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Comprehensive Evaluation of Laboratory Resilient Moduli 

Results for Granular Material 

GONZALO RADA AND MATTHEW W. WITCZAK 

A comprehensive evaluat.ion of nonlinear resilient modulus test results on gran
ular materials is present_ed. A total of 271 test results obtained from 10 differ
ent research agencies were used as the data baJe. The main objectives of the 
study wore to (a) determine whether typical M, relations exist for various gran
ular materials; (bl develop a comprehensive summery of factors that affect the 
M, response and determine whether predictive equations or typical relations 
could be stnted; and (c) investigate whether a correlation exists between labora
tory-measured M, and laboratory-measured California bearing ratio (CBR) volues. 
The results indicate that thore appears t.o be an inverse relationship between K1 
and K2 (M, a K1 9K2) for oil granular materials. Six unique K1 and K2 rela
tions ero proposed for six different g1anulor material typos bilty sands, sand 
gravels, sand aggregate blonds, crushed stone, llmerock, and slag). Predictive 
equations are developed to relate tho primary variables thot Influence tho M, re• 
sponse ot six d ifferent aggregates (used by tho Maryland State Highway Ad
ministration). The equations use bulk streis, dogreo o·t saturation, and percent· 

age of modified compaction. Typical M, equations are also stated to reflect 
probable influcnaos of tho K, and K2 values due to compaction and moisture 
for tho Maryland aggregates. Ba•od on an analysis of nearly 100 data pairs, a 
general, but variable, correlation was found botweon laboratory-measured M, 
and CBR values. Howover, the constont that relates these variables is a function 
of stress state. For typical bulk stress values anticipated in highway pavement 
structures, the coefficient (constant) value is significantly lower than the 150(). 
value suggested by Huekelom and Foster. 

The resilient modulus test of unbound granular 
materials has been used for several years as a means 
of evaluating the response of granular material in 
the laboratory. The modulus (Mrl is a dynamic 
test response defined as the ratio of repeated axial 
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Table 1. Summary of M, test results evaluated. 

Research Agency Reference 
No. of 
Tests Material 
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Asphalt Institute 
University of California at Berkeley 
Georgia Institute of Technology 
National Crushed Stone Association 
University of Illinois 

(l-.Q_) 
(2-2) 
(!Q) 
(11) 
(!2) 
(13) 
cm 

36 
41 
19 
6 

Sands, silly sand, sand gravels, gmvcls, crushed gravel, crushed stone, and limerock 
Sand grovels, grovels, and crushed gravels 
Sand gravels, soil-aggregate blends, and crushed stone 
Crushed stone 

Pennsylvania State University 
18 
2 
5 

Crushed stone and gravels 
Crushed stone 

Florida Department of Transportation 
U.S. Army Corps of Engineers 
Woodward Clyde 

Limerock and sands 
(!1, Ll-!1) 
m.w 
(1Q) 

II 
6 

26 
170 

Silty sand, sand gravels, arid crushed stone 
Sand gravels, crushed gravels, and crushed stone 

University of Maryland, previous studies 
Subtotal 

Sands, soil-aggregate blends, sand gravels, crushed stone, limerock, and slag 

University of Maryland, MSHA project 
Total 

MSHA study IOI 
271 

Sand gravels, soil-aggregate blends, crushed stone, and slag 

Figure 1. Ki-K2 relation for all aggregate M, results. 
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In general, the test is conducted in a triaxial 
cell that is equipped to monitor repetitive load 
conditions (pneumatic or electrohydraulic loading 
system) on cy],.indrical samples, usually 4-6 in in 
diameter. Both dynamic load and deformations 
[through linear variable differential transformers 
(LVDTs)] are measured continuously during the test. 
Previous studies have indicated that resilient 
deformations generally stabilize after 200 repeti
tions of load and, as such, the Mr value is 
usually computed at this level of repetition. 

Because of the known nonlinear (stress-dependent) 

properties of most granular materials, the test is 
conducted at combinations of confining pressure 
(oc and 01/03) rat i os. Rf!snlt.s of a 
single test are usually presented in a mathematical 
form that directly incorporates the stress sensitiv
ity of the Mr value in t erms of either crc or 
bulk stress (first stress invariant) (0) by 

(2) 

The uonstants iK1'• K2' or Ki, K2l are 
obtained f rom regression analysis of the test re
sults and depend on the type of material and physi
cal properties of the specimen during the test. 

