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INTRODUCTION 

The structural response of a granular surfaced pavement is influenced 

by the behavior of the underlying subgrade as well as the behavior and 

characteristics of the granular material used in the paving layer. 

Previously (1983-1984) Georgia Tech has evaluated the resilient 

behavior of a number of subgrade soil materials typical of forest haul 

roads. 

Information however, is needed concerning the resilient behavior of 

typical granular materials used as the paving layer or surfacing on forest 

haul roads. 

MATERIALS 

Bulk samples of 11 different granular materials were collected by U.S. 

Forest Service personnel from various locations in the southeastern part of 

the United States. Compaction tests (AASHTO T-99. or ASTM D-698) were 

conducted by outside laboratories and the results provided along with the 

bulk samples. These bulk samples were then shipped to Dr. Robnett, School 

of Civil Engineering, Georgia Institute of Technology. 

A listing of materials supplied, a general description of each, and the 

general location from which each sample came are as follow: 

Name 

New York Pit 
Cotton Pit 
Crushed Iron Ore 
Crushed Sandstone 
FDR-59 

FDR-90 

FDR-309 

FDR-348 

Source Location 

Mississippi 
Mississippi 
Texas-Currie's Pit 
Texas-Triple S Pit 
Road 59, Florida 

Road 90, Florida 

Road 309, Florida 

Road 348, Florida 

General Description 

Clay-gravel 
Clay-gravel 
Crushed material 
Crushed material 
Light brown silty 
fine sand with 
crushed limerock 

Tan silty fine sand 
with crushed 
limerock 

Gray with brown 
slightly clayey 
silty fine sand 

Brownish-gray 
clayey fine sand 



G-1A 

G-2A 
G-3A 

Grovestone Gravel Co. 

Enka, N.C. 
Mableton, Tenn. 

Crushed creek 
gravel 

Crushed gneiss 
Crushed limestone 
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LABORATORY.  PROCEDURE 

For each bulk sample, a large triaxial specimen, 6 inches in diameter 

by 13 inches high was carefully prepared in the laboratory to a compacted 

density and moisture content as close as practical to values from the AASHTO 

T-99 (or ASTM D-698) compaction test data supplied with each sample. 

Moisture was carefully blended with the aggregate mixture and the 

mixture was then allowed to set for at least 24 hours prior to sample 

production. 

The density and moisture values from AASHTO T-99 and actual compacted 

values for each test specimen can be found in Table 1 through Table 12 

(duplicate specimens were made for the Cotton Pit clay gravel). _ 

Each of the triaxial specimens was prepared on the triaxial base plate, 

inside a membrane-lined mold. Compaction was accomplished with a vibratory 

hammer placed on the top of a steel compaction base plate. A total of 5 

layers was compacted to prepare each triaxial specimen. 

After preparation, each specimen, setting on the triaxial base, was 

placed in the load frame, Figure 1, the mold removed, and the triaxial cell 

assembled. The repeated-load applicator was adjusted to the top of the 

triaxial cell and the externally mounted LVDT's (used to monitor axial 

displacement during application of the repeated load) were zeroed, Figure 1. 

Approximately 100 load applications (0.2 sec. duration, repetition rate 

= 20 per minute) for each stress ratio of (al - 03)/03 equal to 20/10, 

30/10, 28/7, 20/5, and 12/3 were applied for conditioning. Then the 

confining pressure was set at 3 psi and about 10 load applications were 

applied for (al - 03) values (deviatcr stress) of 6, 9, 12, and 15. For 

each N=10 loads, a resilient deformation was monitored with the LVDT's and 

recorded on a strip chart. Then the confining pressure was set equal to 5 

and specific (al - 03) values of 10, 15, 20, and 25 were applied in sequence 

(N=10 for each). Other (a l  - 03)/03  ratios were then applied. The total 

stress ratio sequence used was as follows: 
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Stress Ratio 
- 03)/03 

Number of 
Loads 

6/3 10 
9/3 10 

12/3 10 
15/3 10 
10/5 10 
15/5 10 
20/5 10 
25/5 10 
14/7 10 
21/7 10 
28/7 10 
35/7 10 
20/10 10 
30/10 10 
40/10 10 
50/10 10 

The previous stress ratio sequence was followed for each specimen until 

excessive permanent deformation occurred and it became impossible to further 

monitor the resilient or elastic deformation or until the last stress ratio 

was applied. 

