is expected again. Fig­
ure 31 shows the pavement 8 months after 
the repair and partially confirms the ex­
pectations. 

One district in central Mississippi 
made repairs on pavement with mesh re­
inforcement where failures occurred 
ahead of the construction joints in direc­
tion of paving by removing a minimum of 
7 ft of pavement ahead of the construction 
joint for full lane width. The concrete 
was removed by using a jackhammer first 
to the depth of the steel reinforcing mesh. 
Then the steel was cut at the center of the 
patch to give access for the jackhammer 
to remove the lower half of the pavement. 
This was a slow process, requiring care 
to prevent damage to the steel and the 
cement-treated base. The extra steel 

Figure 30. Expansion joint installed on 1-59 in Jones 
County. 
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Figure 29. Rusted steel removed from extra-wide 
cracks on 1-59 in Jones County. 

Figure 31 . Eight months after repair on 1-59 in Jones 
County. 
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Figure 32. Patch ready for replacing concrete on 1-55 
in Madison County. 

_.,...., . ... .....__,. 

Figure 33. Patch poured in afternoon 8 months 
after repair on 1-55 in Madison County. 

bars at the construction joint were removed, except at one joint, where they were left 
in as a further experiment. To date, no difference in the performance of these repairs 
has been observed. The reinforcing mesh was brushed clean and placed back, and %­
in. reinforcing bars, 30 in. long, were placed across the mesh and tied to the mats 
(Fig. 32). Ready-mixed concrete, containing 6.5 sacks of cement per cubic yard, was 
ordered from a local batch plant for all patch jobs. A vibrator was used to ensure 
good placement, and the usual finishing practices were followed. Six repair operations 
were made in this manner in April 1967. Five poured in the afternoon still look good 
(Fig. 33), but the one poured in the morning failed completely (Fig. 34). 

Failures that occurred in north Mississippi at the beginning of a new section on the 
first lapped splices (constructed 5 months later than the connected section) were re­
paired with bar mat reinforcement as follows. 

Two saw cuts, 4 ft and 23 ft 3 in. extending eastward from the construction joint, 
were made across the pavement to include the entire failure spot. Between these 2 
saw cuts, the pavement was cut into large pieces with sizes varying from 3 by 5 by 
10 ft. Each piece was lifted up by hydraulic crane for inspection to explore the cause 
of failure (Fig. 35). 

After the large pieces of concrete were lifted out, a jackhammer was used to re­
move the remainder of the concrete, and the area was brushed clean. At the saw cut 
4 ft from the construction joint, it was found that the bond was loose and might cause 
failure in the future. Therefore, the decision was made to remove the remainder of 

Figure 34. Patch poured in morning 8 months after 
repair on 1-55 in Madison County . 

Figure 35 . Investigation during repair on US-82 in 
Leflore County. 



TABLE 5 

TEMPERATURE AND MEASUREMENTS OF 
PATCH OPENING BETWEEN TWO ENDS ON US- 82 

IN LEFLORE COUNTY 

Opening Between 

Time Temperature Two Ends 
(deg F) 

Feet Inches 

8:30 a. m , 72 23 3 
1:20 p. m . 85 23 2"./, 
2:20 p. m . 87 23 2'/, 
3:20 p. m . 90 23 2 
4:20 p. m. 90 23 115/10 
4:55 p , m . 90 23 l 1

5
/ 16 
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Figure 36. Complete patch 3 months after repair on 
US-82 in Leflore County. 

the pavement all the way to the construc-
tion joint. On the next morning, the en-
tire area was again brushed clean, and 
No. 5 deformed bars were placed as longitudinal reinforcement with sufficient length 
to provide a 20 in. overlap at both ends. The steel was welded at the 2 ends of the lap 
for a length of 3 ft. No. 4 transverse bars were placed on chairs and tied to the longi­
tudinal bars in accordance with the pattern of the original bar mats. At 1 p.m. it was 
found that the steel buckled about 1 in. from its normal position. The steel was then 
relieved at the east end. The length between the 2 ends were measured at different 
times during the day (May 30, 1968); results of these measurements and the corre­
sponding temperatures are given in Table 5. The steel was welded back about 5 p. m. 
because the measurements indicated no change at 4:20 p.m. and 4:55 p.m. The fact 
that the steel buckled during the hottest part of the day seems to be one of the expla­
nations for the failure that occurred at the previously mentioned repair job poured in 
the morning. The fresh concrete apparently was not strong enough to overcome the 
tremendous buckling force caused by the expansion of the 2 ends. 

Before pouring the concrete, the 2 ends were coated with epoxy glue. At 6 p.m. 
class AA ready-mixed concrete was ordered from a local batch plant for the repair. 
Vibrators were used to ensure good placement. The fresh concrete was covered by 
wet burlap while curing, and the existing pavement, from both ends , was kept wet to 
a distance of 100 ft during the curing period. The compressive strength of the fresh 
concrete was 5,359 psi at the end of the third day. The section was repaired on May 
29-30, 1968, and opened to traffic on June 3, 1968. To date, it is still in excellent 
condition (Fig. 36). 
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Minnesota Department of Highways Flexible 
Pavement Design-1969 
F. C. FREDRICKSON, P. J. DIETHELM, and D. M. ZWIERS, Minnesota Department 

of Highways 

A new flexible pavement design was developed from the Minnesota Depart­
ment of Highways AASHO Satellite Test Program on 50 selected roadways. 

_ The design emanated from the study of the effects of pavement section 
characteristics, subgrade soil strength, climate, and loading and distribu­
tion of traffic on the performance of flexible pavements. The pavement 
section characteristics studied include thickness, composition, strength, 
and quality. The stabilometer R-value is used to evaluate the subgrade 
soil strengths. Climatic effects were determined by measuring seasonal 
changes in strength of selected roadway structures throughout the state by 
means of the Benkelman beam. The loading and distribution of traffic is 
determined in terms of summation of equivalent 18-kip single-axle loads. 
The PSI system developed at the AASHO Road Test is used in a modified 
form to evaluate performance. The modification involves use of BPR-type 
of roughometer data in place of the slope variance component of the equa -
tion. A design chart is developed that shows the requir'ed gravel equivalent 
thickness dependent on embankment R-value and equivalent 18-kip single­
axle loads. 

•THE METHOD presently used for flexible pavement design in Minnesota uses either 
average daily traffic (ADT) or heavy commer cial average daily traffic (HCADT), along 
with a designation of 5-, 7-, or 9-ton spring axle loads to categorize traffic. The 
AASHO soil system is used to classify the subgrade soil in order to vary the required 
base thickness from sections designated for an A-6 soil. The relative strengths of the 
layers in the pavement section are indicated by granular equivalent factors. The pro­
cedures and levels of thickness required have been established based on experience and 
performance evaluation on Minnesota highway pavements for the past 30 years. Past 
experience resulted in establishment of standard cross sections showing thickness of 
various materials for varying traffic volumes and load restrictions. Tables 1 and 2 
give a portion of these design standards and the method of application for various sub­
grade soils. Table 3 gives the gradation requirements of the materials given in Tables 
1 and 2. Varying amounts of crushed particles are required depending on the class of 
material selected. 

For the past 5 years the Minnesota Department of Highways has been conducting a 
research project (Investigation 183) that has the purpose of studying the performance 
of Minnesota flexible pavements and applying the results of the study to the design of 
flexible pavements. The results and methods developed at the AASHO Road Test have 
been used to define performance and to study and evaluate 50 Minnesota test sections. 

The background material and analyses are found elsewhere in a study by Kersten 
and Skok (!). A committee of Minnesota Department of Highways personnel and of 
Kersten and Skok (1) was formed in August 1968 to consider the present Minnesota 
flexible pavement design in light of the results and conclusions in the report. 

The procedure recommended by the committee is presented in this summary of the 
Investigation 183 report. The procedure is dependent on the correlation between 

Paper sponsored by Committee on Flexible Pavement Design and presented at the 49th Annual Meeting. 
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Axle 
Load 
(ton) 

5 
7 
7 

9 
9 

9 

9 

Heavy 
Commercial 

Average 
Daily 

Traffic 
(HCADT) 

<150 
150-300 

300-600 

600-1, 100 

>1,100 

Average Wearing 

Daily Thick-
Traffic Speci-
(ADT) fication ness 

(in.) 

<400 2321 1 Y, 
<400 2331 1 y, 
400-

1,000 2331 1'/, 
<1,000 2331 11/, 
1,000-

2,000 2341 1Y, 
2,000-

5,000 2341 1 y, 

5,000-
10,000 2351 1'/, 

>10,000 2351 1 y, 

TABLE 1 

FLEXIBLE PAVEMENT DESIGN 

Binder Bituminous Bituminous-
Base Treated Base 

Thick-Speci- Speci- Thick- Speci-
Thick-

Class 
fication ness ness (in.) fication fication ness 

(in .) (in.) 

5 
5 

2331 1Y, 5 
2331 1 y, 5 

2341 11/, 2331 1 y, 6 

2341 1 y, 2331 1'/, 1 2204 4 rich or 6 

2341 2 2331 3Y, j 2204 4 lean or 6 

2341 2 2331 4Y, 2204 4 lean 

Note: These design thicknesses apply only for A-6 subgrade soils. Use the following methods to adjust the design thickness for other classes of subgrade soils: 

Total 

Aggregate Base Thickness of 
Granular 

Thick- Thick- Equivalent 

ness Class ness 
(in.) (in.) 

--
Base Pave-

(in .) ment 
(in.) 

3 3 5 7 9 
4 3 6 BY, HY, 

3 3 8 12 15 
5 3 9 14Y, 17Y, 

s 3 8 14 21 

I 6 4 6 
3 6 18 25 

5 I 4 6 
3 6 21 29 
4 6 24Y, 321/, 
3 8 

1. Bituminous base, bituminous-treated base, and aggregate base thicknesses are converted to an equivalent thickness of aggregate base (denoted as granular equivalent, GE) by using the granular 
equivalent factors listed as follows. The sum of these quantities for each design is listed under the column headed ''Total Thickness of Granular Equh,alent, Base (in. )'' . 

2. Select the appropriate soil factor corresponding to the AASHO soil classification of the subgrade soils, The soil factor is applied to the "Total Thickness of Granular Equivalent, Base (in.)" in ad­
justing to the granular equivalent base thickness required for subgrade soils other than A-6 soils. Apply this adjustment to the thickness of the base (Classes 3 and 4) only. 

3. This adjustment is made algebraically by using the following formula: 

Adjusted base thickness (Classes 3 and 4) = base thickness (Classes 3 and 4) + croul Bns GE X 100 · T ptql B.ase GE) 
0.75 

c,, 
a, 
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TABLE 2 

GRANULAR EQUIV AL ENT AND SOIL FACTORS 

Granular AASHO Soil 
Material Specification Equivalent Soil Factor 

Factor Class (percent) 

Plant-mix surface 2341, 2351 2.25 A-1 50-75 
2331 2.00 A-2 50-75 

Plant-mix base 2331, 2341, 2351 2.00 A-3 50 
Road-mix surface 2321 1.50 A-4 100-130 
Road-mix base 2321 1.50 A-5 130+ 
Bituminous- treated base 

Rich 2204 1.50 A-6 100 
Lean 2204 1.25 A-7-5 120 

Aggregate base 
Classes 5 and 6 3138 1.00 A-7-6 130 
Classes 3 and 4 3138 0.75 

Selected granular material 
(<12 percent passing No. 
200 sieve) 0.50 

pavement spring deflections and the number of equivalent 18-kip single-axle loads {I.N18) 
that the pavement can withstand before the present serviceability index (PSI) of the 
section will drop to a PSI of 2. 50. Because the pavement section is still relatively in­
tact at a PSI of 2. 50, this level is appropriate for considering required maintenance. 
The performance equation suggested is from the AASHO Road Test and is shown by 
Kersten and Skok (1) to be appropriate for Minnesota conditions. The other factors for 
establishing the design procedure use the thicknesses of the surface and base layers 
along with the Hveem stabilometer R-value of the embankment soil to calculate the 
spring deflection of the pavement section. The equations used are obtained from the 
spring recovery study of Investigation 183 on a number of the Minnesota test sections. 
The relationships developed are those for Minnesota Department of Highways Standard 
Specification 2331, 2341, or 2351 bituminous mixtures and Class 3, 4, 5, or 6 base ma­
terials. It is also assumed that adequate drainage has been designed for the section 
and the layers will be placed under present Minnesota Department of Highways density 
specification. 

DESIGN PROCEDURE 

As mentioned previously, the design procedure involves the R-values of the soil, 
l.N18, granular equivalent factors of each layer, and Benkelman beam deflections. Each 
of these factors will be discussed briefly as they relate to the design procedure. 

Hveem Stabilometer R- Value 

The design procedure presented in this report is for flexible pavements that are 
being built starting with the embankment soil The method consists of sampling the 

TABLE 3 

MATERIAL GRADATION REQUIREMENTS 

Total Percent Passing 
Sieve Size 

Class 3 Class 4 Class 5 Class 6 2331 2341 2351 

2 in. 100 100 
1 in . 100 100 

l' 1n. 90-100 90-100 100 100 100 
,'o In. 50-90 50-85 65-95 65-90 70-80 
No . 4 35-100 35-100 35-80 35-70 50-70 50- 65 
No. 10 20-100 20-100 20-65 20-55 35-65 35-55 35-55 
No . 40 5-50 5-35 10-35 10-30 10-35 10-30 15-30 
No . 200 5-10 4-10 3-10 3-7 1-7 1-7 4-8 
Maximum 200/ 40 ratio 50 40 40 40 
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proposed construction area to determine the predominant soil type and establishing the 
AASHO classification and strength of representative soil samples in the laboratory, 
The strength is determined by using the stabilometer R-value as a criterion. The pr-o­
cedure to be used for determining the R-value is contained in Wolfe's work (3). 

The use of R-value as a criterion for analysis of soil strength was recommended 
after consideration of the several practical methods of soil tests and classification sys­
tems. The best correlation was established between field E-modulus and R-value in 
Investigation 183. This relates field conditions to the laboratory test results. The 
results of this study indicate the best correlation was obtained by using the R-value 
determined at an exudation pressure of either 200 or 240 psi. 

The stabilometer R-value test is not considered to be the ultimate test for evaluating 
the strength of an embankment soil, but it is the most practical test available at this 
time. 