STUDY OBJECTIVES 

Since the development of the Mr test, numerous 
individual researc h studies have investigated the 
dynamic response of granular materials. However, in 
general, each study was directed toward a specific 
type of material or a particular parameter on the 
M response for a given material. In view of 
this, an extensive laboratory study was initiated in 
1978 at the University of Maryland for the Maryland 
State Highway Admin istration (MSHA) to devel op Mr 
responses for typical base and subbase materials 
used in pavement systems. The combined evaluation 
of previous results and the Maryland study afforded 
the opportunity to assess various questions not 
previously addressed by other researchers. 

Based on the relatively large data base col
lected, the following specific objectives were 
studied in this project: 

1. Investigate whether typical limits of Mr 
relations exis t for various granular material 
classes (types), 

2. Investigate the feasibility of developing 
predictive Mr equations from physical properties 
of the granular materials, 

3. Develop a comprehensive evaluation of factors 
that affect the Mr response of granular materials, 
and 

4. Investigate whelher accurate 
between Mr and the California bearing 
exist for granular materials. 

Data Sources 

correlations 
ratio (CBR) 

As noted, a comprehensive literature review of the 
Mr results of granular material reported by other 
researchers was conducted. Tabl e 1 is a summary of 
the agencies, number of tests, materials studied, 
and references obtained from this literature re
view. As noted, a total of 170 individual Mr 
tests was found in the literature from 10 different 
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Figure 2. Effects of Ki and K2 on the resilient modulus. 
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agencies. The results obtained were summarized for 
only the form that used the bulk stress (9) equa
tion (i.e., K1 and K2 values). 

Uni versity o f Maryland Study 

Also shown in Table 1 is information regarding the 
Mr s t udy on MS HA base and su.bba se materials. As 
noted, 1 01 sepa r a t e Mr t es t s we re conduc t ed in 
this proj ect. Thus , the c ombined numbe r of i ndivid
ual granular material Mr results used in this 
report was 271. 

Specific Testing Proqr am 

Al though 271 combined Mr test res ul ts were avail
able, not all of the previous s t udies contained 
information that could be used in all phases of the 
study objectives. The testing program of the MSHA 
study was thus developed to fill information gaps 
concerning the Mr response of various materials. 

The study for MSHA i nvolved tes t ing six different 
aggregate types [two limestones that meet MSHA and 
dense-graded aggregate (DGA) specifications; a 
crushed stone and slag that meet MSHA crusher run 
(CR) 6 specifications; a bank-run gravel that meets 

MSHA specifications; and a sand-aggregate subbase 
blend). For each aggregate investigated, three 
hand-blended gradations were used. On each aggre
gate-gradation combination, three compaction en
ergies (low, standard, and modified) were used to 
develop moisture-density relations. In addition to 
developing compaction curves, as-molded and soaked 
CBR tests (588) were conducted. 

The resilient modulus phase of the test program 
involved the testing of 18 specimens per aggregate. 
In general, for each aggregate-gradation combina
tion, t hree Mr tests were conducted at modified 
compac tion effort (optimum and ±2 percent optimum 
moisture), two tests at standard compaction effort 
(optimum and +2 pe rcen t opt imum moisture), a nd one 
a t optimum for a low ( 2200 pound• ft/ ft ') c ompac
t ion effoi;t . The above M.r test p r ogram t heoreti-

M = 83858 g0
·
00 (Linear) 

,. *---------

s 705 go · 54 (Non Linear ) 

Aggr egate Gr oup: 
Limerock Base 

~I 
r 

Q - Bu l k Stress (psi) 
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cally should have yielded 108 Mr data points, but 
7 specimens failed or were unable to be tested. 

TYPICAL Mr RESULTS FOR AGGREGATES 

The analysis of all 271 individual Mr test results 
(from all agencies) led to an interesting observa
tion relative to the overall behavior of all granu
lar materials as a group. Figure 1 shows the rela
tion between K1 and K2 for the entire data set. 
Observe that a definite correlation exists between 
increasing Ki and decreasing K2 for granular 
materials. Although the R2 value of 0.68 is not 
exceptionally high from a statistical viewpoint, 
recognize that the results shown represent extremely 
variable physical properties as well as aggregates 
that range from fine silty sands to slag and lime
rock materials. 