DATA ANALYSIS AND PRESENTATION 

The elastic or resilient deformation for each repeatedly applied stress 

ratio was converted to a resilient strain by dividing by the specimen height 

(13 inches). 

Thus, for each stress ratio, an average resilient strain, Cr , was 

determined. By dividing this cr-value into the associated repeated deviator 

stress, 01 - 03, a resilient modulus, Er  was calculated, i.e., 

(a
l 

- a
3
)  

Er  

r 

The average resilient strain, s r , and resilient modulus, E r , for each 

of the stress ratios are summarized in Tables 1 through 12 for the 11 bulk 

samples (duplicate specimen for Cotton Pit clay gravel). 

The data from each of these tables was also converted to a graphical 

form by plotting logEr  vs. loge, where e = 0 1  + 203 for the triaxial test. 

These graphical presentations are depicted in Figures 2 through 12. 
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As can be noted in these figures, some scatter of data exists. Linear 

regression was used to fit a curve through the data. This regression 

equation, developed with transformed data (i.e., linear regression performed 

on the log values) gives a linear relation on the log-log plot which has an 

equation form of: 

Er  = K 811  

where: 	Er  = resilient modulus, psi 
8 = bulk stress, = al + 2c3 
k = regression constant 
n = regression exponent (a constant) 

The equation for each of the regression lines is shown in Figures 2 

through 12. 

CONCLUDING REMARKS 

For comparison, the typical range of E r-values plotted against 8 for 

granular materials is depicted on Figure 13. Generally, the upper part of 

the range is typical of highly compacted, dense angular crushed aggregates 

whereas the lower part of the range is more typical of sandy materials and 

granular materials with large amounts of finer fraction (sand, silt, clay) 

present. 

Also for comparison, the Er  vs. 8 relationship for a typical silty clay 

soil has been plotted on Figure 13. 

No specific comparisons or behavior response of the 11 bulk samples 

will be discussed within this report since only testing and presentation of 

results were requested. 
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Figure 4. Resilient Modulus vs Applied Stress State for 
Iron Ore Sample (Crushed Material). 
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Figure 5. Resilient Modulus vs Applied Stress State for 
Crushed Sandstone Sample. 
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Figure 6. Resilient Modulus vs Applied Stress State for 
FDR-59 Sample (Light Brown Silty Fine Sand 
with Crushed Limerock). 
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Figure 7. Resilient Modulus vs Applied Stress State for 
FDR-90 Sample (Tan Silty Fine Sand with 
Crushed Limerock). 
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Figure 8. Resilient Modulus vs Applied Stress State for 
FDR-309 (Gray with Brown Slightly Clayey Silty 
Fine Sand). 
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Figure 9. Resilient Modulus vs Applied Stress State for 
FDR-348 (Brownish-Gray Clayey Fine Sand). 



20,000 

a 

1111111111111111EIOnirliiiiiiiiii 
11111111111

111111
1111111

1 	UN
1MENNIMUNI:11111111115151113191 

iiiiiiiiiiiiiiiiiii 	ii 

EZZIEMMORTRIUMMIUMUM -r-  lanni11:11:00iiMiglannini=224na 
:=111111MUMNIMInnininlilinIZEMEMMainnniMUMMIUMMUCEMAN 
:111110101ININMILIIIIIINIMIIIIIIENCLIIIIIIIIIIIIIIMIIIIVICOMMIIII+1811 
RIIMMENUMMUMMiliiiilii IIIIIIIMPURINIERIMMEOUN

11 iffilifflEI■ME11 

 	Effijralill1111111111111_, 

 	 IN 

1 

MON11111111111 	 ■411111115ENNEsiiiPP RI I0111111111MENES r 
'="1911111 111PERMINNEmalid'IMPOPTIFEIFF-P -  ESEnesh : 	. 	Fa ■• : .1 	-0:2.21 	 .. 9. I. 	li 	....a 
iiiiMPINIFINIIPMElikkiliMbillhONFM En 

■■ 
... 	 i 1 	9 	n 1 	m 

illdnERIONIPIIIPPRIPEELININVITIPLERI11111 0.••••muriorml mum  ditimmirill faighok mown 11 	II 	I 	II 	MEM 	III 11_0-mill 	I I I • 	NI 
=LIIIIMMUMINIIM:IIIEMMUZIIIIIIIIIMMIWZMIUMEMUMMICIII 	ZWZIMIIII 