Equivalent 18-kip Axle Loads (EN18) 

The loading on a highway pavement is composed of applications of a distribution of 
axle loads of various weights. At the AASHO Road Test, sections of highway were sub­
jected to repetitions of the same load and the performance of the pavement structure 
was evaluated. Using this performance information, the relative effect of various 
loadings on a pavement structure can be calculated. The relative effect of various 
loadings can then be used to convert each load repetition to an equivalent number of 
repetitions of a base load. Using an equivalent axle load of 18-kips, the equivalent 
load effect may be considered by summing up all equivalent loads applied over a design 
period. A program has been set up for the Minnesota Department of Highways com -
puter that makes it possible to predict EN18 for design purposes and also the EN18 
that have been on a section since it was built. Traffic can be predicted for any number 
of years into the future, so staged construction may be utilized if desired. 

Granular Equivalent Factors 

The pavement sections obtained for a new design procedure have minimum thick­
nesses of surface and base materials. These thicknesses are essentially the same as 
those in the design method currently in use by the Minnesota Department of Highways. 
The present Minnesota design procedure uses the granular equivalent concept to de ­
fine the pavement structure. The granular equivalent is defined by Eq. 1: 

where 

GE = granular equivalent thickness, in.; 
a1, a2, 33, ... = constants defining the relative effect of the given layer; and 

D1, D2, D3 , ••• = thickness of individual layers, in. 

(1) 

For the granular equivalent in Minnesota the constant "a" for a Class 5 or 6 base 
material is taken as 1. 00 and the other constants rate the strength of the various other 
materials relative to the granular bases. The constants thus define the equivalency 
between layers. Table 2 gives a list of these factors presently used for the Minnesota 
flexible pavement design procedure. These factors have been set up primarily from 
experience in Minnesota and other locations. 

It has been with the elastic theory that pavement deflections can be predicted if the 
elastic properties of the materials are determined under the same conditions of test 
as in the field (3, 4, 5 ). An equation Qf the form shown in Eq. 2 can be fitted to the 
elastic theory prediction of deflection. 

(2) 



where 

d = deflection, 0. 001 in.; 
D1 = surface thickness, in,; 
D2 granular base thickness, in.; 
E = elastic modulus of embankment soil, psi; and 

a 0 , a1, a2, a3 = constants determined from multiple regression analysis. 

The spring deflections measured on the spring recovery test sections (Investiga-
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tion 183) have been correlated with the thickness of the pavement layers and the strength 
of the embankments by using the model of Eq. 2. For each test section, the spring 
Benkelman beam deflection for 1965, 1966, and 1967 surface, base, and subbase thick­
ness and log R (rather than log E, which is related to log R) were put into the computer. 
By means of a mathematical operation, known as multiple regression analysis, values 
of ao, a1, a2, and as were determined such that the equation best fits the data points. 
Equation 2 is rewritten and Eqs. 3, 4, and 5 result from using the data obtained during 
1965, 1966, and 1967 respectively, 

log dsr = 3.125 - 0. 070 D1 - 0. 027 D2 - 0. 024 Da - 0. 601 log R 
when r 2 = 0. 95, and standard error = 15 percent; 

log dsr 

log dsr 

2. 781 - 0.056 D1 - 0.016 Da - 0.019 D3 - 0.507 log R 
when r 2 = 0.85, and standard error= 15 per cent; and 

2. 733 - 0.056 D1 - 0.019 D2 - 0.025 Ds - 0.416 log R 
when r 2 = 0. 80, and standard error = 17 percent. 

(3) 

(4) 

(5) 

In Eqs. 3, 4, and 5, log dsr = spring Benkelman beam deflection, 0. 001 in. using a 9-ton 
axle load, and r 2 = coi·relation accuracy, 1.00 equaling perfect fit. The other terms 
are as described in Eq, 2. 

As previously defined, the equivalency for granular base is assigned a value of 1. 00. 
The g1·anular equivalency for bitwninous surfacing i s then determined by dividing the 
surfacing constant, a , by the granular base constant, a2. For the lower base equivalency, 
a3 is divided by a2• Table 4 gives a listing of l ayer equivalencies implied by Eqs. 3, 
4, and 5. 

Generally, the equivalencies found from deflections measured or estimated during 
the spring in Minnesota for sections on plastic embankment soils are somewhat lower 
than those calculated from the Road Test data. This reflects the wider range of ma -
terials in the Minnesota sections as opposed to the constant materials at the Road Test. 

The granular equivalencies given in Table 4 appear to be liberal in comparison with 
those presently used and given in Table 2. These limited data, however, will not be 
used to change the present granular equivalencies until further evaluation of the equiv­
alencies has been made. 

TABLE 4 

EQUNALENCIES BETWEEN SURFACE AND BASE MATERIALS USING 
EQUATIONS DEVELOPED FROM MINNESOTA SPRING RECOVERY 

TEST SECTIONS 

EqulYalency Factors 
Year 

Surface Base (Classes 5 and 6) Base (Classes 3 and 4) 

1965 2.59 1.00 0.89 

1966 3.50 1.00 1.20 

1967 2.95 1.00 1.32 
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Performance Prediction 

At the AASHO Ro~d Tf:\~t; Bf:'!1-l{elmn.n bcum deflection te~t~ we1~c run on eai,;h uf the 
test sections periodically. The deflections were run to determine the variation in 
strength of the sections and to see if the strength of the pavement measured in the field 
could be used to predict the performance of the sections. 

Four equations were developed relating deflection to performance. The equation 
best suited to Minnesota conditions is shown as Eq. 6, which uses a PSI of 2. 5. 

log (I.N18) 2•6 = 11.06 - 3.25 log ds 
when r 2 = 0. 78, and standard error= 0.21, 

(6) 

where 

(I.Nl8) 2•5 = summation of equivalent 18-kip axle loads to a PSI level of 2.5; 
ds = Benkelman beam deflection taken during the spring period, 0.001 in.; and 
r 2 = squared correlation coefficient. 

Figure 1 shows a plot of Eq. 6, which is a straight line on a semi-log plot. Also 
plotted in Figure 1 is a line indicating the standard error of Eq. 6. This line is one 
standard error below the ''best-fit" line and indicates the level above which % of the 
data points occur when they reach a PSI of 2. 5. 

In order to see how well Eq. 6 relates to Minnesota conditions, spring deflections 
measured on the spring recovery test sections are plotted against I;NlB of the test sec­
tion through 1966. The spring deflections have generally been consistent for the 4 
spring periods in which testing has been performed. As more data are obtained, it will 
be possible to see if the deflections tend to increase or decrease with age and condi­
tion of the pavement. 

The deflections on roads that have been restricted during the critical spring period 
have been reduced accordingly. For instance, if a road has been restricted to 7-ton 
axle loads during the spring, the measured 9-ton deflection is reduced by % to obtain 
the deflection for 7-ton axle load. The linear relationship between deflection and load 
for normal loads used on highway sections is justified by Kersten and Skok (1) and 
Huculak (6). Using the data adjusted in this manner, it has been recommended that 
the ''best=tit" line from the Road Test represented by Eq. 6 be used for design purposes. 
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Figure 1. Variation of measured spring deflections with total equivalent 18-kip axle loads through 1966. 
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Figure 2. Variation of predicted spring deflections with total equivalent 18-kip axle loads through 1966. 

By using the relationships developed from the spring recovery program, spring de­
flections have been estimated for the test sections on which deflections have not been 
run during the spring period. These estimated spring deflections for each year are 
plotted against :tN18 through 1966 and are shown in Figure 2, The deflections on sec­
tions that have axle load restrictions during the spring period have been appropriately 
reduced as indicated previously, 

The position of the points in Figures 1 and 2 suggests that the line representing Eq. 6 
could be used to predict the EN18 that a pavement can withstand under a given level of 
spring deflection. If the serviceability of the test sections is determined periodically in 
future years, it will be possible to see whether another line would be more appropriate 
than the line represented by Eq. 6. If all of the sections are observed to PSI of 2. 5, it 
will be possible to establish more precisely a trend line for Minnesota conditions. 

The advantage of using a strength test such as Benkelman beam deflection to predict 
performance is that all localized conditions such as drainage and poor quality base ma­
terial are evaluated. Using only thickness as an evaluation does not make this possible. 

New Design Development 

The present granular equivalent factors (Table 2) are justified further by Kersten 
and Skok (1) and are used in the new design procedure. In order to develop the design 
procedure based on granular equivalent thicknesses, it was necessary to correlate de­
flections to thickness and R-value by using an equation of the form of Eq. 7 (similar to 
form of Eq. 2): 

log ds ao - a1 (GE) - a2 log R 

where 

ds = spring deflection, 0. 001 in. ; 
GE = granular equivalent thickness using the coefficients in Table 2; and 

R = stabilometer R-value. 

(7) 

Equation 8 resulted from the correlation using the maximum deflections measured 
on the spring recovery test sections during the spring of 1967. 
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log ds = 2.587 - 0.0230 (GE) - 0.306 log R 
when r 2 

= 0. 73 and standard error = 17 percent. 
(8) 

Equation 9 resulted from the correlation using spring deflections calculated from 
deflections run on all the test sections throughout the summer of 1967. 

log ds = 2. 799 - 0.0219 (GE) - 0.521 log R 
when r 2 

= 0. 80 and standard error = 28 percent. 
(9) 

The squared correlation coefficient for Eq. 9 is somewhat higher than that for Eq. 8. 
This is because there is a wider range of granular equivalents and R-value represented 
for Eq. 9. However, the error in predicting deflection is about 11 percent higher using 
all of the sections. 

Equation 5 is the result of the correlation using the same deflection data but allowing 
the coefficients on thickness to be determined from the correlation. The standard error 
is about the same, but the squared correlation coefficient is somewhat higher. This 
indicates that using the various granular equivalent coefficients does not appreciably 
affect the error in predicting spring deflection. 

It is felt that Eq. 9 should be used to predict deflections from granular equivalent 
and R-value of the embankment soil because it has been derived from a wider range of 
independent variables. Each year as more data are accumulated relating these vari­
ables, the relationship represented by Eq. 9 can be improved. 

For relatively high traffic roads (more than 90,000 tN18 for design life), the design 
recommended is obtained by using Eqs. 6 and 9. When these equations are combined 
and the spring deflection relationship (Eq. 9) is substituted in Eq. 6, Eq. 10 results. 

log (tN18) 
2

,
6 

= 11.06 - 3. 25 [2. 799 - 0. 0219 (GE) - O. 521 log R] 

Rearranging and solving for GE results in 

GE = 1.40 log (tN18) 2,6 - 2.38 log (R) - 2. 75 (10) 

Even though there is some error involved with estimating deflection from granular 
equivalent and R-value in Eq. 9, it is felt that Eq. 10 is appropriate for design because 
(a} the deflection used for determining str ength is the average value plus 2 standard 
deviations and thus represents close to the weakest condition of the pavement section, 
and (b) the deflection-performance equation is a line that includes all of the sections 
considered through 1967. All of these sections to the left of this line are performing 
well except for TS 50 as indicated in Figures 1 and 2. A number of sections have ex­
ceeded the performance predicted by this relationship, which is the "best-fit" line 
through the AASHO Road Test deflection-performance data. Part of the continuing 
evaluation of Minnesota flexible pavements will be the verification of these equations. 

For low-traffic roads, Eq. 10 is assumed to be appropriate until the spring design 
deflection goes up to 0. 075 in. Huculak (7) states that a light traffic road can withstand 
repeated appJications of deflections up to this magnitude. To establish minimum de­
signs for 9-ton loads the respective R-values along with the 0. 075-in. deflection are 
substituted into Eq. 10 to predict a granular equivalent necessary to limit the deflection. 
To establish minimum designs for a road to be limited to a 7-ton maximum spring axle 
load, an allowable 9-ton deflection is % (0. 075) in. = 0. 096 in. This deflection with the 
respective R-values yields the minimum granular equivalent thicknesses using Eq. 10. 
Justification for using a linear ratio of the loads to predict deflections under other loads 
can be found in Huculak's work (7) and Chapter 12 of Investigation 183. According to 
this criterion, a section designedby this procedure could withstand 9-ton axle loads 
during the critical spring period if the R-value is 30 or greater. 

Figure 3 shows a semi-log plot of the required granular equivalent thicknesses de­
pendent on embankment R-value and tN18. The thicknesses shown are a combination 



of present Minnesota Department of High­
ways design plus a plot of Eqs. 6 and 9. 
The thicknesses of the upper layers can 
also be obtained from data given in Table 
5. Thicknesses of Class 3 and 4 materials 
will vary depending on the R-value ob­
tained. 

DESIGN METHOD 

The following method is recommended 
to design an appropriate flexible pave­
ment: 

1. Determine R-value of embankment 
soil to be used for design by running ap­
propriate laboratory tests. 

2. Determine tN18 by having a traf­
fic analysis made, :tN18 will be the 
total number of equivalent 18-kip axle 
loads to be sustained by one design lane 
of the pavement during the design life. 

3. Enter Figure 3 with the values of 
R and tN18 (from steps 1 and 2 preced­
ing) and read off granular equivalent (GE) 
from the left side. 

4. Divide total GE (from step 3) into 
GE thicknesses of the various materials 
shown in Figure 3. 

5. Convert GE thickness (from step 
4) to actual thickness of material by 
using GE factors given in Table 2 (actual 
thicknesses are also given in Table 5). 
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Figure 3. Requ ired granular equivalent thickness 
dependent on embankment R-value and t N 18. 

6. If desired, substitution of material with higher equivalencies as given in Table 2 
can be made so that the total GE adds up to the total obtained as shown in Figure 3. 

TABLE 5 

SURFACE AND BASE THICKNESS AND GRANULAR EQUIVALENT THICKNESS PRESENTED BY 
SURFACE PLUS BASE (CLASSES 5 AND 6) FOR VARIOUS TRAFFIC LEVELS 

Surface Bituminous Base Bituminous- Aggregate Base 
Treated Base 

Equivalent 
Load Category Thick- Speci- Thick- Speci - Thick- Thick-

{LN18) ness ness Spec!- ness Class 
(in.) flcatlon (in.) ficatlon ness fication (in.) (in.) 

<60,oooa 11
/, 2331 3 5 

60,000-90,000a lf1; 2331 la 2331 3 5 
<90,000 1 X, 2331 !~ 2331 3 5 

90,000-150,000 1f1; 2331 2331 3 5 
150,000-250,000 1 X, 2331 l f; 2331 5 5 
250,000-650,000 3 2341 !~ 5 6 
650,000-1, 700,000 3 2341 2331 4 2204 or 6 G 

rich 
1, 700,000-3,800,000 3'/, 2351 3;,', 2331 4 2204 or 5 6 

lean 
>3,800,000 3Y, 2351 411, 2331 4 220•1 

lean 

Total 
Thickness 

of 
Granular 

Equivalent 
(In.) 