The significance of this relation may also be 
used to denote the relative degree of material 
nonlinearity. Recall the form of equation 2: As 
K2 approaches a value of K2 "' O, the mate r i a l is 
"truly linear , whereas larger K2 values imply a 
greater degree of nonlinearity. This is illustrated 
in Figure 2, which shows Mr equa tio ns developed on 
a single limerock mate rial t ested unde r three dif
fering sets of physical properties. The relative 
changes in the Ki and K2 values and their re
spective influence on the degree of nonlinearity can 
be observed. 

Agg regate Cla s s Analysis 

In order to determine whether the scatter of points 
shown in Figure 1 could be reduced, a study was 
undertaken to determine whether relatjvely unique 
K1-K2 relations existed among various types 
(classes) of granular materials . Although not 
presented in this report, groupings of data based on 
both American Association of State Highway and 
Transportation Officials (AASHTO) and Unified Soil 
Classification System (USCS) systems were evaluated 
and found to yield poor correlations. By far, the 



26 Transportation Research Record 810 

Table 2. Summary of K, and K2 statistics by aggregate class. 

K1 Parameter K2 Parameter 
No. of Data 

Aggregate Class Points Mean SD Range Mean SD Range 

Silty sands 8 1 620 780 710 to 3830 0.62 0.13 0.36 to 0.80 
Sand gravel 37 4 480 4 300 860 to 12 840 0.53 0.17 0.24 to 0.80 
Sand-aggregate blends 78 4 350 2 630 1880 to 11 070 0.59 0.13 0.23 to 0.82 
Crushed stone 115 7 210 7 490 1705 to 56 670 0.45 0.23 -0.16 to 0.86 
Limerock 13 14 030 10 240 5700 to 83 860 0.40 0.11 0.00 to 0.54 
Slag 20 24 250 19 910 9300 to 92 360 0.37 0.13 0.00 to 0.52 
All data m 9 240 11 225 710 to 92 360 

Table 3. K1-K2 regression models by aggregate class. 

Regression Constants of 
Form: logK1 =A0 +A1K2 Standard 

Error of 
Aggregate Class Ao A1 R2 Estimate 

Silty sands 4.183 -1.666 0.75 0.14 
Sand gravel 4.613 -2.100 0.82 0.17 
Sand-aggregate 4.345 -1.308 0.56 0.15 
blends 

Crushed stone 4.515 -1.492 0.68 0.19 
Limerock 4.924 -2.162 0.92 0.08 
Slag 4.965 -1.917 0.50 0.26 
All data 4.657 -1.807 0.68 0.22 

best grouping of the 271 data points occurred when 
the granular materials were divided qualitatively 
into the following six categories: 

1. Silty sands; 
2. Sand gravels; 
3. Sand-aggregate blends, including shell-sta-

bilized sands and crushed gravels; 
4. Crushed stones; 
5. Limerocks; and 
6. Slags. 

The r e s ul ting population of Ki and K2 values 
for a gi ven group was analyzed to determine the 
typical limits associated with each group. Table 2 
summarizes the results of this study by aggregate 
class . Regress ion stud i es between Ki and K2 for 
each class we re conducted and the results suminarized 
in Table 3. Figure 3 illustrates t he resulting Ki 
and K2 re l at i ons f ound in the a nalysis. The 
limits of e ach line s hown in this figure repre s ent 
the actual limits of test results found. 

Based on these results, the following observation 
can be made. Each class of aggregates appears to 
have its own relatively unique Ki -K2 re l at i on 
that distinguishes it from o ther groups. Althoug h 
the R2 values range from 0.50 to 0.92, much of the 
variation is due to material variations within a 
class (e.g., crushed limestone versus crushed 
gneiss) as well as the physical properties of each 
specimen during the test. The overall mean values, 
for all granu l ar materials, of Ki = 9240 and K2 
• O. 52 are generally in excellent ag r eement with 
typical values assumed in many design situations. 