CEMILIUNIMUM111119 IMMU1112118111101:241%,0111111111 	 38 . mrsIEURAINIIIIIIMIL 
1111111111011NIUMIVINNIE 
iEmlnimininiMihs =nom  

WINE 

■El 
+11110111CIIMMINIM E = 2950 e 

IIIIMINIUMINIE 	- 	1 r 
11 - 174:1110111141 eh. -s- 1.  T i 

liffliiiiiiiillil r 11111111T= 1111EligilliMillilliffEllifinitill 
-PPNIIIIIPIIINIIPI . IIIML. 	II II III MIL UN 
IIMAIIIIIIIMPIPALMOMT -  

1111:0111011111111111101121111 
I 

III 

1 
I 

I• P19111111 1i 0 MI n 	ill• 	I 	1 

IMINIONIMMI 
NM 111 	1 191111■ 

MHz' 4,--_ 
igliiiiiiiiiiiii li ■ 
tir1111111  _.._■111. 	N....A ossizzgli"NiiiIRIEHISHIPM MON 	....... 	. 1111 NM Ul IREL_Inium°12-miiiin ini Imimilinl" IININ a 

IL ir Flliii9E911111111191 iriBiliffil 
• :Islam • 	_. II mu, a induni 

i  Ell . 	■••• 	in u • 1 

100,000 

50,000 

40,000 

0,000 

10,000 

5,000 

4,000 

3,000 

2,000 

1,000 

R
e
s
il

ie
n
t  

M
o
du

lu
s,
  

14 

1 
	

2 	3 	4 5 
	

10 	20 	30 40 50 
	

1 00 

Sum of Principal Stresses 

0 = 1:71 + 203, psi 

Figure 10. Resilient Modulus vs Applied Stress State for 
G-1A (Crushed Creek Gravel). 
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Figure 11. Resilient Modulus vs Applied Stress State for 
G-2A (Crushed Gneiss). 
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Figure 12. Resilient Modulus vs Applied Stress State for 
G-3A (Crushed Limestone). 
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Figure 13. Typical Er  vs. 6 Range for Various Types of Granular 
Material and a Fine-Grained Soil. 



Table 1. Summary of Resilient Test Data for 
New York Pit Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 120.5 pcf 
	

Dry Density = 121.1 pcf 
Optimum Moist. = 11.0% 
	

Moist. Content = 10.4% 

Stress Ratio 

i2.1_L_232L13 

Resilient 
Strain, 	in/in 

Bulk Stress,e, 
Q1 + 2e3, psi 

Resilient 
Mod., Er , psi 

6/3 .00049 15 12,270 
9/3 .00067 18 13,500 
12/3 .00084 21 14,210 
15/3 .00111 24 13,500 
10/5 .00067 25 15,000 
15/5 .0010 30 15,000 
20/5 .00128 35 15,650 
25/5 .00183 40 13,630 
14/7 .00085 35 16,470 
21/7 .00104 42 20,210 
28/7 .00151 49 18,530 
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Table 2. Summary of Resilient Test Data for 
Cotton Pit Sample (Specimen #1). 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 130.8 pcf 
	

Dry Density = 132.05 pcf 
Optimum Moist. = 7.9% 
	

Moist. Content = 7.1% 

Stress Ratio 
(04 - 03)/01 

Resilient 
Strain, 	in/in 

Bulk Stress,®, 
+ 203, psi 

Resilient 
Mod . , 	Er , 	psi 

6/3 0.00018 15 33,750 
9/3 0.00033 18 27,000 

12/3 0.00051 21 -33,480 
15/3 0.00069 24 21,780 
10/5 0.00031 25 32,140 
15/5 0.00058 30 25,960 
20/5 0.00078 35 25,710 
25/5 0.0010 40 25,000 
14/7 0.0049 35 28,800 
21/7 0.0008 42 27,000 
28/7 0.0011 49 25,200 
35/7 0.00156 56 22,500 
20/10 0.00085 50 23,550 
30/10 0.00129 60 23,280 
40/10 0.00161 70 24,830 
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Table 3. Summary of Resilient Test Data for 
Cotton Pit Sample (Specimen it 2). 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 130.8 pcf 
	