6 
9 
9 
9 

11 
14'/, 
15',/., 

20 

22 

Note: Total thickness not shown because base thickness depends on subgrade strength. The tota l thickness of granular equivalent required including base 
(Classes 3 and 4) is shown in Figure 3. 

a7-ton design, remainder of designs are for 9 ton. 
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Examples of each preceding step follows: 

1. Assume that a stabilometer test was run in the laboratory and resulted in R = 20. 
2. Assume that a traffic anaiysis was made and that LNi8 = i,000,000. 
3. By using the above values, a GE of 26 in. is obtained from Figure 3. 
4. From Figure 3, the total GE can be divided into the following: 

2341 = 6. 75-in. GE, 
2331 = 3.25-in. GE, 
Class 6 or 2204 (rich) = 6. 00-in. GE, and 
Classes 3 and 4 = 10.00-in. GE. 

5. By using conversion factors given in Table 2, the following values are obtained: 

2341 = 6. 75/2. 25 = 3 in. , 
2331 = 3.25/2.00 = 1% +in., 
Class 6 = 6. 00/1. 00 = 6 in. , and 
Classes 3 and 4 = 10.00/0. 75 = 13 + in. 

6. Ten inches of Class 6 could be substituted for 13 in. of Classes 3 and 4 (GE is the 
same). Additional Classes 3 and 4 could not be substituted for the initially required 6 
in. of Class 6 because Classes 3 and 4 had a lower equivalency factor. 

In addition to using the design procedure for new construction, it can be applied to 
bituminous overlay of existing pavements. A procedure has been formulated, but will 
require further field study to verify the results. It is anticipated this information will 
be available in the near future. 
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Isotropy and an Asphaltic Concrete 
BONNERS. COFFMAN*, GEORGE ILVES, and WILLIAM F. EDWARDS, 

Department of Civil Engineering, Ohio State University 

Asphaltic concrete core specimens were secured from a contract­
constructed pavement in 3 orthogonal directions. These core specimens 
were tested in unconfined compression to determine the complex moduli 
at different temperatures and frequencies. Comparisons of the direc­
tional moduli indicated that the material was isotropic in compression 
to a first approximation at the phenomenological level. Block samples 
of the asphaltic concrete were taken and sawed to produce trapezoidal 
specimens for testing in bending to determine complex moduli. The re­
sults of these tests indicated that the linear range in bending was sub­
stantially restricted in comparison to axial compressive tests . The 
results of tests outside the linear range are presented. Comparisons 
indicated that linear complex moduli in bending and compression were 
the same and it was concluded that this asphaltic concrete was isotropic 
to a first approximation at the phenomenological level. 

•CAN ASPHALTIC CONCRETE be isotropic and have the same properties in all direc­
tions? At the molecular, micro, and low macrovolume levels the answer is clearly no 
because the material is a mixture of different components. For structural pavement 
design, however, primary interest is in the phenomenological response of relatively 
large volumes. The work reported here is restricted to such volumes in which test 
specimens and measurements represent average material, and the property investigated 
is its response to surface forces as expressed in the complex modulus, IE* j. 

Previous work here indicates that asphaltic concrete is isotropic, in an engineering 
sense, and exhibits the same properties in tension and compression. That work was 
based on the concept of the complex modulus for asphaltic concrete developed by 
Papazian (!) with Baker (~. This concept was experimentally extended to all pavement 
layers, and lab-measured moduli of these were used with linear elastic theory to pre­
dict maximum deflections for in-service pavements undervarious truck loadings, speeds, 
and times of year (3, 4). Such comparisons are necessary and are directly responsive 
to an ultimate answer;however, they may not be sufficient. Full-scale experiments in­
volve many and changing variables with corresponding opportunities for compensating 
interactions. At the same time, this evidence of isotropy and equal tensile-compressive 
moduli appears to be contradicted in the literature (~. Because of these anomalous in­
dications, it was considered necessary to investigate this basic problem. 

As will be noted in the differing temperatures and frequencies used in the various 
test series, this study was not planned for statistical analysis. The temperature dif­
ferences, for example, are partly the result of the time requirements in reaching sys­
tem equilibrium with ambient temperature before testing. Mostly these test differences 
reflect the authors' experience in using graphical techniques to normalize large quanti­
ties of 3-dimensional test data where strict statistically based comparisons are a study 
in their own right. 

*Deceased, August 4, 1970. 

Paper sponsored by Committee on Flexible Pavement Design. 
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COMPRESSION 

Directional Effects 

&1>ecimens for this investigation were obtained by sawing or coring a never-loaded 
full-scale asphalti.c concrete pavement section located on university farmland. This 
30-ft wide and 120-ft long pavement was built in 2 lanes in 1.5-in. nominal lifts. It was 
constructed under contract for a full-scale investigation of fatigue involving one as­
phaltic concrete mix at 5 thicknesses. The design gradation is given in Table 1; con­
struction results with the mix are as follows. 

Laboratory compaction 
Asphalt, percent 
Chevron AC, penetration 
Density, pcf 
stability' lb 
Flow, in. 
Filled aggregate voids, percent 
Mix air voids, percent 

Paver 
Rollers 
Control 
Average pavement density, pcf 

(243 cores ranging from 136 
to 145 pcf) 

Average pavement AC content, 
percent (8 chunks ranging 
from 6.2 to 6.8 percent) 

Gyratory 
6.3 
60-70 
147 
3,275 
0.15 
83 
3 

Barber-Green 
10-ton steel tandem and rubber ti.red 
Cores and nuclear 

141 

6.6 

A plot of aggregate percentage passing versus sieve opening raised to the 0.45 power 
is closely linear. 

The sides of cores and faces of sawed slabs showed that elongated aggregate particles 
tended to be orienled parallel to the plane of rolling. This is typical of local, if not all, 
aspbaltic concrete pavements. To detel'mine directional effects, cores were taken from 
the pavement in 3 orthogonal directions: vertical, horizontal in tbe north- south direc­
tion, and horizontal in the east-west direction (in construction, paver and roller travel 
was north-south, and maximum differences were expected with respect to this axis). 
The cored area was held to a minimum (some 6 ft square in one lane) to reduce the 
probability that different plant-mix batches were included in any one lift. Thirty-eight 
cores were taken, and 3 sets of 9 cores each were selected to represent the 3 directions. 

The pavement was constructed in 5 lifts. In each core the third lift was central; i.e., 
in reference to core length and lab load direction, the third lift was centered transversely 
in vertical and parallel in horizontal cores (Fig. 1). Lifts were difficult to distinguish 
and some layer-centering deviations undoubtedly occurred. Core ends were sawed and 
strain gages mounted on the central lift (about 1.5 in. thick) with the 0. 75-in. active gage 
length parallel to specimen and lab test-load axis. For vertical cores, 2 sets of 2 
strain gages each were mounted on every core; one set facing the north-south and one 
facing the east-west directions, in place. For horizontal cores only one set of gages 

could be mounted on the third or central 
lift, and this set was expected to reduce 

TABLE 1 the variables. The cylindrical test speci-
DESIGN GRADATION mens were 3. 70 in. in diameter and 7 .20 

in. long (each ±0.005 in.), with a height-
Sieve Percent Passing Sieve Percent Passing 

diameter ratio of 1.95: 1. 
'/.in. 
Y. in . 
No. 4 
No. 6 
No. 8 

100 
81 
68 
64 
58 

No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

42 
26 
15 
9 
6 

Compressive complex moduli were mea­
sured for these cores with load in the form 
of a haversine wave at frequencies from 3 
to 200 rad/sec (radians per second) and 
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temperatures from 20 to 116 F. Measurements represent the steady-state condition, 
and the complex Poisson's ratio was not measured. Specimen loading was in unconfined 
compression. Loading was with MTS; amplification and recording was with CEC equip­
ment. Specimens were encased in membranes, and temperature was controlled by cir­
culating fluid from a water bath; however, moduli determined without membranes showed 
no fluid effect. Complete details of test and interpretation are given in Filon's work 
(1). Solution of the theoretical boundar y problem of the t est arr ay is indicated by Filon 
for linear elasticity (1). No theoretical corrections were applied to the test data. The 
results of the tests are given in Table 9 in the Appendix in the form of average, stan­
dard deviation, and coefficient of variation for 9 replicate specimens; and averages are 
typically shown in Figure 1. All tests were within the linear r ange . Supporting data 
ar e omitted for brevity. Average test data were plotted as IE* I versus log won large 
family-of-curves graphs to normalize temperature differences and to interpolate for 
missing frequencies (the test data are not strictly amenable to analysis of variance be­
cause of these differences). Graphs of this type are normally used here in loaded pave­
ment problems, and the following discussion is based on the data so interpreted. 

For the 2 sets of gages mounted on the orthogonal sides of the vertical cores and 
measured simultaneously in testing, the interpreted average data are given in Table 2 
and are not appreciably different from those obtained using the appended average data. 
The information given in Table 2 shows that moduli from the north and south facing 
strain gages algebraically average some 0.4 percent higher than east-west gage moduli. 
The difference range, for unique test conditions, is from 2.2 percent smaller to 2.5 per­
cent larger. There appears to be no trend in the data. These differences are not sig­
nificant on an accuracy of measurement basis. They cannot be distinguished on the 
graph (Fig. 1), and have no meaning on a practical basis. These data support the valid­
ity of instrumenting vertical pavement cores with strain gages without regard to roller 
travel direction. They also suggest that any effect of north-south, east-west anisotropy 
is small. 

For the 2 sets of horizontal cores, one taken in the north-south and one in the east­
west direction, Figure 1 shows no obvious difference in moduli at the scale plotted. For 
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TABLE 2 

PERCENTAGE N-S MODULI ARE GREATER THAN E-W-VERTICAL CORES 

1'P.mnP.r:1t11rP, F 

(rad/ sec ) 20 36 58 .5 71 86 99 114 Avg 

3 0.7 0.0 -0.8 0. 5 -0.6 -2.2 0 .0 -0 .3 
10 0.3 0.3 1.2 1.4 1.5 0.0 0.0 0 .7 
30 -0.2 0. 5 1.6 1.5 0.0 0.5 -0.9 0.4 

100 -0.6 1.1 0.8 0.8 0.6 0.3 0.0 0.4 
200 -0.7 1.4 0.6 0.7 2.5 0.3 0.5 0.8 

Avg -0 .1 0.7 0 .7 1.0 0.8 -0 .2 -0 .1 0.4 

Note: Interpreted data. 

TABLE 3 

PERCENTAGE E-W MODULI ARE GREATER THAN N-S-HORIZONTAL CORES 

Temperature, F w 
(rad/ sec) 20 36 58.5 71 86 99 114 Avg 

3 0.0 -0 .7 2.4 0.9 2.7 4 .3 11.0 2.9 
10 -0.1 - 0 .6 5.5 3.2 4.6 5.5 12.5 4.4 
30 -0.2 -1.0 4.0 3.7 4.0 7 .1 13.1 4.4 

100 -0.3 -1.3 4.7 3.5 4.7 6 .6 11.8 4.2 
200 -0 .3 -1.3 4.9 3.3 3.5 5.8 1.4 2.5 

Avg -0 .2 - 1.0 4.3 2.9 3.9 5.9 10 .0 3.7 

Note: Interpreted data. 

the interpreted data, the east-west cores algebraically average 4 percent larger in mod­
uli than north-south cores over the frequency and temperature range investigated. The 
effect is essentially independent of frequency, as given in Table 3. For individual test 
conditions, this value ranges from 1 percent lower to 13 percent higher. There is no 
clear trend with temperature. These results are not appreciably different from those 
obtained by using the average data given in Table 9. For the latter, there is a trend of 
higher coefficients of variation with temperature . These coefficients range from below 
4 percent at low temperature to below 10 percent at high temperature for each test 
series. On this basis the difference between moduli from the 2 orthogonal sets of hori­
zontal cores are on the order of differences in tests of replicate specimens. Differences 
of this order are not particularly significant on a practical basis, as data shown in Fig­
ure 1 suggest. 

Comparing moduli from the vertical and horizontal pavement cores , Figure 1 shows 
the trend of horizontal cores to give higher moduli at low temperatures and lower mod­
uli at high temperatures. Table 4 gives data that relate interpreted average data of 

TABLE 4 

PERC ENTAGE VERTICAL MODULI ARE GREATER THAN 
HORIZONTAL - ALL CORES 

w 
Temperature, F 

(rad/sec) 20 36 58.5 71 86 99 114 Avg 

3 -6 -4 3 6 21 31 66 9 
10 -5 -3 -1 7 15 23 33 10 
30 - 5 -3 -3 6 12 18 27 7 

100 . 5 -2 -3 - 3 10 13 29 6 
200 - 8 -2 - 2 4 13 9 27 6 

Avg -6 -3 - 1 4 14 19 29 8 

Note: Interpreted data. 
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north-south and east-west facing gage sets mounted on vertical cores with average data 
of north-south and east-west horizontal cores. These data show that the effect is almost 
entirely due to temperature and algebraically averages some 8 percent difference. For 
individual test conditions, this ranges from 8 percent smaller at low temperatures to 
33 percent higher at high temperatures, and this trend is consistent. 

DISCUSSION OF RESULTS 

It should be noted that the design of this experiment was such that a positive answer 
to the question "Are orthogonal compressive moduli equal?" is possible from these tests 
only if the 5 layers of the test cores are identical; i. e., the core layers are alike and 
there is no effect at lift boundaries. If these conditions are not met, the investigating 
test represents 2 new layered boundary problems. Theoretical solutions of these 2 
problems and complete moduli data, including Iµ.* I for the surrounding lifts, are nec­
essary to a numerical solution. Such data for the lifts surrounding the instrumented 
lift are not directly available, and it may not be assumed that the lifts, composed of 
different plant batches and compaction histories, were of identical materials. Density 
differences could, however, be measured. 

To determine if density variations were present within the cores, densities were de­
termined by using the remaining replicate cores. These measurements used the sub­
mersion technique on the upper, middle, and bottom third of each of 10 vertical cores 
(referenced to pavement) . Test results are given in Table 5. The density of the middle 
of the cores was about 2 pcf greater than that of the 2 ends, which were closely the 
same. The middle layer was very probably of higher modulus than the surrounding 
layers. This is true because, for an asphaltic concrete mix tested at 2 densities, the 
lower density specimens will give the lower modulus. Moduli from small density dif­
ferences, when graphed, will be most easily distinguishable at the lower temperatures. 
Density differences with asphalt-cement content at constant compactive effort appear to 
give the same trend short of very high compactive efforts (.!!.). 