However, dllhuuyh thls may be true from a global 
viewpoint, the range of Ki (and hence K2) within 
a given class appears to be significant. The 
largest range shown occurs for the crushed stone 
group, which has a range of Ki values from 1700 to 
57 000. Because of this, the influence of the 
specific type and moisture-density conditions are 
critical to accurate evaluation of the proper 
Ki -K2 value to be used in design. In fact, the 
use of t ypical K1 -K2 value s to represent a 
specific gra nula r material s uc h as crushed stone or 
sand gravels may be more misleading in design. 

0.52 0.17 -0.16 to 0.86 

Finally, observe from Table 2 that the average 
Ki and K2 values by aggregate class appear 
reasonable. In general, the order in which the 
aggregate classes are stated coincides with increas
ing Ki order (decreasing K2 ). This i ndicates 
that the overall degree of linearity increases from 
the silty sand category to the slag group. The 
order shown also corresponds generally to what one 
would associate with increasing shear strength 
behavior by the aggregate classes noted. 

Load i ng Conditions 

The ef f ect of load i ng cond itions in the Mr test 
for g ra nular materia ls is generally well understood 
from previous research investigations. The moAt
signif icant loading factor that affects the modulus 
is the stress level (8,9,11,12,19, 21-25). In gen
eral, it is customary -tO- relate~either e and 
ac to the modul us. In this study, the Mr 
relation that use s a was used because of its ease 
of adaptation into nonlinear solutions in layered 
pavement systems. 

Other load factors, such as stress duration, 
stress frequency, sequence of load, and number of 
stress repetitions necessary to reach an equilib
rium-resilient strain response have been covered 
adequately in the literature (9,11,12,21,23,24). In 
general, these factors have 1ittle-;-iT any-;-effect 
on the Mr response. In the tes ting ilt the 
University of Maryland, a haversine pulse load 
(0.1-s load duration) at 30 repetitions/min was 
used. Modulus values were computed with resilient 
strains after 200 load repetitions. 

Degree of Saturation 

Based on previous studies (~, 12,_!2, 21,l.§_) , the 
deg r ee of saturat i on (f or a g i ven agg r egate ) play s a 
major role i n the Mr response . Repeated l oad 
triax i al tests, conducted by Haynes a nd Yoder 
(12,19,26) on gravels and crushed stone, indicated 
that~here was a critical degree of saturation near 
80-85 percent, above which granular materials became 
unstable and deteriorated rapidly under repeated 
loading. Seed and others (12,19,26) found that, for 
well-g r aded gra vels , 1<1 -was - r educed a nd K2 
unchanged with i ncreasing saturation cs,) va lues. 
'£his was also substantiated in \i/Or k conduc ted by 
Kal las , Ri l ey, Shifley, Ri cks , a nd Fi nn (12,J:2 ,]!l. 

Figure 4 shows t he ge ne r a l e f f eet of S t o n the 
Kl and Mr values (a t 9 a 10 lbf/ i n 1 ) f o r 159 
separate test results on a variety of aggregates. 
From this global viewpoint, the marked reduction in 
the K1 value and modulus wi th increas ing satura
tion is clearly evident. In general, the effects of 
moisture can change the typical K1 values from 
30 000 (dry) to 1000 (saturation ), with resultant 
changes in modulus from 40 000 to 10 000 lbf/in2 

or less. 
Al though the above is true in a general sense, 

~he exact influence cf saturation appsar~ to be 
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Figure 3. Typical Ki -K2 relations by aggregate class. 
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Figure 5. Effect of degree of saturation on K2. 
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dependent on the aggregate type. The following 
acronyms for the aggregate are used in Figures 5-9: 

LS--limestone, 
CS--()rushed stone, 
Sl--slag, 
SAB--sand-aggregate blend, and 
GP--bank-run gravel. 

Figure 5 illustrates the influence of Sr on K2 
for the six aggregates investigated in the MSHA 
study. Observe that, although changes in K2 may 
not be large, various trends are recognizable from 
the plots. There is, however, no uniform trend 
among all aggregates. For example, a comparison of 
the K2 values for the two different crushed lime
stone materials (DGA-limestone-1 and DGA-lime
stone-2) show decreasing and increasing K2 trends 
with increased Sr' respectively. However, in 
general, the increase in K2 for Sr values near 
saturation is very pronounced for the subbase matP.
r ials (sand-aggregate blend and bank-run gravel). 
For these materials, a definite increase in K2 at 
high saturations is clearly evident. Finally, the 
analysis of K2 and Sr showed no distinctive 
pattern relative to the influence of compactive 
effort and aggregate gradation on the results. 