Dry Density = 131.4 pcf 
Optimum Moist. = 7.9% 
	

Moist. Content = 7.4% 

Stress Ratio 
(01 - 03)/03 

Resilient 
Strain, in/in 

Bulk Stress,e, 
0 1 203, psi 

Resilient 
Mod., 	Er , 	psi 

6/3 .00049 15 12,270 
9/3 .00067 18 13,500 

12/3 .00087 21 13,850 
15/3 .0011 24 13,780 
10/5 .00058 25 17,310 
15/5 .00084 30 17,760 
20/5 .0011 35 18,000 
25/5 .0014 40 17,860 
14/7 .00077 35 18,170 
21/7 .00096 42 21,810 
28/7 .00144 49 19,390 
35/7 .00193 56 18,170 
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Table 4. Summary of Resilient Test Data for 
Iron Ore Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 129.5 pcf 
	

Dry Density = 129.04 pcf 
Optimum Moist. = 11.0% 
	

Moist. Content = 11.4% 

Stress Ratio 
(al 	- (13)/03 

Resilient 
Strain, 	in/in 

Bulk Stress,®, 

G1 	2a3, p s i 

Resilient 
Mod., Er, Psi 

6/3 .00031 15 19,280 
9/3 .00093 18 16,870 
12/3 .00071 21 - 16,780 
15/3 .00084 24 17,760 
10/5 .00056 25 18,000 
15/5 .0008 30 19,750 
20/5 .00104 35 18,150 
25/5 .00124 40 20,090 
14/7 .00076 35 18,530 
21/7 .00107 42 19,690 
28/7 .00133 49 21,000 
35/7 .0016 56 21,870 
20/10 .00098 50 20,450 
30/10 .00138 60 21,770 
40/10 .00189 70 21,180 
50/10 .00317 80 15,790 
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Table 6. Summary of Resilient Test Data for 
FDR-59 Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 115.9 pcf 
	

Dry Density = 116.1 pcf 
Optimum Moist. = 12.4% 
	

Moist. Content 11.0% 

Stress Ratio 
(al - 03)/c3 

Resilient 
Strain, 	in/in 

Bulk Stress,e, 
Q1 + 2a3, psi 

Resilient 
Mod., Er , 	psi 

6/3 .00045 15 13,370 
9/3 .00067 18 13,370 

12/3 .00085 21 14,080 
15/3 .00099 24 15,200 
10/5 .00056 25 17,830 
15/5 .00085 30 17,600 
20/5 .00109 35 18,200 
25/5 .00139 40 17,980 
14/7 .00072 35 19,510 
21/7 .00105 42 19,920 
28/7 .00139 49 20,130 
35/7 .00202 56 17,340 
20/10 .00107 50 18,770 
30/10 .00146 60 20,580 
40/10 .00202 70 19,810 
50/10 .00269 80 18,580 
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Table 5. Summary of Resilient Test Data for 
Crushed Sandstone Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 110.4 pcf 
	

Dry Density = 110.4 pcf 
Optimum Moist. = 15.2% 
	

Moist. Content = 14.2% 

Stress Ratio 	Resilient 
	

Bulk Stress,®, 	Resilient 
((al - 03)/03 	Strain, in/in 	 (3 1  "1" 2a3,  psi 	Mod.,  Er , Psi  

6/3 .001155 15 5,190 
9/3 .001504 18 5,990 

12/3 .00172 21 6,980 
15/3 .00343 24 .4,360 

Failed 
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Table 7. Summary of Resilient Test Data for 
FDR-90 Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 116.6 pcf 
	

Dry Density = 116.9 pcf 
Optimum Moist. = 10.7% 
	

Moist. Content = 10.4% 

Stress Ratio 
- 03)/03 

Resilient 
Strain, 	in/in 

Bulk Stress,O, 
a l  + 203, psi 

Resilient 
Mod., Er , psi 

6/3 .0004 15 15,000 

9/3 .00057 18 15,580 
12/3 .00073 21 16,360 
15/3 .0009 24 17,310 
10/5 .00053 25 18,750 
15/5 .00076 30 19,850 
20/5 .00093 35 21,430 
25/5 .00113 40 22,060 
14/7 .00064 35 21,720 
21/7 .00087 42 24,230 
28/7 .00113 49 24,710 
35/7 .00137 56 25,400 
20/10 .00067 50 29,670 
30/10 .00096 60 31,150 
40/10 .00115 70 34,610 
50/10 .00173 80 28,850 
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Table 8. Summary of Resilient Test Data for 
FDR-309 Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 115.9 pcf 
	