Because of these density and moduli complications, it is not strictly possible to con­
clude that the instrumented middle test layer was, or was not, isotropic. It is reassur­
ing to note, however, that where specimen boundaries were the same and measurements 
were simultaneous (the 2 sets of gages on the vertical cores) no differences were found. 
It is believed that this similarity in layer geometry did not exist for the horizontal cores 
as a group. Problems were found in precisely locating the middle or third lift, and it 
was most likely in slightly different relative positions within the different cores as well 
as with respect to the strain gages. It is also of interest that the differences found are 
not larger and that differences of the order found can be ignored for most purposes. As 
was noted, and while indirect, this is consistent with the results of previous comparisons 
of measured and predicted deflections in which vertical cores from layered asphaltic 
concretes were used and homogeniety and isotropy were assumed. 

For the vertical cores it appears reasonable that the less dense and less stiff sur­
rounding layers would result in decreased measured moduli because of negative restraint. 
For the horizontal cores, where these softer layers were located along the sides, the 
same measured moduli effect would be expected. This is in analogy with the load­
transfer effect of dissimilar columns of common length and deflection. Calculations for 
the latter case indicate errors below 10 percent for these materials. Data shown in Fig­
ure 1 suggest that the geometry effect with the 
vertical cores is of the same numerical order. 

TABLE 5 
An explanation of the clear trend of the hori­
zontal and vertical moduli data in crossing with 
temperature at all frequencies (Fig. 1) is not DENSITIES FROM VERTICAL PAVEMENT CORES 

obvious. This trend is probably the combined P ortion Avg (pc!) Range (pcf) 

result of interactions between layering test- -------
14

-
1
-.
2
-----

13
-
9

-_
5
-_

1
-
4
-
2

_-
6 geometry differences and that of the less dense Top 

surrounding layers. If the relative percentage Middle 
143.5 142.9-144.5 

Bottom 141 5 139.1-144.2 difference in moduli of the 2 materials is greater ________ · --------
at high temperatures I then the 2 CUrVeS COuld Note: Data for 10 core specimens. 
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be expected to cross as these data show. It should be noted, in any event, that differ­
ences in materials were small as were differences in measured moduli. 

Conclusions 

These tests were directed at the question of anisotropy in asphaltic concrete from a 
highway pavement. The complex Poisson's ratio was not measured and, for the com­
pressive moduli, no "clean" conclusion can be reached. The conditions of the experi­
ment were such that a clear answer was possible only if all layers or lifts had identical 
properties and there were no lift-boundary effects. These conditions were not met and 
the results of the moduli tests indicate differences, but these are not large except at the 
highest test temperature. The differences found appear to be consistent with the density 
variation in the different sections of the cores. Had the densities of the surrounding 
lifts been equal, it is expected that all moduli would be more nearly equal within normal 
statistical variations. On an engineering basis, the differences found are not considered 
significant for predicting strains and deflections for a layered pavement structural sys"­
tem. Based on the considerations discussed, it is concluded that the assumption of isot­
ropy for compression loadings is reasonable for the asphaltic concrete of this pavement 
at the phenomenological level. 

BENDING MODULI 

This study was aimed at fatigue testing, and bending tests using trapezoidal speci­
mens were chosen over more conventional beams. This was to minimize or avoid un­
supported lengths during sampling, handling, storing, and testing, and to minimize 
sawing accuracy and possible inertial problems in the laboratory. The sketch in Figure 
2 shows, in principle, the loading and test geometry used in which 1 side of the speci­
men is alternately in tension and compression. Equations in linear elasticity for this 
geometry are given in Timosbenko's work (.!!). Tests of asphaltic concrete in this ge­
ometry were first used by Bazin and Saunier, who gave solutions for the forced loading 
of a viscoelastic material (!Q). In testing, the loading system, amplification, and re­
cording equipment was the same as those used in testing the core specimens. Temper­
ature was controlled by circulating fluid from a water bath. Specimens were not en­
closed in membranes, and fluids were water and aqueous methanol. No significant 
fluid effect was found in comparisons of submerged asphaltic concrete bending moduli 
with those obtained in air before and after submersion in these fluids. 

Only deflections are readily measurable in fatigue testing. Strain gages, mounted 
as shown in Figure 2, risk interference with measured fatigue life. For such tests it 
is necessary to calibrate the apparatus (using specimens of known moduli) and desirable 
to theoretically solve the boundary problem represented in the test. For this study the 
theoretical solution was not known, and it was necessary to check the apparatus for in­
ertial effects and to calibrate it. Checks for inertial effects were made by using alumi­
num specimens (Aluminum As~n. T6061-T651) of 3 machined thicknesses-0.800, 0.500, 
and 0.250 in. The density of the aluminum was 175 pcf, some 34 pcf greater than that 
of the asphaltic concrete specimens, representing a more severe test with the alumi­
num. Strain-based IE*I for the aluminum overall tests (at room ambient temperature) 
averaged 10.50 (10}6 psi. Tests at 0.8 in. thickness, 100 lb force, and 9 frequencies 
from 3 to 21.5 cps gave random moduli values between 10.42 and 10.58 (10) 6 psi. Tests 
at 10 cps over the 3 thicknesses, with 7 loads from 36 to 135 lb, gave random moduli 
values between 10.42 and 10.66 (10) 6 psi. These measured differences are only slightly 
greater than those expected on precision of measurement basis, and it was concluded 
that inertial effects could be ignored over the range of frequencies and loads used in 
this study. Aluminum and plexiglass specimens of the same thicknesses were used in 
calibrating the apparatus for deflection-based moduli. The results of these tests showed 
that moduli derived from strain measurements were essentially correct and that moduli 
from deflection measurements were always lower. For strain-based moduli, this ap­
pears to be consistent with Saint-Venant's principle. For deflection-based moduli, the 
error in modulus seems to be the result of shear strain and incomplete boundary rigidity. 
For specimens of constant dimensions, the error is proportional to the modulus plus a 
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constant. This proportionality was reported earlier by Taylor (with Pell) using cylin­
drical specimens (..!!). For trapezoidal specimens of varying thickness, this propor­
tionality is with the product of modulus and thickness. Only strain measurements are 
used in this study of moduli determined with bending tests. 

Asphaltic concrete specimens for these tests were taken from the same pavement 
section that furnished the cores. These were obtained in the form of block samples 
sawed with a 24-in., diamond-tipped blade. The 4- by 15- by 8-in. blocks were further 
sawed in the laboratory to obtain trapezoidal test specimens, as shown in Figure 2. 
After sawing, strain gages were bonded with epoxy, the specimen was bonded with 
epoxy (top and bottom) to steel platens, and oven-cured and annealed for over 12 hours 
at 135 F. Figure 2 shows that the specimen face parallel with the paper is parallel to 
pavement surface. In reference to the cores and pavement, measured strains (Fig. 2) 
were north-south for one strain gage and north-south ±12.6 deg for the other. Test 
specimens were about 1.90 in. constant thickness and included parts of the 2 bottom 
pavement lifts. Average specimen density was 142.5 pcf with a range of± 1.1 pcf. The 
dimensions of each test specimen were measured to 0.001 in. with dial micrometers, 
and the individual dimensions were used in calculations. In testing, the output of each 
gage was recorded in the steady-state condition. Variations between gages on the same 
specimen were similar to those for cores. Measurements of double amplitude were 
made for load and for each strain gage, and these were used in calculating moduli. 

Five specimens were selected for moduli comparison tests. Test series were of 2 
types: one, constant frequency with varying load to determine the linear range at 62.8 
rad/sec; and, two, varying frequency with constant load (generally outside the linear 
range at 62.8 rad/sec). Test temperatures for both series ranged from 5.3 to 64.5 F. 
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The results of these tests are given in Tables 10 and 11 in the Appendix in the form of 
averaCTe ; s;itanrlarrl r!P.viation; and coefficient of variation for 3 replicate tests of 5 spec­
imens. Each strain gage was treated as a separate test. 

Figure 2 shows the results of the bending tests to determine linearity at 62.8 rad/ sec 
over the 6 temperatures investigated (Table 10). These load data are related to temper­
ature shown in the inset of Figure 3. On the basis of these data, the linear range in 
bending tests is far more restrictive than in compression tests. Although not shown, 
the linear range as determined by bending deflection measurements cannot be distin­
guished from that determined by strain measurements. It should be noted that these 
data refer strictly to the test system and may not be extrapolated to other conditions of 
test or confinement as, for example, probably exist in an in-service pavement. 

Figure 3 shows comparisons of vertical compressive with bending moduli over a 
range of temperatures and frequencies as well as linearity conditions. Compressive 
data are the vertical core data used in comparing directional core test results. For 
the comparison he re it was necessary to extrapolate the compressive r esults to 5.3 F 
and to interpolate for 62.8 rad/sec data below about 56 F. Test data at 62.8 rad/ sec, 
supplementing Table 9, are given in Table 6. Linear bending data are from Table 10, 
as interpreted in Figure 2. Nonlinear bending data are from graphical interpretation 
of the data given in Table 11. Numerical comparisons of the differences between bend­
ing and compressive moduli (vertical and horizontal north-south) for the linear tests at 
62. 8 rad/ sec are given in Table 7. 

Linear bending moduli compare with vertical compressive moduli much as they com­
pared with all horizontal moduli (Table 4). Comparison of only north-south moduli, bend­
ing and compressive, improves this but not significantly. For the orthogonal compres­
sive test series, it was concluded that directional effects were not significant in an engi­
neering sense. On this same basis, the linear data, given in Table 7 and shown in Figure 
3 indicate no essential difference between moduli determined in compression and in bend­
ing within the normal scatter of replicate test measurements and interpretation. 
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TABLE 6 

COMPRESSIVE COMPLEX MODULI AT 62.8 RAD/SEC 

Core 
Gage Temp. Avg. IE*I (] CV 

Direction F (106 psi) (106 psi) {percent) 

Vertical N-S 58.5 1.194 0.052 4.3 
Vertical E-W 58.5 1.189 0.049 4.2 
Vertical N-S 114 0.135 0.008 6.2 
Vertical E-W 114 0.132 0.013 9.9 
Horizontal N-S 56 1.258 0.045 3.6 
Horizontal N-S 71 0.767 0.032 4.1 
Horizontal N-S 87 0.404 0.022 5.2 
Horizontal N-S 116 0.088 0.005 5.5 
Horizontal E-W 72 0.749 0.054 7 .2 
Horizontal E-W 84 0.462 0.036 7 .8 
Horizontal E-W 116 0.100 0.009 9,3 

TABLE 7 

PERCENTAGE COMPRESSIVE MODULI ARE GREATER THAN 
LINEAR BENDING MODULI 

Vertical Cores 
Horizontal Cores 

Temp. Bending IE* I 
F 

IE*I Percent 
IE*I 

64.5 0.966 0.985 + 1.6 0.950 
55.5 1.314 1.270 -4.7 1.280 
48.0 1.634 1.545 -5.5 1.600 
37 .4 2.073 1.955 -4.9 2.050 
20.5 2.735 2.645 -2.9 2.765 

5.3 3,314 3.28oa -1.2 3.420a 

Note: w = 62,8 rad/sec; IE* I in 106 psi; compressive data interpreted below 56 F. 

aExtrapolated . 

TABLE 8 

N-S 

Percent 

-2.1 
-3.9 
-1.9 

0 
1.6 
2.6 

PERCENTAGE LINEAR COMPRESSIVE MODULI ARE GREATER' THAN NONLINEAR BENDING MODULI 

Temp. Load 
IE*lc IE*IB Percent 

Temp. Load 
IE*lc ·IE*IB Percent 

F (lb) w 
F (lb) w 

64.5 12 3 0. 502 0.394 21.0 37 .4 37 3 1.390 1.440 -3.6 
64.5 12 10 0.670 0.547 18.3 37.4 37 10 1.590 1.683 -5.9 
64.5 12 30 0 .864 0.727 15.9 37.4 37 30 1.793 1.908 -6.4 
64.5 12 62.8 0.998 0.872 12.6 37 .4 37 62.8 1.952 2.055 -5.3 
64.5 12 100 1.095 0.958 12.5 37 .4 37 100 2.060 2.138 -3.8 
55.5 20 3 0.727 0.655 9.9 20.5 50 3 2.120 2.168 -2.3 
55.5 20 10 0.928 0.848 8.6 20.5 50 10 2.330 2.390 -2.6 
55.5 20 30 1.140 1.070 6.1 20.5 50 30 2.520 2.593 -2.9 
55.5 20 62.8 1.285 1.228 4.4 20.5 50 62.8 2.695 2.725 -1.1 
55.5 20 100 1.390 1.315 5.4 20.5 50 100 2.800 2.799 0.4 
48.0 33 3 0.975 0.921 5.5 5.3 53 3 2,755a 2.847 -3.6 
48.0 33 10 1.190 1.143 3.9 5.3 53 10 2.960a 3.030 -2.4 
48.0 33 30 1.400 1.375 1.8 5.3 53 30 3.162a 3.200 -1.2 
48.0 33 62.8 1.555 1.538 1.1 5.3 53 62.8 3.327a 3.314 0.4 
48.0 33 100 1.660 1.624 2.2 5.3 53 100 3.433a 3.358 2.2 

Note: IE* I in 106 psi; Win rad/sec, 

a Extrapolated, 
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The nonlinear data shown in Figure 3 were selected from Table 11 and are given in 
summary in Table 8. These data indicate that the effect of nonlinearity was not great 
except at the higher temperatures and lower frequencies. The same temperature effect 
is shown in Figure 2 in the relative rates of moduli decrease with load in the linearity 
tests at 62.8 rad/sec. 

SUMMARY AND CONCLUSIONS 

Asphaltic concrete specimens were secured from a contract-constructed full-s_cale 
pavement. Core specimens were taken in 3 orthogonal directions with the middle pave-
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ment lift centered in the cores. This lift was instrumented with strain gages, and the 
····-···· ··-··-·· 1 .••. , ••. 1 :~- ••••..•••• r: ..... 1 ................ , ... : •••. .. 1 .l:rr •• _____ 1 C------··-··1.- .. ·--..l ,L ________ ... _____ _ 
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to determine steady-state compressive complex moduli. Comparison of these direc­
tional test results was not strictly valid because of theoretical considerations based on 
small density and thus moduli differences between pavement lifts. These differences 
were small and qualitatively consistent in moduli. The resulting differences were not 
considered significant in predicting strains and deflections for layered pavement struc­
tural systems. Based on this it was concluded, to a first approximation, that the as­
phaltic concrete of this pavement system was isotropic in compression at the phenom­
enological level. 