In contrast to the relatively minor influence of 
Sr on K2, the influence of Sr on the Ki 
values may be significant. Figure 6 shows the 
results for three of the six aggregates investigated 
in the MSHA study (two crushed limestone-DGA and the 
bank-run g ravelj. For the two ccushed stone mate-

S - Degree of Saturation 
r 

rials, the influence of Sr on the K1 value is 
seen to vary even within a common aggregate class. 
The DGA-limestone-1 material is a relatively hard, 
dense (low-abrasion) limestone and appears to ex
hibit less of a sensitivity in Ki to the effects 
of moisture. This contrasts to the softer (high
abrasion) DGA-limestone-2 material that yields a 
greater influence of Ki to Sr. 

Although the two crushed limestones may exhibit 
differing degrees of moisture sensitivity, we can 
also see that they exhibit less sensitivity compared 
with the bank-run gravel results, especially near 
the critical 80-85 percent level suggested by Haynes 
and Yoder. The resulting decrease in modulus for 
these materials, with increasing Sr values, is 
clearly shown in Figure 6. 

Percentage Compaction 

Several studies have been conducted by previous 
resear c hers; into the effcotc of dcnaity on the Mr 
response of granular material (8,9,12,21-23,26). 
These studies have indicated that, ;lthoug~incr;;se 
in density results in an increase in modulus, the 
effect is relatively small compared with changes 
caused by stress level and moisture. The results; of 
the MSHA study generally confirm this over a wide 
range of aggregate types. 

Figure 7 is a plot of the average Ki and K2 
values (by aggregate) as a funct ion of the unit 
volumetric compaction energy (Eb). As previously 
noted, three levels of compaction energy were stud 
ied. The low compactive effort was ~ 2200 
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Figure 6. Influence of degree of saturation on 105 ,----..---"""T----.-----.----...----.----.-----. 
K1 and M, for several aggregates. 
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ing compaction and the K2 value remains essen
tially constant. The average increase in K1 , from 
standard to modified compaction energy, was nearly 
48 percent: the DGA aggregates averaged 25 percent, 
CR-6 averaged 62 percent, and the subbase materials 
(sand-aggregate blends and bank-run gra vel) averaged 
58 percent. Based on these results, the influence 
of compaction in improving the modulus (K1) cannot 
be ignored. 

Aggregate Gradation 

Previous research investigations of the effect of 
aggregate gradation have ind i cated no general trend 
regard ing the influence of fines (pe r centage that 
passes no. 200) on the Mr response <!•2.•ll·21-23, 
26). I n general, the degree of influ- ence of this 
parameter appears to be related to the aggregate 
investigated. 

In the MSHA study, hand-blended gradations were 
used to investigate the effect of the P200 vari
able. All of the six aggregates studied had a 
°max = LO i n. The four base materials (DGA and 
CR-6) were graded according to 

p = (d/Dmax)" (3) 

with n values of 0.30, 0.45, and 0.6. The selection 
of these values resulted in gradations that pro
gressed from dirty (17 percent), dense (7 percent), 
to lean or open (3 percent) type. Because of diffi
culties involved in obtaining enough fines (P200> 
for the subbase materials, the sand-aggregate blend 
used three gradations that had P200 values of 3.2, 
4.3, and 5.8 percent, and the bank-run gravel mate-
rial used P200 values of 5.1, 10, and 15 percent. 

Figure 8 illustrates the results of this study 
phase. We can see that there is no general or 
uniform trend applicable for all aggregate types, 
although several observations can be made. For the 
angular base materials (DGA and CR-6 aggregates) , 
there appears to be little change in either Ki or 
K2 for p 200 values in the dense to dirty range 
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Figure 8. Influence of percentage fines on K1 and K2. 
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(around 7-17 percent). This is not the case, how
ever, for the bank-run gravel. For this material, 
a n o p timum K1 value is apparent near t he d ense 
cond ition a nd a ma r ked decrease i n K1 occurs as 
the P zoQ value increases . I n contrast, t he K2 
value f o r t he bank-run gra vel se r ies appear s to 
increase with an increase in fines. Thus, just like 
the results for Sr effect, the relative sensi
tivity for the sand-gravel material is more pro
nounced than for crushed, angular aggregate. Fi
nally, although no p ronounced changes occur in Ki 
and K2 for the base ma t e rials , it would be intui
tively o bvi ous that increases in p200 beyond the 
16-18 percent range would e vent ually have p ronounced 
changes in the Mr response for these materials. 