Dry Density = 117.2 pcf 
Optimum Moist. = 9.4% 
	

Moist. Content = 9.4% 

Stress Ratio 
(01 - a3)/a3 

Resilient 
Strain, in/in 

Bulk Stress,19, 
of + 203, psi 

Resilient 
Mod., Er , psi 

6/3 .00080 15 7,470 
9/3 .00107 18 8,400 
12/3 .00142 21 8,430 
15/3 .000625 24 24,000 
10/5 .00047 25 21,330 
15/5 .000703 30 21,330 
20/5 .00938 35 21,330 
25/5 .00141 40 17,780 

Failed 



Table 9. Summary of Resilient Test Data for 
FDR-348 Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 113.0 pcf 
	

Dry Density = 113.9 pcf 
Optimum Moist. 12.0% 
	

Moist. Content = 11.1% 

Stress Ratio 	Resilient 
	

Bulk Stress,8, 	Resilient 
(ol  - 03)/03 	Strain, in/in 	 of 	 2o3, psi 	Mod., Er , psi  

6/3 .00076 15 7,940 

9/3 18 
12/3 .00187 21 6,430 

15/3 .00093 24 16,070 
10/5 .00093 25 10,710 

Failed 
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Table 10. Summary of Resilient Test Data for 
G-1A Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 133.3 pcf 
	

Dry Density = 133.6 pcf 
Optimum Moist. = 7.3% 
	

Moist. Content = 8.5% 

Stress Ratio 
(01 - 03)/03 

Resilient 
Strain, 	in/in 

Bulk Stress,e, 
0 1  + 203, psi 

Resilient 
Mod . , Er, Psi 

6/3 .00073 15 8,180 
9/3 .00109 18 8,260 
12/3 .00131 21 9,150 
15/3 .00153 24 • 9,780 
10/5 .00093 25 10,710 
15/5 .00131 30 11,440 
20/5 .00164 35 12,160 
25/5 .00211 40 11,840 
14/7 .00117 35 12,000 
21/7 .00178 42 11,810 
28/7 .00211 49 13,260 
35/7 .00267 56 13,120 
20/10 .00161 50 12,410 
30/10 .00222 60 13,500 
40/10 .00246 70 16,290 
50/10 .00340 80 14,710 
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Table 11. Summary of Resilient Test Data for 
G-2A Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = 138.1 pcf 
	

Dry Density = 140.2 pcf 
Optimum Moist. = 7.6% 
	

Moist. Content = 7.0% 

Stress Ratio 

icIl_L223)/03 

Resilient 
Strain, 	in/in 

Bulk Stress,®, 

0 1 -I- 203, 	psi 
Resilient 
Mod., 	Er , 	psi 

6/3 .00088 15 6,750 
9/3 .0012 18 7,500 
12/3 .00142 21 8,440 
15/3 .00164 24 9,120 
10/5 .00139 25 7,200 
15/5 .00167 30 9,000 
20/5 .0020 35 10,000 
25/5 .00244 40 10,230 
14/7 .00161 35 8,690 
21/7 .00215 42 9,780 
28/7 .00258 49 10,860 
35/7 .00344 56 10,180 
20/10 .00235 50 8,530 
30/10 .00281 60 10,660 
40/10 .00375 70 10,660 
50/10 .00513 80 9,740 
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Table 12. Summary of Resilient Test Data for 
G-3A Sample. 

Laboratory Compaction (AASHTO T-99) 
	

Specimen Compaction 

Max. Dry Density = L47.4 pcf 
	

Dry Density = 150.2 pcf 
Optimum Moist. = 5.2% 
	

Moist. Content = 4.2% 

Stress Ratio 
(al - 03) o3 

Resilient 
Strain, 	in/in 

Bulk Stress,O, 
al + 203, psi 

Resilient 
Mod., Er, 	Psi 

6/3 .00036 15 16,870 
9/3 .00056 18 16,200 
12/3 .00071 21 16,870 
15/3 .00082 24 	. 18,240 
10/5 .00058 25 17,310 
15/5 .00084 30 17,760 
20/5 .00116 35 17,310 
25/5 .00156 40 16,070 
14/7 .00094 35 14,820 
21/7 .00132 42 15,880 
28/7 .00151 49 18,530 
35/7 .0014 56 25,000 
20/10 .0014 50 14,290 
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