Block samples of the same pavement were sawed to produce trapezoidal specimens 
for testing in bending. These specimens were instrumented with strain gages oriented 
to within about 13 deg of 1 of the 3 orthogonal directions previously tested but were on 
different pavement lifts. Linear tests in the steady-state condition at 1 frequency gave 
moduli results of the same order of variation from vertical compressive moduli that 
was found with the average of all horizontal compressive moduli. Comparisons of bend­
ing moduli with compressive moduli taken in the same direction were slightly, but not 
significantly, better. It was found that the range of linearity in bending was much more 
restrictive than that in compression and that the effect of nonlinearity was large only at 
low frequencies or high temperatures or both. Based on the data, it was concluded that 
bending and compressive moduli for this asphaltic concrete were the same within the 
accuracies and normal scatter of replicate test measurements present in the study. In 
answer to the opening question "Can asphaltic concrete be isotropic?" it is concluded 
that it can and, within the limitations of this study, is certainly to a first approximation 
at the phenomenological level. 
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Appendix 

Table 9 gives the results of compression tests of 9 replicate specimens. Tables 10 
and 11 give the linear and nonlinear data from the bending tests of 5 specimens. 

Avg. 
Lood, 

21, ss 
31.80 
42,/11 
53, 40 
63, 80 
74,5!1 
85,U 
IJ!l , 7f, 

108,4 

5, 3'F' 

j;~1 
3,366 
3. 301 
3,309 
3 , 322 
3 , 295 
3 , 292 
3.277 
3.273 
3, 262 

"' :IU 

'" 30 

"" "' 

" " "' "' 

" " "' 200 

0, 226 
0 . 225 
0.229 
0227 
0,218 
0,221 
0.222 
0. 227 
0, 228 

CV 

• 
6,7 ... ,., ,., 
8 , 6 
, ,1 
6,6 
6 , 9 
7 , 0 

.... 

2,:.!51 071 

1,lilll .,pu ~. I I 421 , 076 

l.)lO .'Lt'JI ,.a 1, 870 ~007 

'ii! , ~90 oao 2 , 200 10:i 

CV 

' 

TABLE 9 

C0M1'rtt;SS1VE COMPLEX MODULI 
rJ •1>Cci111cn,;, Ir.• ! &..- in 106 ll~; 1 

CY 

• 
0 O:i3 C).15 G j 

0 IH.! . <HO 4 7 
1.0:i!J .045 
1, 281 ,001 
I, 4!18 , 069 

0374 015 
051l 023 

CY 

• 
0.676 . 030 <1 . 5 
0, 8?0 . 038 <13 
0 . 998 041 

Vcrlic.11.I CoreB, F.-W gageB 

C.8,S'F 

O, G65 ,037 5, 7 
0.833 .047 !1. 0 
l , 050 ,051 
1, 213 ,062 4,9 
1, 433 , 003 4 , 4 

50'F 

7l'F 

0. 375 022 G, 0 
O. S08 . 000 5.9 
0,670 , 036 54 
0, 872 , 039 4, 5 
0. 976 . 047 4,8 

..., 
CY 

• 
0114 , 009 5,2 
0 . 264 . 01s se 
0 , 370 . 020 5 ,5 
0,516 , 0'24 4,6 
o,614 .03 1 s,o 

0,1'0 , 011 8 , 4 
0, 263 , 018 7. 0 
o, 366 .024 o, o 
0,519 , 028 5, 3 
0, 599 ,033 

BT'F 

99°F 

Avg, CY 
1.-1 • 
"" ""' 7 , 1 
0 H4 ... 1., 
0.1011 . 01, u 
o. 305 .on , .. 
0. 384 . O~I ,., 

ff'I' 

0.069 . 007 7.t 
0.143 , 013 9,1 
0. 196 . 014 6., 
0, 302 . 019 G,4 
0,385 , 028 

114'f' 

0049 OO'I 

CV 

• 
0 072 Ooti 8 G 
0,103 .009 8,6 
o.1Go . on 6. 9 
0.211 ,,016 7, 7 

ll4'F 

o. oso . 006 11 ., 
0. 072 . 008 10. , 
0.102 . 009 0. 1 
0,159 .013 e.t 
0.210 . 019 9, r 

116'F 

2,257,085 t . 602 .lnl 0.078 .03Z 4, 8 
0.888 , 039 4. 4 

0. :129 .018 s . 6 o. t39 .ooe 4. 5 
0. 458 . O'l3 s.o 0, 214 .010 4.6 

0.066 . Ol>t G. > 
0.105 OP 5 J 
0.161 , oot 5, t 
o.2s5 . tu s.1 
o. a2, . 01i 5, t 

O, O'l5 . 001 5,5 
0, 0(2 , 002 4. 4 

2,7 11 011 2, 6 2050 069 3,3 1, 108,046 4 ,2 
1, 315 ,OS4 3 , 9 

3.018 ,090 3, 0 2,463 . O!l6 ... . o 1,63'1 ,054 3, 5 

0. 625 . O'l7 4 . 3 0.314 . 015 4, 9 
0.858 026 0,461 ,023 5,J 
0, 995 0(0 4 , 0 o. 510 .02~ 4, 2 

0, 006 , 004 5 . 5 
0. )06 , 006 5 . 2 
O.U-0 10N 5. 'l 

S2' f' 

Horlzonlal Coree, E:-W 

72'F 98'F 

0.0'13 .007 9-,. 2 
O, ll9 , 012 10,0 
0, 187 ,012 6,3 
0.300 ,027 9,L 
0,382 .032 8,4 

116'F 

l, G10 , 10.J T,J l.CIIKI , 111 >),ii 

3, 028 , U!.1 2,408 , 125 

Avg. 
Lood, 

20,S'F 

CY 

• 
, • • ,... 1.11~ ,p,;~o, l , ~ 
25, 37 2. 124 0, 198 7, ~ 
93,95 2.741 0,198 7,2 
42,47 2. 734 0.200 7,.l 
5) , 25 2, 790 0,198 7,t 
60, 16 2, 728 0.197 7, 2 
69,23 2.723 0. 201 7. t 
78 , 34 2119 0, 195 7. 1. 
87 , 09 2 , 716 0.201 

Avg. 
Lo,d, . 
16,90 
24 , 99 
93,33 
4t..66 
11 0, 22 
5866 
6772 
78 . 72 
84 , 76 

... hJ , ... ,, 
J, U I ·"" ,., 
i,!U:J .... ~,, 
1,tlttJ , o,) .. , 
,.na .... .. , 

"0,318 , l!llA 8, .t 
Q,,dl QI.I 7. t 
o,.•11 . 01• 7 ,1 
O.HO . OP; 7, -2 
~ICII ,Olltl 6, 1 

0,167 ,016 9.5 
0,254 , 023 9,1 
0,368 ,033 9 , 0 
0,538 , 041 7.7 
0,651 ,050 7.7 

0,028 ,003 
0 , 051 , 005 9, 1 
0 , 075 , 007 9, 0 
o.11t .on 9.4 •. ,e. ,014 

TABLE 10 

f;1, 
2.072 
2, 0'11 
2.072 
2.062 
2.0SJ 
2 , o~o 
2027 
2, 018 
2 , 004 

0 . 154 74 
0, 163 7~9 
0.161 7. 8 
0. 160 7 . 8 
0. 1111 
0182 7 , 9 
0, 183 8. 0 
O. J62 
0. 157 

CV 

• 
t.649 0 173 10., 

16. 31 1,622 0,160 9.t 
24, 2a 1. 617 0.110 10.s 
3228 11593 0168 10,, 
40, 49 1.577 0162 10,1) 
48, 81 1, SG1 0. 183 10,t 
57 . 09 1. 539 O. lGO IO.-' 
G5, 21 1, 522 0.158 I0, ,4 

Avg, 
Load, ,, 

CV 

• 
3.99 1309 0, 154 11, 8 
8.02 J.320 0.J34 10,1 

12 , 03 1, 305 0, 137 10, 5 
15, 98 1, 303 0,133 10, 2 
20, 08 l 284 0, 134 10,4 
23 , 90 1,270 0,133 L0, 4 
29. 0S 1.260 0.130 10.3 
32.29 1,253 0, 130 104 
36 , 85 J , 240 0.130 10, 4 
4100 1,235 0, 130 10 . 6 

Avg. 
Load, 
lb, 

64,5'F 

CV 

• 
3,68 0 , 966 0, 096 10, 0 
7 . 41 O..'ltll:11 1. 100 10. 4 

11 , 03 Ll6:I 0, 103 10 , B 
14 , 62 ll,ia 4 O, lOl 10 . 8 
18 , 25 0,1::0 0, 090 10 . 8 
21, 87 0.tfl 0. 101 11 , l 
25, 65 a,...,,L 0,090 li , I 
29 , 59 11,»0 O, OO'l 
33 , 61 , ... 0, 090 



76 

Loll.d•52.3lbe 
Linear rangu-59 lb• 

@62,8 n1d/eec 

CV 
'I 

0.94. 2,650 0.206 7.11 
1.67 2.747 o.2oe T.6 
3.00 2,860 0.215 7.5 
6.28 2,965 0.222 7.6 
8,..12 

U.6 3, 086 0 21'1 7.0 
U.7 
18.8 3123 Q, 213 0.8 
:.Ill.I 3 , 171 0216 
31.-& 3219 0227 
31.1 !12.!I 0. 227 7,0 
.w.o 3 , :lliG 0220 7.0 
$0.2 32t1S 0210 6.T 
50.6 ~ 31)S o 22:? 6.7 
O:?.a 330-1 O.tl!9 1.0 
09.1 3316 O:?:!O 6.8 
75 .... 3:t.!7 0232 T.O 
t:1.6 a :m1 02a, 1.1 

:1.33!\ 0, :?:!6 
9..1,:? 33311 0 . 2:.?0 G.O 
ltH :1,360 0, 2:?ll O.T 
107 3357 0220 0.11 

3,3011 O:?lll tl.-l, 
119 337,1 0:?23 

Loed •SO, Olb11 
Llnearnmgo•441h• 

@62.8nd/eec 

CV • 
, . ... O 111' 6.2 
2 30ll Ot 1U 8,0 

2<1ao 01st e.o 

2498 0192 7.1 
2606 0203 7.9 
2 598 0 186 7.0 
2 . fJI O 199 7.0 
2 . 664 o, Hl3 'f.2 
2 G89 0 203 7.0 
27~ 0202 7.5 
272:li 0197 7,2 
2731 0203 7,,4 
2139 0 . 2oz 1.,1, 
z nn o :.101 7.a 
2'1'75 0203 7.3 
2. TH 0, 210 7.0 
2. 701 O, :l03 7.3 
21:102 0,198 7.1 
2605 0107 7.0 
2806 0200 7.1 

TABLE 11 

VARIABLE FREQUENCY TN BENDJNO 
(511p8Clmen.ewtth2gage9, r,orepeatle1t1J) 

(win nd/1ec) 

L011d • 33,3 lb!I 

Linear m.nge = 27 lbll 
@62,8red/eeo 

CV 

• 
I ·HG o 124 8,6 
1,598 0,137 8.0 

l,'120 0144 

l.803 0160 8.3 
J 8H o 158 8,4 
I OU O 160 1'.il 
1655 0129 1'.0 
1.9111 0 15? 
101-1 0 IH 
20-H O 155 ?.(l 
2. ocm o. 1s1 1.0 
21111 0. \58 ,.o 
2092 0101 ?.? 
'.!:\Oll 0100 7.9 
2J24 0100 
213l! OJOO 

2,139 0 150 7 .4 
216:l 0169 ?.4 
211itl 0156 
2,103 O,l?l 1.9 

lnlld " 321ba 
Llne1trnmge •17 \ba 

tto2 8n1d/11ec 

CV 

• 
.020 0.111 12.0 

1.001 0.131 12,4 

1. 100 0.130 LI.~ 

1.273 O.HO 11.0 
1. 3:JS O. LG:! l J.~ 
J.3H5 0.1~ I). I 
1.435 0.153 10.1 
1.44a O. JGI IJ.O 
l.4t4 0.101 10.t: 
l.5111 0.157 10.3 
l.53U U.J(l3 10,(l 
1.5511 O.ltlO 10.:l 
1.575 U.150 10.1 
1.501 O.lli7 10.5 
I.till:!. 0.11111 10.11 
1.liH O.lliO 

l,U:tr. 0.1112 10.0 
l,U30 0.1115 10,1 
1,1154 0,U!H 10.1 
1.11511 O.IIIH Jll,I 

Lo:ld ~ 20 lbli 
l.inenrmnge lUlllli 

~02 . 8rnd/sec 

CV 

• 
.055 0 ~:.! 12.r, 
.n~ o.ooa 12.1 

.1!!111 010.'i 

.975 OIL:!. II.fl 

1.0:m Olltl 11.!i 
U 122 

1.uo u12s 
1.i:,:1 Ui2H 
1.u,_, U l:t.! II.:!. 

1.2~ U 1;11 II.I 
1.227 Ul:lll Ill.Ii 
1.!Wi 01:11 111.7 
1.:!lil Ul-,fl II.I 
l.:!.77 111:1:1 ltl.l 
1.:!.lll Ol!ltl IU.7 
1.:111r; O IIU LU.? 
1.:121 Olli IU.7 
1.;12r; 1111a tn.tt 
1.:l:17 n1:l!I 10.•I 
1.:H7 u l!ltt Ill.ti 

Lt(ltl HU!lbs 
LJneor rlHll:'J 511,1 

11 02 H nut/sci: 

CV 

' 
;111:i 0.05:t 1:1.:1 

. ~Ill 0. 0(1,1 .~.:, 

5:l'T 0.0foM ll.1 
!i111 o.07.! 

r.41 1111"11< 11• 
li\J!i OftM:!. 
7:1!1 l:t:!. 
l'?r. lltl(tf, 1:4'! 
........ lll(lf, 11!1 
11:/.!I 111(17 117 
Jof.tl 01111 11!1 
IIT:l II IO'! It; 

1110:1 
.mH II.·, 

OIOl 111 
H:111 Olt1r, 
!Ill OIOH 
!1r,H OIOM 

1111; 11111 111; 
!Ill:! 0111 II'/ 

,1111:1 01111 11,1 



Optimum Structural Strength of Materials 
Flexible Pavements 
N. K. VASWANI, Virginia Highway Research Council, Charlottesville 

• 
Ill 

The optimum structural strength contributed by a material to the overall 
strength of the pavement was studied for cases applicable to Virginia. The 
variables were (a) the modulus of elasticity or the thickness equivalency 
of the material, (b) the thickness of the material in the layer, (c) the loca­
tion of the material with respect to other layers containing stronger or 
weaker materials and in varying thicknesses, and (d) the effect of the total 
pavement thickness and the depth of the material from the top of the pave­
ment. The investigation consisted of a study of the thickness equivalencies 
of the materials on Interstate, primary, secondary, and subdivision roads 
in Virginia, and a model study. The evaluation of the highway system was 
quantitative, while that of the model study was qualitative only. The investi­
gation showed that the structural strength of a pavement is decreased when 
a weaker layer is placed over a stronger layer or when a weaker layer is 
sandwiched between 2 strong layers. The investigation also showed that, 
when the bottom of the top layer does not bend, the stress distribution is 
bulb type and that, when the bottom bends, the stress distribution is fan 
type. Each case would therefore need a different mathematical treatment 
for design. 