Table 4. Summary of M, predictive equations, physical properties. 
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Mr Predictive Equations 

The previous discussion has focused on the relative 
influence of loading and physical properties on the 
Mr response of various aggregates. In general, 
the most- s i g nif icant factors found to affect Mr 
are the stress state, degree of saturation, and 
compactive effort (density). In addition, the 
general changes in the Ki and K2 values were 
noted with changes in several variables. 

Based on the results of the MSHA study, predic
tive equations were investigated to develop accurate 
Mr predictions from the significant variables. 
Several forms and variables were considered in this 
analysis. The most accurate (highest R2 and 
lowest standard error) model was found to be of the 
form shown in Table 4. Also shown in the table are 
regression constants for each aggregate type and for 
the model by using all aggregate types combined. 
The form of the model used implies that no interac
tion effect of the primary variables are considered 
for the Kz value (note that C3 K2). Further 
work is being conducted to determine whether in
creased accuracy will result if C3 has various 
functions of the input values. 

The major input variables are bulk stress (0), 
degree of saturation (Sr) , and p e r c e ntage compac
t ion relative to modified compac t i ve effort (PC). 
Table 5 snows the influence of variables in the 
predictive equations studied as measured by the R2 

value. Observe that the addition of the P200 
variables added l ittle to the predictive accuracy; 
however, the elimination of the PC term lowered the 
R2 values significantly for all aggregates except 
DGA-limestone- 1 and sand-aggregate blend. 

TyPical Rel ations 

Based on the MSHA study, typical Mr f (0) 
relations for the six aggregate types studied have 
been developed and are sununarized in Table 6. This 
classification scheme reflects the relative influ
ence of the significant variables on the Ki -Kz 
values. 

Modulu s -CSR Comparison 

Al though recent research has focused on the use of 
laboratory determined moduli in design procedures, 
empirical correlations to existing routine tests are 
frequently used. One of the most-widely used cor
relations is the one developed by Huekelom and 
Foster (25) , which relates dynamic modulus to CBR. 
The relation established 

E = 1500 CBR (E in lbf/in 2 ) 

was found from extensive dynamic (wave propagation) 

Regression Constants in log M, = C0 + C1 S, + C2PC + C3 log/I 

No. of Data Standard 
Aggregate Points Co C1 C2 C3 R2 Error 

DGA-limestone-1 14 3.4060 -0.005 289 O.Dl ! 94 0.004 843 0.79 0.13 
DGA-limestone-2 17 -0.3017 -0.005 851 0.050 54 0.004 445 0.60 0.21 
CR-6-crushed stone 18 1.0666 -0.003 106 0.035 56 0.006 469 0.81 0.15 
CR-6-slag 17 3.2698 -0.003 999 0.016 63 0.003 840 0.59 0.18 
Sand-aggregate blend 18 4.1888 -0.003 312 0.021 38 0.006 785 0.83 0.15 
Bank-run gravel 17 0.9529 -0.012 07 0.041 17 0.006 035 0.84 0.17 
All data JOT 4.022 -0.006 832 0.007 055 0.005 516 0.61 0.23 

Note: Sr== de~ee or saturation(%), PC= percentage compaction relative to modified density<%). and 8 =bulk dress nr firi::t drP.~~ invlllri~ot 
(lbf/in '). 
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field tests and not laboratory resilient moduli. 
Although the equation is important, note that their 
data showed a wide range of scatter and had a band 
width of roughly ±2. Although the equation has 
been used frequently for predicting subgrade moduli 
for materials that have CBR of 20 or less, the 
original Huekelom and Foster data uniformly covered 
a range of CBR from 2 to 200. 

In the MSHA study, recall that complete mois
ture-density strength curves (CBR, as molded and 

Table 5. Influence of variables on R2'11alues for M, predictive equations. 