•FLEXIBLE PAVEMENT DESIGN has undergone a change, in Virginia and other states, 
from the basic principle of designing each successive layer stronger than the layer 
underneath it. Materials having a high modulus of strength, e.g., soil cement, soil lime, 
and cement-treated aggregate, are now commonly used. These materials are placed 
in subgrades or bases and at various depths and positions in relation to other layers 
having a low modulus of elasticity. Because of this, the structural strength contributed 
by a given material is affected by the arrangement of the other materials in relation to 
the material under consideration. 

In this investigation, the manner and the degree of strength contributed by a material 
in such pavement systems, with respect to the strength of other materials, have been 
studied. Two types of studies were made: 

1. Determinations of the optimum thickness equivalency values of the materials used 
on primary, Interstate, secondary, and subdivision roads in Virginia, where the ihfok:-_ 
ness equivalency values are based on the location of the materials in the structure of 
the flexible pavement; and 

2, Qualitative evaluation of the effect of thickness and modulus of strength of a given 
layer with respect to the thickness and modulus of strength of the other layers in the 
pavement system. 

The thickness equivalency values of the materials with respect to their location in 
the structure were determined. The effect of the location of a given material in a pave­
ment with respect to the other materials in the pavement system was determined, along 
with stress distribution patterns, 
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PURPOSE 

The main purpose oi this study was to determine the structurai behavior anci the op­
timum use of a given material in a layered pavement system. It was proposed to de­
termine the behavior and strength of the given material with respect to the modulus of 
strength and thickness of other layers in the system. 

THICKNESS EQUIVALENCY VALUES OF PAVEMENTS IN VIRGINIA 

The thickness equivalency value, a, is an index of the load-carrying capacity of a 
material and could be defined as the ratio of the strength of a 1-in. thickness of the 
material to that of 1 in. of asphaltic concrete or any other specified material. 

In Virginia, different design standards are established for (a) primary and Interstate 
roads and (b) secondary and subdivision roads. In the case of primary and Interstate 
roads, the design is based on the subgrade CBR value and on traffic in terms of 18-kip 
equivalents. In the case of secondary and subdivision roads, the design is based mostly 
on traffic in terms of vehicles per day. The evaluations of thickness equivalency values 
for these roads were carried out as discussed in the following sections. 

Primary and Interstate Roads 

The evaluation of thickness equivalency values for primary and Interstate roads was 
based on (a) adoption of soil support values (based on CBR and soil resiliency), which 
would account for the regional factor; (b) traffic in terms of 18-kip equivalents; and (c) 
deflections. The thickness equivalency values have been reported previously (1, 2). 
These values were determined by multiple regression analysis. - -

A study of cement-treated aggregate subbases was carried out in this investigation 
and their thickness equivalency values, along with all the others previously determined, 
are given in Table 1. 

Serial 
Number 

J 
2 

3 

TABLE 1 

THICKNESS EQUIVALENCY VALUES OF MATERIALS 
IN FLEXIBLE PAVEMENT SYSTEM 

Location 

Surface 
Base 

Subbase 

Material 

Asphaltic concrete 
Asphaltic concrete 
Cement-treated aggregate 

over dense-graded ag-
gregate base or soil ce-
ment or soil lime and 
under asphaltic concrete 
mat. 

Dense-graded aggregate, 
crushed or uncrushed 

Select material I (Va. 
specifications) directly 
under asphaltic concrete 
mat . and over a subbase 
of a good quality 

Select material cement-
treated 

Select material I, II, and 
III (Va. specifications) 

1n Piedmont area 
In valley and ridge area 

and coastal plain 
Soil cement 
Soil lime 
Select material cement-

treated 
Cement-treated aggregate 

directly over subgrade 

Values 

Primary Secondary 
and and 

lnterstate Subdivision 
Roads Roads 

1.0 1.0 
1.0 1.0 

1.0 1.0 

0.35 0.60 

0.35 

0 .80 

0.0 0.0 

0.2 0.50 
0.4 0.60 
0,4 0.55 

0.4 0.80 

0.6 
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Secondary and Subdivision Roads 

The evaluation of the thickness equivalency values for secondary and subdivision 
roads was based mainly on traffic in terms of vehicles per day. The values determined 
by regression analysis were based on the present design practice in Virginia (3) by 
correlating daily traffic with the thickness index D = a1h1 + a2h2 + , .. in the equation 
log D = P + Q log vpd, where D = thickness index = a1h1 + a2h2 + ... ; vpd = number of 
vehiclesperday; h1, h2,, .. = thickness in inches of different layers; a 1 , a2, •• , = thick­
ness equivalency of the materials with thicknesses h1, h2, ... respectively and a1 = l; and 
P and Q = constants of the equation. The following equation was obtained from 12 mean 
values: 

log D = 0.2 + 0.24 log vpd 

The correlation coefficient was found to be 0, 99, and the standard error of estimate 
was 0. 02. These values indicated a very high degree of correlation. 

Effect of Depth of Cover and Pavement Thickness on Thickness Eguivalency Values 

The primary and Interstate roads in Virginia usually carry high volumes of traffic 
while the secondary and subdivision roads carry comparatively low volumes. The pri­
mary and Interstate roads are therefore stronger and thicker than the secondary and 
subdivision roads. 

Examination of the thickness equivalency values given in Table 1 for the 2 sets of 
design procedures reveals the following: 

1. The thickness equivalency of untreated aggregate in the base is 0. 35 for primary 
and Interstate roads, and 0. 60 for secondary and subdivision roads. 

2. Similarly, the thickness equivalency values of the materials in the subbase for 
primary and Interstate roads are lower than the values for secondary and subdivision 
roads. 

3. In the case of primary and Interstate roads, the thickness equivalency for the 
cement-treated aggregate is 1. 0 for the base course and 0. 6 for the subbase course. 

The reason for these differences in the thickness equivalency values is the depth of 
the cover. In the case of primary and Interstate roads, the surfacing, binder, and base 
courses over the untreated aggregate would consist of asphaltic concrete varying in 
thickness from 4. 5 to 10. 5 in. Furthermore, an intermediate layer of about 6 in. of 
cement-treated aggregate is sometimes provided between the untreated aggregate base 
and the asphaltic concrete mat, which further increases the cover thickness. As com -
pared to this thickness of cover, the cover thickness of asphaltic concrete over the un­
treated aggregate base for secondary and subdivision roads varies from O to 5 in. The 
reduction in thickness equivalency with an increase in cover thickness has also been 
pointed out by Foster (4). 

In some cases it has also been found that as the thickness of the pavement decreases 
the thickness equivalencies of the materials increase. This is evident from the data 
given in Table 1, wherein the thickness equivalency values of the subbase materials in 
secondary and subdivision roads are higher than those of similar materials in primary 
and Interstate roads. 

Figure 1 has been drawn on the bases of the AASHO Road Test results (3 ). Figure 
1 shows that, as the depth of the pavement increases, the thickness index required de­
creases. For example, with 200,000 repetitions of the 20-kip axle load shown in Fig­
ure 1, the thickness index decreases from 3. 31 to 3.14 when the pavement depth in­
creases from 17. 4 to 23. 8 in. 

In spite of the effect of the depth of cover and pavement thickness on the thickness 
equivalencies of t he materials, it is found that the equation of thickness index, D = a1h1 + 
a2h2 + , .. , holds. This equation is applicable if the thickness equivalencies of the ma -
terials are determined according to their quality or strength and their location in the pave­
ment system. However, during study of the flexible pavements in Virginia, certain ob­
servations were made that, because of lack of data, could not be clarified. Therefore, 
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AASHO Thickness index 

Figure 1. Thickness index versus pavement depth (~. Fig. 36) . 

model studies were conducted to investigate these observations. This study is discussed 
in the following paragraphs. 

MODEL STUDIES 

The study of pavements in Virginia indicated that, when the organization of the layered 
system deviated from that of the usual system, there was a change in the load-thickness in­
dex relationship. It was not possible to make any theoretical verification of this 
fact beyond certain limits. [ Theoretical evaluations made on pavements in Virginia 
have been reported elsewhere (~). J The method of verification by models was therefore 
used. The object of the model studies was to obtain a qualitative evaluation of the be­
havior of the pavement. No quantitative or numerical evaluation was proposed or should 
be assumed, although numerical values are given for clarity, 

In all the studies mentioned here, the models consisted of 2, 3, or 4 layers of ma­
terials arranged in varied order and in varied depths. The lowest layer consisted of a 
specified material-called the subgrade-having a modulus of elasticity= 1,000 psi for 
an infinite depth. The infinite depth of the subgrade was obtained by increasing the 
thickness of the subgrade layer until the load deflection ratio on the subgrade only re­
mained almost constant. Some of the different combinations adopted are described 
later. All materials in the models were homogeneous, isotropic, and elastic within the 
testing range of load and time. All models whose results are reported were 2 dimen­
sional on a 3-dimensional subgrade. The models were of a specified width to permit 
proper distribution of the load. The thickness of each layer was varied. The load was 
applied in the center of the model and maximum deflections were measured. The load­
ing system on the 2- and 3-dimensional models is shown in Figures 2 and 3. 



Figure 2. Loading system for 2· 
dimensional model. 

Two Layers-Single Layer Over the Subgrade 

Figure 3. Loading system for 3-
dimensional model. 
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In a 2-layer system, the modulus of elasticity of the top layer is always higher than 
that of its subgrade, e.g., an untreated stone or soil cement, asphaltic mat, and so forth, 
over a weaker soil subgrade. 

In this investigation, 3 photoelastic materials having moduli of elasticity values E = 
30,000, 340,000, and 450,000 psi were independently loaded while resting on a weaker 
subgrade having an E = 1,000 psi. A graph of load versus deflection was drawn for each 
of the materials with different thicknesses of the top layer resting on the given sub­
grade. All these curves were straight lines passing through the origin. The slopes 
of the curves differed from one another depending on the modulus of elasticity and the 
thickness of the top layer. From each of the graphs, deflection per unit load was de­
termined. Based on the data so obtained, a curve of deflection per unit load versus 
thickness of the top layer was drawn for each of the materials with a given modulus of 
elasticity. (Deflection per unit load was adopted to enable evaluation for any given 
load.) Three such curves, one each for E = 30,000, 340,000, and 450,000 psi of the top 
layer, are shown in Figure 4. 

To correlate the thickness equivalency of each of these 3 materials, the thickness 
equivalency of the material with E = 340,000 psi was taken as a 1 = 1. 0. For different 
values of deflection, ratios of the thickness of the layer of material with E = 30,000 psi 
to the thickness of the material with E = 340,000 psi were determined from Figure 4. 
There was very little difference between these ratios. The general trend was a slight 
decrease in the values of the ratios with an increase in the thickness of the layer or a 
decrease in deflection. An average value of this ratio was found to be 0.27. Thus, this 
ratio is the thickness equivalency value, as, of the material having Es = 30,000 psi. In 
the same manner, the thickness equivalency value of the material having E2 = 450,000 psi 



82 

8. 0 

7 . 0 

I -• . iv -!~arilble 
a or .t... var 1an1e 

6. 5 

6. 0 

5. 5 

- ~ E = 11 000 psi -~ 
\ 
' 

5. 0 

4. 5 

4. 0 

"' 3. 5 
~ 
j 

3. 0 
~ a 
.§ 

2. 8 

z 2. 6 
~ 
~ 2. 4 

"' 2. 2 

2. 0 

l. 8 

l. 6 

\. 

"~ 
~ "' e 

!',._.J ".Jo 

\\ 
" • 0110 

~""1,. 
r---...._ ~" 

\\ ~? 

[\ 
~ ... .. ,_ 

' ' 
.... 

' ' '\ " e 
./'" 

~ "-... .2.,() 

~ ~ 
"' N:' II 

'01)0 

--......:..."";, -........ ............... ... ·i .. , 
"'~·?,; 

.......... ..... _ 
l, 4 

l, 2 

l. 0 
0 O.l 0.2 0.3 0, 4 0.5 0.6 0.7 0.8 0.9 l , O I.I 12 

h = thickness in inches 

Figure 4. Deflection versus thickness (2-layer system). 

was fowid to be a2 = 1. 40. The thickness equivalency value of the material with E2 = 
450,000 psi decreased very little with an increase in the thickness of the layer, as was 
observed for the material with Es = 30,000 psi, and hence this difference is ignored and 
the average value accepted. Thus, the following values for different materials were 
accepted for further tests: 

1, For E1 = 340,000 psi, a1 is 1.0; 
2. For E2 = 450,000 psi, a2 is 1.4; 
3. For Es= 30,000 psi, as is 0.27; and 
4. For E4 = 1,000 psi, ~ was not determined, because the E value of the subgrade 

was also 1,000 psi. 

Three Layers-Two Layers Over a Subgrade 

In the 3-layer system either the top layer could be stronger than the bottom layer 
(e.g., an asphaltic concrete mat lying over an untreated stone l>ase), or the top layer 
could be weaker than the bottom layer (e.g., stone aggregate lying over a cement-treated 
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subbase or an asphaltic mat lying over a portland cement concrete pavement). The 
model tests showed that, when a stronger layer lies over a weaker layer, the equation 
of log d = M + N (a1h1 + a2h2 + ..• ), which is based on the AASHO Road Test results and 
was adopted for the work reported elsewhere (5), is applicable with d = deflection, M 
and N = constants of the equation, and a1, a2, h;, and h2 having the same meaning as de­
scribed previously. 