No. of Data 
Aggregate Points S,, P200. PC, 8 S,, PC, 8 s,, e 
DGA-limestone-1 14 0.79 0.79 0.78 
DGA-limestone-2 17 0.61 0.60 0.41 
CR-6-crushed stone 18 0.82 0.81 0.46 
CR-6-slag 17 0.59 0.59 0.46 
Sand-aggregate blend 18 0.85 0.83 0.83 
Bank-run gravel 17 0.84 0.84 0.76 
All data !of 0.61 0.61 0.60 
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soaked) were established for each aggregate type 
(six), gradation (three), and compactive energy 
(three) combination. Thus, for each compacted Mr 
test specimen studied, it was possible to establish 
the laboratory measured CBR value. This allowed for 
the comparison of laboratory derived Mr values to 
laboratory measured CBR values for each modulus 
specimen. 

Because the Mr value from the resilient tests 
is stress dependent, there cannot be a unique rela
tion between Mr and CBR. Figure 9 is a summary 
plot that compares CBR to Mr values at bulk stress 
levels of 10 and 100 lbf/in 2 • As can be seen from 
both diagrams, a general correlation between modulus 
and CBR does exist. However, the results indicate 
that a wide range of scatter exists for the rela
tion. In general, the scatter bands shown on each 
diagram (±l<J) are roughly equivalent to a SO 
percent relative difference in residual error. This 
band is also very similar to the ±2 band width 
defined by Heukelom and Foster. 

The results of this study were analyzed by using 
the relation: 

M,(IJ) = F(CBR) (4) 

Table 6. Typical M, relations for 
Dry, S, < 60 Percent Wet, S, > 85 Percent MSHA aggregates. 

Standard CE Modified CE Standard CE 

~gregate K1 K1 K1 K1 K1 K1 

DGA-limestone-1 • 8 500 0.5 10 500 0.5 7000 0.4 
DGA-limestone-28 11 500 0.3 15 000 0.3 6000 0.5 
CR-6-crushed stone• 6 000 0.5 9 000 0.5 3500 0.7 
CR-6-slag• 12 500 0.35 20000 0.35 5600 0.35 
Sand-nggregate blendsb 3 800 0.5 6 000 0.5 1900 0.7 
Bank-run gravelb 5 000 0.4 8 000 0.4 1250 0.7 

~K1- K2 vcalues are typieo.1 f0r fine.- perC'cnt1110 (no. 200) of less than 15-18 percent. 
Ki vaJuc1hould be l.lecreased and Kz Yal u~ Increased if fines percentage is greater than 10 percent. 

Figure 9. Comparison of laboratory-measured Mr values to laboratory-measured CBR values. 
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Table 7. F-value summary statistics : e = 10 !bf/in 2 
M,= F(CBR). 

Aggregate F UF 

DGA-limestone-1 240 68 
DGA-limestone-2 318 170 
CR-6-crushed stone 201 121 
CR-6-slag 358 120 
Sand-aggregate blends 165 43 
Bank-run gravel 232 146 
All data 248 120 

where F is the adjustment factor necessary for 
equivalence (comparable to the 1500 value of 
Huekelom and Foster) • Table 7 is a summary of the 
F-values by type of aggregate studied. It can be 
seen that, even within an aggregate type, the varia
tion (aF) may be quite large. However, note 
that not all of the deviations shown in Figure 9 can 
be related to variations in the Mr value. This is 
because unavoidable errors in determining the cor
rect CBR value may occur due to the extremely high 
sensitivity of moisture to CBR for most granular 
materials. 

As shown in both Figure 9 and Table 7, the aver
age F-values for e 10 lbf/in 1 and 100 
lbf/ i n' were F c 248 and F = 73B, respectively. 
By using a linear relation between F and log e, 
the f ollowing general relation that relates Mr to 
e and CBR is 

M, = (490log8 - 243)CBR (5) 

Finally, because most highway design structures 
result in bulk stress values near e 10 lbf/in• 
(for subbase) and e = 20-40 lbf/in1 (for bases), 
the resulting correlations developed in this study 
differ significantly from that established by 
Huekelom and Foster. . In order for the F-value to be 
equal to 1500, a e 350-400 lbf/in' would be 
required. Although this discrepancy cannot be fully 
explained until further research is conducted, we 
hypothesize that this difference can be attributed 
to shear strain differences caused by the dynamic 
wave propagation field tests of Huekelom and Foster 
and those found in laboratory specimens that undergo 
Mr testing. 

SUMMARY 

This study was based on resilient modulus test 
results of granular materials obtained from both a 
comprehensive literature review and extensive labo
ratory study. Based on this analysis, the following 
conclusions were obtained. 

An analysis of more than 270 s eparate Mr test 
results on granular materials ind i cated that an 
inverse correlation between K1 and K2 (constants 
in Mr = K1eKz) exi sts for the global class 
of all granular materials. Relatively unique 
Ki, -K 2 relations were found to exist for six 
d 1££erent aggregate classes or types. These cate
gories were silty sands, sand gravels, sand-aggre
gate blends, crushed stones, limerocks, and slags. 

An analysis of the results indicated that the 
primary variables that influence the Mr response 
of granular materials are the stress state, degree 
of saturation, and degree of compaction. For 
crushed, angular materials, an increase in moisture 
leads to a s mall to moderat e decr ease in the K1 
value and rel atively minor c hanges in the K2 
magnitude. These results contrast with thos e of 
sand gz:avels , 'which showed a marked deoreaee in Ki 
and incre ase in K2 with i ncreasing moistu re . 
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e = l 00 lbf/in2 

90 Percent 90 Percent 
Confidence Confidence 

CV(%) Range 'F OF CV(%) Range 

28.1 ±111 727 296 40.7 ±487 
53.4 ±279 635 373 58.7 ±613 
60.3 ±200 772 322 41.7 ±530 
33.5 ±197 837 343 41.0 ±565 
25.9 ±70 699 171 24.5 ±281 
62.9 ±240 822 559 68.0 ±920 
48.6 ±198 738 363 49.2 ±597 

The influence of compaction (density) on all 
granular materials results in an increase in the 
K1 term, and the K2 value remains essentially 
constant. The gradation and its influence on the 
K1-K2 parameters are dependent on the type of 
material considered. For crushed, angular materials 
there was little, if any, change in either parameter 
over a range of 3 to 17 percent that passes the no. 
200 sieve. However, for sand-<Jravel material, the 
K1 parameter had a maximum value near optimum 
fines and t he n a marked decrease in K1 with in
creasing f i nes content. This change concur rently 
led to an increase in the K2 value with increasing 
fines. 

By using the results of the Mr-phys ical p r op
erty study, predictive equations that relate the 
specimen properties to the Mr-value were developed 
for six different aggregate types used in the labo
ratory study. Typical K1 -K2 relations were 
stated for these aggregate types to reflect the 
relative influence of moisture, compaction, and 
gradation on their Mr response. 

The final phase of t he study dealt with investi
gating whether general correlations exist between 
laboratory measured resilient modulus and laboratory 
measured CBR results. An analysis of nearly 100 
data sets indicated that a very general, but vari
able, correlation does exist. However, because the 
Mr test is stress dependent, the coefficient that 
relates Mr to CBR must be stress dependent and not 
a unique or constant value such as has been noted by 
previous investigators. The average coefficient 
values found at a bulk stress of 10 and 100 
lbf/in' (F = 248 and F 738) is significantly 
lower than the 1500 value proposed by Huekelom and 
Foster. 
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Use of Pressuremeter Test to Predict Modulus and 

Strength of Pavement Layers 

JEAN-LOUIS BRIAUD AND DONALD H. SHIELDS 

Most airport pavements are designed or evaluated on the basis of a plate test. 
This article shows how a pressuremeter test can replace plate tests to advantage. 
A 1-in diameter hole is made through the pavement and pressuremeter tests 
are run every foot down to a depth of 6 ft. Each test yields a deformation 
modulus, so that a modulus profile is obtained at each hole location. The re
sults of a comparison between 93 pavement pressuremeter tests and 11 plate 
tests performed at two airport sites indicate that the pavement pressuremeter 
can be used for pavement design; the plate tests performed were standard for 
the design of airport pavements in Canada. A chart for the design of flexible 

airport pavements by using the results of pavement pressuremeter tests is pre
sented. A procedure based on multilayer elastic theory is also discussed. This 
procedure uses the pressuremeter modulus as the elastic modulus of each layer. 
The multilayer elastic procedure makes more thorough use of the pressure· 
meter test results than does the chart procedure. 

Most airport pavements are designed or evaluated on 
the basis of a plate test. This article shows how a 