In Figure 5, thickness index versus deflection has been drawn for the 3-layer sys­
tem and the 2-layer system. The values of the 3-layer system were obtained directly 
from load tests, while the values of the 2-layer system were obtained from the curves 
shown in Figure 4, which were drawn from the load test data. Excluding the very low 
values of thickness index, say up to a maximum of D = 2, the graph of deflection, d, 
versus thickness index, D, would be a straight line. Lower values of D are ignored be­
cause pavement designs with such low values would be impractical. However, the 
straight-line graph shown in Figure 5 is based on a simple regression analysis of all 
points shown in the graph. A high degree of correlation (R = -0. 97) exists between 
these 2 variables-deflection and thickness. 
· With a1 = 1.0 for the upper layer, as determined from the 2-layer system discussed 

in the preceding, it was found that the thickness equivalency of the lower layer with a 
lower strength modulus increases as its thickness decreases, as shown in Figure 6. 
The increase is from a value of 0.27 as determined in the 2-layer system to 0.48 for 
the minimum thickness adopted. This tendency has been observed in pavements in 
Virginia. H.B. Seed et al. (6) have shown thatresilientdeformationperinchofgranular 
base is smaller for an 8-in. base than for a 12-in. base. Resilient deformation is an 
inverse function of the thickness index, and hence an inverse function of the thickness 
equivalency. Thus, the investigation by Seed et al. also shows that the thickness equiv­
alency of the lower layer increases as its thickness decreases. It could be concluded, 
therefore, that the optimum thickness value for the lower layer is the minimum thick­
ness that could be economically provided. 
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In the model study, when a stronger layer was laid under a weaker layer, as shown 
in Figure 7, the model did not exactly fit the equation log d = M + N (aib.1 + a2h2 + ... ) as 
it offered less resistance to deflection. Assuming that a2 = 0. 27 for the upper layer as 
determined from the 2-layer system discussed previously, it was found that as the thick­
ness of the top layer increases, the thickness equivalency contributed by the lower layer 
decreases. This is shown in Figure 7. The reduction in the value of the thickness 
equivalency of the lower layer depends on the ratio of the modulus of the 2 layers and 
also on their thicknesses. Figure 7 also shows that the thickness equivalency of the 
lower layer increases as its thickness increases. 

Figure 7 thus shows that the strength equivalency value, a1, of the stronger lower 
layer decreases from 1. 0 to 0. 6, which is dependent on layer thickness if a2 is taken as 
0.27. Thus, the materials in this system remain below their optimum strengths. 

Four Layers-Three Layers Over a Subgrade 

In this system, if the modulus of elasticity decreased from top to bottom, no change 
was noticed from the fundamentals discussed in the 3-layered system with the stronger 
layer over the weaker layer, i.e., log d = a + b (a1h1 + a2h2 + ••• ). 
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Figure 7. Stronger layer underneath a weaker layer. 
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The system discussed here, and which sometimes is found in practice, is the case 
when a weak layer is sandwiched between 2 strong layers. Two systems of sandwiched 
layers are discussed. In one case, the sandwiched layer had an E4 = 1,000 psi with the 
sandwiching layers having an E1 = 340,000 psi as shown in Figure 8. In the other case, 
the sandwiched layer had an E3 = 30,000 psi with the sandwiching layers having an E1 = 
340,000 psi or 450,000 psi. The case of the sandwiched layer with an E3 = 30,000 psi 
and sandwiching layers with an E1 = 340,000 psi is shown in Figure 9. 

In both cases the model did not exactly correspond to the equation log d = M + 
N (a1h1 + a2h2 + ••• ) and the following was observed: 

1. Assuming that the normal thickness equivalency value is a1 = 1. 0 for the sand­
wiching layers with an E = 340,000 psi, the strength contributed by the weaker sand­
wiched layer (i.e., the value.s of a2 or a3 ) decreased with an increase in thickness of the 
sandwiching layers (Figs. 8 and 9). 

2. By decreasing the modulus of elasticity of a sandwiched layer, tpe strength con­
tributed by the sandwiched layer decreases considerably as compared to its normal 
strength and is even sometimes negative (Figs. 8. and 9). 

The negative thickness equivalency value shows that the pavements are not rein­
forced by the sandwiched layer, but that, on the contrary, their total strength is de­
creased This same behavior was observed on an experimental project in Virginia 
where a select soil material was sandwiched between soil cement underneath it and 
stone base or cement-treated aggregate and asphaltic concrete over it. The deflec­
tions as related to supposedly comparable projects were higher, and it is believed that, 
if this layer had not been introduced, the deflections of the pavement would have been 
lower. In other words, the thickness equivalency of this sandwiched material was nega­
tive, with a higher deflection thus being obtained. 

This negative thickness equivalency value could be explained by the observationmade 
on the stress distribution for weak sandwich layers. In these layers the angle of the 
spread of the load increases with a decrease in the modulus of elasticity of the sand­
wiched material. It is obvious, therefore, that the introduction of a weaker sandwiched 
layer provides 2 effects: (a) It spreads the load, over a larger area and thus transmits 
very little load intensity to the underlying layer; and (b) the variation in thickness of the 
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Figure 8. Weaker layer ( E = 1,000 psi) sandwiched between two stronger layers. 
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sandwiched layer does not seem to affect the system much, as long as the sandwich 
layer remains in compression only, 

Use could be made of these 2 effects in the optimum design of pavements. For ex­
ample, when the subgrade is weak or resilient, a sandwich layer system could be utilized 
to spread the load over a larger area. Because the load intensity transmitted to the 
underlying layer is small, the choice of material and thickness design of the underlying 
layer could be such as to provide more rigidity than strength. Further, the thickness 
of the sandwich layer need not be increased beyond a certain minimum. 

The reduction in the overall structural strength of this type of sandwich system does 
not eliminate its use. There are cases in which this flexible sandwich layer helps in 
other respects, e.g., by preventing reflection cracks in the bottom sandwiching layer 
from traveling into the top sandwiching layer. 

Stress Distribution in Layered Systems 

By means of a polariscope, the stress distributions in layered systems were de­
termined. They were mainly of 2 types: (a) the bulb type, as shown in Figure 10; and 
(b) the fan type, as shown in Figure 11. 

Bulb-Type Distribution-The bulb-type distribution was found in the following cases. 
The amount of stress and the degree of distribution depended on the thickness and the 
modulus of elasticity of the materials in the layered system. 

1. Two-layer system-The underlying layer was a subgrade of infinite depth having 
an E = 30 x 106 psi. The overlying layer consisted of varying depths of 0. 5 in. and 
above, and the modulus of elasticity was equal to 1,000, 30,000, 340,000, or 450,000 psi. 
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Figure 10. Stress distribution when a weaker layer lies over a 
stronger layer. 

--- E2:450,000 P.S.I. 

--E=l,000 P.S.I. 

Figure 11. Stress distribution when a stronger layer lies over 
a weaker layer. 
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2. Three-layer system-The underlying layer was of infinite depth having an E = 
1,000 psi. The overlying 2 layers consisted of the top layer of thickness 0. 5 in. or more 
and an E = 1,000 or 30,000 psi. The layer below the top layer had a thickness of 0.5 
in. or more and and E = 340,000 or 450,000 psi, i.e., a modulus of elasticity much higher 
than that of the material above it. An example of this is shown in Figure 10. The bulb­
type distribution is clearly defined in the topmost layer only when the underlying layer 
or the layered system is very rigid. 

From this it is evident that when a weaker layer, such as untreated aggregate or a 
combination of thin asphaltic concrete over untreated aggregate, lies over a stronger 
layer, such as a good quality soil cement or cement-treated aggregate, the stress dis­
tribution will be bulb type. In other words, it may be stated that, when the lower layer 
prevents bending of the bottom side of the top layer, the stress distribution will be of 
the bulb type, and Boussinesq' s theory, or theories based on Bo us sine sq' s evaluation, 
could be applied. 

Fan-Type Distribution-The fan-type stress pattern was found in the following cases. 
The amount of stress and the degree of distribution depended on the thickness and the 
modulus of elasticity of the materials in the layered system. 

1. Two-layer system-The underlying layer was a subgrade of infinite depth having 
an E = 1,000 psi. The overlying layer consisted of varying depths and had an E = 
1,000, 30,000, 340,000, or 450,000 psi. 

2. Three-layer system-Various combinations in thicknesses of 2 layers over asub­
grade material of infinite depth with an E = 1,000 psi were found to give a fan-type dis­
tribution in the top layer. These combinations were as follows: The lower layer had 
an E = 30,000 psi, and the upper layer had an E = 340,000 or 450,000 psi; or the lower 
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layer had an E = 340,000 psi, and the 
upper layer had an E = 450,000 psi. An 
exampie of this is shown in Figure 11. 

3. Four-layer system-In all the sys­
tems tried, the sandwiched layer was 
weaker than that of the other 2 layers. 
In almost all cases a fan-type distri­
bution was observed in the top layer. 
In a few cases, when the ratio of the 
modulus of the sandwiching layers and 
the sandwiched layer was low and the 
thickness of the sandwiched layer was 
also low, a combination of bulb- and 
fan-type stress distribution was ob-
served. 

---E1= 340,000 P.S .I, 

E1= 340,000 P.S.I 

- E=l,OOOP.S.I. 

Figure 12. Effect of joint between two layers (in this 
case of the same modulus). 

From the preceding observations, it could be concluded that, when the layer under­
lying the top layer has a low modulus of elasticity and the overlying layer has the same 
or a higher modulus of elasticity, fan-type distribution takes place in the top layer. In 
other words, it may be stated that, when the bottom side of the top layer bends, the stress 
distribution will be fan type and the design of the top layer should be based on the avoid­
ance of failure along the shear plane as recommended by McLeod (7) and by others. 

Effect of Deep Strength-The stress distribution pattern in 2 layers of the same mod­
ulus and varying depths lying over a subgrade layer was carried out with partial bond 
between the 2 layers that could slide over their contact surface after a certain amount 
of load was applied. The pattern of stress distribution in the top and lower layers was 
always of the form shown in Figure 12. This shows that when a certain depth of a spec­
ified material is laid in more than 1 layer and there is no perfect bond between the 2 
layers the structural behavior is different as compared to that of 1 deep layer. The 
difference in the strength contributed depends on the thickness of the 2 layers and the 
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Figure 13. Weaker layer sandwiched between two strong layers (for sandwiched layer, E = 1,000 in a and b and 
E = 30,000 psi inc). 
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modulus of elasticity of the material in each. The overlying layer in combination with 
the underlying layer provides less structural strength than when laid in 1 depth. 

Effect of Weak Sandwiched Layers- Figure 13 shows the stress distribution for 3 
cases of a 4-layered system. In Figures 13a and 13b, the s andwiched layer consists 
of material with an E = 1,000, but the thickness of the sandwiched layer in Figure 13b 
is half the thickness of the sandwiched layer in Figure 13a. 

No stress lines are noticed in the sandwiched layers in Figures 13a and 13b; instead, 
3 horizontal bands are noticed in Figure 13a. The 2 bands near the contact surfaces 
with the top and bottom layers were deep brown in color, whereas the central band was 
light brown. In the case of thinner sandwiched layers, as shown in Figure 13b, the color 
was uniformly deep brown. Both Figures 13a and 13b therefore indicate uniform stress 
of compression with higher stresses near the contact surface. This uniform stress of 
compression indicates an increase in the spread of the load over the top of the sand­
wiched layer. Thus, it is concluded that the angle of spread of the load increases with 
a decrease in the modulus of elasticity of the material of the sandwiched layer. 

Comparing Figures 13a and 13b, we find that under the same load there is no change 
in the stress distribution in the lower sandwiching layer, except in the sandwiched layer 
itself. This shows that the thickness of the sandwiched layer does not affect the sys­
tem below the top sandwiching layer. 

Figure 13c shows a sandwiched layer with a higher modulus of elasticity (30,000 psi) 
as compared to that shown in Figures 13a and 13b. Stress lines are visible in the sand­
wiched layer, and the load transfer to its underlying layer is greater than for a weaker 
sandwiched layer. Thus it shows that, as the modulus of elasticity of the sandwiched 
layer decreases, the transfer of load through the lower sandwiching layers decreases. 

CONCLUSIONS 

1. Investigations of satellite pavements on primary and Interstate roads of Virginia 
and the secondary and subdivision road designs for Virginia, coupled with model studies, 
have shown the following: 

a. The strength contributed by a pavement could be represented by a thickness index 
of D = a1h1 + a2h2 + . • . as given by the AASHO Road Test results. The thickness equiv­
alency value of the material depends on its strength and location in the pavement system. 

b. The thickness equivalency value of the material decreases as the thickness of the 
cover increases, and vice versa. 

2. The following conclusions are drawn from the model studies: 

a. In the case of a single layer resting on a subgrade, the thickness equivalency of 
the material in the layer decreases very little with an increase in depth, and hence this 
variation could be ignored. 

b. In a 3-layer system, when a stronger layer lies over a weaker layer (e.g., an as­
phaltic concrete mat over a stone base), the optimum thickness of the weaker layer is 
the minimum thickness one could provide economically. 

c. In a 3-layer system, when a weaker layer lies over a stronger layer (e.g., untreated 
aggregate over treated aggregate) the structural strength of the pavement, or resistance 
to deflection, is less compared to when the layers are reversed. 

d. When a weaker layer lies over a stronger layer and if this underlying strong layer 
prevents bending in the bottom side of the top layer, the stress distribution is bulb type. 
In such a case, Boussinesq's theory, or theories based on Boussinesq's evaluation, can 
be applied. 

e. When a stronger layer lies over a weaker layer or over a layer of the same 
strength, the underlying layer permits bending in the bottom side of the top layer, and 
the stress distribution will be fan-type. In such a case the design of the upper layer 
should be based on the avoidance of failure along the shear plane. 

f. In the case of a 4-layer system with a weaker material sandwiched between 2 
layers of stronger materials, the strength contributed by the sandwiched layer decreases 
with an increase in the thickness of the sandwiching layers. 
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g. The strength contributed by the sandwiched layer decreases, and even becomes 
negative, with a decrease in its modulus of elasticity. 
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Discussion 
C. R. FOSTER, National Asphalt Pavement Association-The thickness equivalencies 

that Vaswani gives in his paper for untreated base and for certain other materials are 
lower for heavy-duty roads (primary and Interstate) than for light-duty roads. He 
stated that the reason for the pattern is the depth of cover. For heavy-duty roads, the 
untreated base would be deeper in the section than on a light-duty road. 

Vaswani offers 2 elements of data to support the use of lower equivalencies for the 
heavy-duty roads. One element of data is Figure 1 taken from Figure 3 6 of the AASHO 
Road Test (3) and is presented with the comment "as the depth of pavement increases, 
the thickness index required decreases." However, thickness index is not the same as 
thickness equivalency, so this plot does not support a decrease in thickness equivalency 
with an increase in depth of cover. 

Vaswani's other element of data is this statement: "The reduction in thickness 
equivalency with an increase in depth of cover thickness has also been pointed out by 
Foster." Although this appears to lend support, it really does not because we used dif­
ferent thickness equivalencies. Vaswani assigned unity to asphaltic concrete, whereas 
I assigned unity to the untreated base. My values are the reciprocal of his. If I con­
vert my statement to the thickness equivalency as defined by him, it would have to 
read "an increase in thickness equivalency with an increase in depth of cover." 

Figure 14 shows a plot of the data of the average thickness equivalency of the hot­
mix asphalt base in the AASHO Road Test versus thickness of hot-mix asphalt base 
that I prepared from AASHO Road Test data (3 ). The 5 points for each load represent 
thicknesses of untreated base divided by thickness of asphalt base at serviceability in­
dexes of 1.5, 2.0, 2.5, 3.0, and 3.5 after 1,114,000 repetitions plotted against the thick­
ness of the hot-mix asphalt base. Adjustments were made for variations in surface 
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12 

and subbase thicknesses by using the procedures described in the report. Wheel loads 
not tested were interpolated. 

Without question, the thickness equivalency (as I define it) in the AASHO Road Test 
decreased with increase in thickness of hot-mix asphalt base. A review of the varia­
tion in strength with depth in base course materials offers a reasonable explanation of 
the pattern shown in the AASHO Road Test. 

At this point we need to define what we mean when we say strength. Strength is 
commonly used in reference to a breaking value such as in concrete. However, we 
are not concerned with this type of strength. What we are concerned with is the ability 
of the base course to develop strength under loading. An untreated base course will 
have a very small residual capacity to resist load because of tension in moisture films 
and surcharge of the overlying pavement, but the majority of the resistance to load is 
developed from the load being applied. Ability to develop strength under load is rated 
by the modulus of elasticity. Because the strains in the pavement are low, gen­
erally well under 1 percent, we are concerned with the modulus at low strains. The 
modulus of untreated base courses at low strains is highly dependent on the degree of 
compaction. Test data plus my observations over the years show that it is impossible 
to obtain a high degree of compaction and a high modulus in the fir st few inches of un­
treated base over the subgrade. Figure 15, from the Barksdale Field tests (_!!), shows 
a str ong tr end for the in-place CBR of the base material, both as constructed (indicated 
by tests outside the traffic lane) and after traffic, to increase with the height of the test 
above the subgr ade. Since pr eparing thi s plot, which incidentally was p r epared in 1943, 
I have observed this pattern in p1·actically all the other test pits or trenches that I have 
seen cut in pavements . This pattern was vividly brought out during studies (~)conducted 
at the Waterways Experiment Station in the mid-1950's to develop CBR design curves 
for metal landing mat. An equivalency concept was used in that a given design of metal 
mat was rated as the equivalent of a given thickness of crushed aggregate base. With 
this concept, the existing CBR design curves for flexible pavements could be used to 
produce curves for landing mats. (Incidentally, the concept worked well , but this i s 
not the point of discussion.) This equivalency concept was spot-checked by traffic test s. 
Test sections were built with mat placed on the s ubgrade and on 3, 6, and 12 in. of 
crushed aggregate base course. Although the base material was a dense-graded crushed 
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Figure 15. CBR height of test above subgrade-selected loam and limestone blend. 
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limestone that had developed CBR values well above 80 in other tests where thick lifts 
were used, it was not possible to obtain a CBR of 80 in the 3-in. sections even though 
these were placed on a fairly strong subgrade (CBR 14) or even in the 6-in. sections 
placed on a weaker subgrade (CBR 5). Average CBR values are given in the following 
data: 



Item 

Low CBR subgrade 
Number of test sections 
Average CBR of subgrade 
Average CBR of base 
Average density of base 
Ratio CBR of base-subgrade 

Medium CBR subgrade 
Number of test sections 
Average CBR of subgrade 
Average CBR of base 
Average density of base 
Ratio CBR of base-subgrade 

3 in. 

7 
13.6 
51 

140.0 
3.0 

Crushed Aggregate Base 

6 in. 

24 
4.9 

50 
144.8 

10.2 

15 
11.2 
93 

146.5 
8.3 

12 in. 

16 
5.8 

86 
145.2 

14.9 

93 

It should be noted that these averages represent a large number of tests. For ex­
ample, a total of 24 test sections were built with 6 in. of base over the weaker sub grade. 
At least 3 CBR tests were made in each section. All values represent in-place tests 
on the as-constructed base course except for those in the 3-in, section. The as­
constructed values for the 3-in. section showed wide variability. Those after a small 
amount of traffic (40 coverages) were much less variable, and these were used. These 
tests show that the in-place CBR of the base course was dependent on both the CBR of 
the subgrade and the thickness of the base. Apparently a large part of the variation is 
due to density, because there is a general trend for the CBR to increase with an increase 
in density. Figure 16 shows a plot of these CBR data with CBR plotted as a ratio of 
base CBR to subgrade CBR against base thickness. It is believed there are certain 
natural limits. First, if the subgrade is very strong, the ratio will probably approach 
1. Also, regardless of the subgrade strength, the ratio would probably approach 1 at 
a base thickness slightly under 2 in., which is the diameter of the CBR piston. The data 
shown in Figure 16 indicate that the ratio increases slightly with a decrease in subgrade 
CBR and rapidly with an increase in base course thickness. Interpolated curves for 
subgrade CBR values of 5 and 10 are shown in Figure 16. Heukelom and this author 
(10) showed that in-place CBR values correlate fairly well with moduli measured in 
place with vibratory methods and suggested the conversion at 100 to 1 in metric units, 
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Figure 16. Ratio of base and subgrade CBR versus base thickness. 
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Figure 17. Base course modulus versus height above subgrade. 

which is approximately 1,400 to 1 in English units. Applying this conversion factor 
(CBR x 1,400 = moduli in psi) to subgrades with CBR values of 5 and 10 and to the ratios 
shown in Figure 16 produces the variation in moduli with subgrade moduli and base 
course thickness shown in Figure 17. This plot shows that the base course modulus will 
increase rapidly with height above the subgrade, being quite low direcUy above the sub­
grade and quite high when substantial thicknesses of base are used. 

Treated base courses, such as hot-mix asphalt base and cement-treated bases, de­
velop stiffness by cementation, and the moduli at low strains are not so dependent on 
compaction as untreated base courses. The modulus of a given hot- mix asphalt base 
will also vary according to rate of loading and temperature. Because we are concerned 
mainly with moving loads, rate of loading is not of primary concern except that persons 
running laboratory tests should use rates of loading comparable to those experienced 
on the road 

The temperature within a hot-mix asphalt base course at any one time is a complex 
function of heat flowing in and heat flowing out. However, the average temperature 
(average for year) at the bottom of a thicker base would be a little lower than the aver­
age for a thinner base. Thus, the modulus of a hot-mix asphalt base could be expected 
to increase a little with depth. For the purpose of this illustration, however, we will 
assume that the average modulus is constant with depth. 

We have no in-place data on the modulus of hot-mix asphalt pavement, so we have 
to depend on laboratory tests and inference. Values reported in the literature range 
from 200,000 to 2,000,000 psi. The performance of hot-mix asphalt base under traffic 
implies, at least to me, a modulus in the range of 1,000,000 to 1,500,000 psi, and for 
the following illustration I have used a value of 1,250,000 psi. 

The layered theory of pavement design presented by Burmister (11) in 1943 shows 
that the stress induced in a given subgrade under a given condition ofload is primarily 
a function of the thickness and moduli of elasticity of the overlying layers. A base with 
a high modulus of elasticity would transmit a lower stress to the subgrade than a low 
modulus base of equal thickness. To state this in another way, a given thickness of 
low modulus base would transmit the same stress to the subgrade as a lesser thickness 
of high modulus base. Thus, the ratio of the elastic modulus of one base course to the 
elastic modulus of another base course is a form of thickness equivalency. 



The data shown in Figure 17 can be used to 
show that the ratio of the modulus of hot-mix 
asphalt base to the modulus of untreated base 
decreases with thickness of untreated base. 
For example, assume that a sub grade has a 
CBR of 5 and thicknesses of untreated base of 
6 and 12 in. For the 6-in. base the modulus 
would be about 7,000 psi at the bottom and 
about 70,000 psi at the top for an average of 
38,500. The hot-mix asphalt base course 
modulus of 1,250,000 psi is about 32 times 
that of the untreated base. For the 12-in. 
thick untreated base, the average modulus 
would be about 60,000 psi and the ratio to 
1,250,000 psi would be about 21. To date 
we have no correlation between thickness 
equivalencies and ratio of moduli of base 
courses; but because the ratio decreases with 
an increase in thickness of untreated base, it 
could be expected that the thickness equiv­
alency would also decrease with an increase 
in thickness of untreated base. 

Although the preceding statement is liter­
ally true, a clearer concept is obtained if the 
situation is related to height above the sub­
grade. Figure 18 shows this for pavement 
sections with 6 and 12 in. of untreated base. 
The sections on the left have untreated base 
and those on the right have hot-mix asphalt 
base. In each case there is a 2-in. surface 
course, The hot-mix asphalt base is sepa­
rated into 1-in. increments, and a line is 
drawn from the top and bottom of each in-
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Figure 18. Thickness equivalency, base course, 
and height above subgrade. 

crement to the amount of untreated base to which the increment is equivalent. No claim 
is made that the equivalencies assigned to each increment of hot-mix asphalt base are 
correct; they were selected merely to illustrate the situation. In the upper part of 
Figure 18 (the 6-in. untreated base) the first inch of hot-mix asphalt base above the sub­
grade is shown as being equivalent to 3. 5 in. of untreated base and the second inch is 
shown as being equivalent to only 2. 5 in. of untreated base. The reason, reference 
again to Figure 17, is that the modulus of the untreated base increases with height above 
the subgrade resulting in a decrease in ratio of moduli with increase in height above 
subgrade. In the lower part of Figure 18 (the 12-in. untreated base) the first inch of 
hot-mix asphalt base is still equivalent to 3. 5 in. of untreated base and the second inch 
is equivalent to 2. 5 in., the same as for the 6 in. of untreated base. But because the 
untreated base is getting stronger with increase in height above the subgrade, the equiv­
alency for each increment of hot-mix asphalt base decreases with height above the sub­
grade, As a result, the average equivalencies decrease with the total thickness of base. 
This is the reverse of the pattern given by Vaswani, so in my opinion his conclusion lb 
is invalid. 

I think that the model studies reported by Vaswani deserve special attention, partic­
ularly those in which a weak layer is sandwiched in between 2 strong layers. I have 
investigated 2 cases of heavy-duty roads consisting of a strong subbase, a relatively 
thin layer of untreated base (4 in. in one case and 7 in. in the other), and a fairly thick 
asphalt layer that cracked badly under very low deflections. I believe that the untreated 
base was not developing an adequate modulus under the low strain involved with the 
result that the asphalt layer was badly overstressed. I have seen many other cases of 
distress where I think this situation occurred. 
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N. K. VASWANI, Closure-Reference is made to the second paragraph of Foster's dis­
cussion. Technically, there is no difference between the application of thickness equiv­
alency values as determined for Virginia and described in this paper and the strength 
coefficient values given in the AASHO Road Test results. They are both nondimen­
sional quantities indicating the relative strengths contributed by the materials in the 
pavement. Thus, in the AASHO Road Test results, the strength coefficient values of 
0.44 for asphaltic concrete, 0.14 for untreated stone base, and 0.11 for subbase material 
have the same application in design principles as do the Virginia thickness equivalency 
values of 1.0 for asphaltic concrete, 0. 35 for untreated stone base, and so on. Further­
more, these values show that, in the AASHO Road Test results, 1 in. of asphaltic con­
crete provides the strength equivalency of 0. 44/0.14 = 3.1 in. of untreated stone base. 
Similarly, thickness equivalency values in the Virginia method indicate that 1 in. of as­
phaltic concrete is equal in strength to 1.0/0.35 = 2,9 in. of untreated stone base. 

In reference to paragraphs 3 and 4 of the discussion, the AASHO Road Test results 
are based on a model equation in which the strength contributed by a layer is given by 
a x h where a is the strength coefficient or thickness equivalency of a material in a 
layer h inches thick. Based on this model equation, if a· layer of untreated stone base 
contributing a strength equal to a3h3 is to be replaced by a layer of, say, asphaltic con­
crete, one has to apply the equation a1h1 = aahs, where a1 and h1 are the strength coef­
ficient (or thickness equivalency value) and thickness of the asphaltic concrete layer 
respectively. 

Foster assumes that as = 1; hence, in Figure 14, a1 = h3/h1 and thus the graph in this 
figure is for a1 versus h1. This graph shows that, as h1 increases, a1 decreases. This is 
why Foster concludes (!!) " ... there is a decrease in thickness equivalency with an in­
crease in thickness of the hot mix asphalt base •... " This statement supports my con­
clusion that the thickness equivalency decreases with an increase in the thickness or 
depth of the pavement or the depth of cover. 

Except for the last 3 paragraphs, the remainder of Foster's discussion concerns his 
valuable investigations and observations. In the third from last and second from last 
paragraph, Foster presents arbitrarily chosen values of the modulus with which I beg 
to differ. Based on my investigation, I feel that for the same pavement strength a 12-in. 
thickness of untreated base will have a lower thickness equival.ency value than a 6-in. 
layer of the same material in the base. The values of E = 35,000 psi contributed by the 
6-in. untreated stone base and E = 65,000 psi contributed by 12 in. of untreated stone 
base-to provide the same strength-appear to be illogical. If the strength values were 
reversed, which should be the case, Foster would come to the same conclusion as given 
in my conclusion lb. 

In reference to the last paragraph of Foster's comments, I am pleased to note that 
my observations on a weak sandwich layer between 2 strong layers in the model studies 
have proved to be consistent with the results of the observation made by him. But this 
observation may not always hold true. Because, as shown in Figure 9 with lower thick­
nesses and an insufficiently low modulus of elasticity of the sandwich layers, the thick­
ness equivalency value of the sandwich layers increases. Thus, in Figure 9 the 2 curves 
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above the dotted line having h1 = 0 show that the sandwich layer has contributed toward 
the increase in the thickness equivalency value of the sandwich layers. It has also been 
noted in pavements in Virginia that a 6-in. stone aggregate base sandwiched between 
6 in. of cement-treated aggregate subbase and 6 in. of asphaltic concrete on top has given 
very good results. This investigation, in fact, shows that very carefully designed sand­
wich layers would offer economical designs. If proper care is not taken, poor results 
are likely to be obtained, as was proved in one of the experimental projects in Virginia 
in which a weak layer of select material was sandwiched between a cement-treated sub­
grade underneath it and a stone base and asphaltic concrete layer over it. The deflec­
tions in this case were more as compared to the deflection obtained by our design method 
based on the AASHO Road Test results, 




