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ABSTHACT 
(Distribution Limitation Statement A) 

One hundred twenty-three simple shear tests of 24 different soils were 
conducted.   Most were constant-amplitude repeated load tests.   A few of the 
tests involved mixed amplitudes of load^.g with rest periods between loads. 
Based on the results, a practical procedure for reducing the shear modulus 
of soils with increasing strain amplitude was developed.   It was shown that 
for a wide variety of soil types and conditions the procedure gives reasonably 
accurate results compared to values measured in the laboratory.   The study 
of mixed amplitudes and rest neriods indicated that the procedure can be 
applleo to mixed traffic conditions. 

i 

ui/iv 

 —— iä»mm 



»».»ihm    n*timviiiwrvmmmtf_ yimn-wg^gppB» ""   """■ I       ,^T'   ■'■   ■   ■     -r--—-"«■T^--.-Tir-TT7^-^»*w— twrunriw yn ,T_, ^-^■^. »r. .i,,;!.,,..,. M» L. , ..j^F.^.^mm^^^m^v^ ■^--1     LVPI   l-J-i»k.J 

TABLE OF CONTENTS 

Section Page 

I    INTRODUCTION.  1 

1. Pavement Evaluation  1 

2. Review of Previous Report  2 

3. Current Testing Program  2 

II    A PRACTICAL PROCEDURE  FOR REDUCTION OF 
SHEAR MODULUS WITH INCREASING STRAIN LEVEL     . 4 

1. Objective  4 

2. Definitions ....            4 

3. Determination of the Reference Strain  (5 

4. Determination of the Shear Modulus  9 

5. Examples of Use of the Procedure  18 

m    COMPARISON OF VALUES FROM THE PRACTICAL 
PROCEDURE TO EXPERIMENTAL DATA  21 

1. Soils Tested  21 

2. Values of R for Determination of Reference Strain   .    . 21 

3. Comparison of Shear Modulus Values  34 

IV   MIXED LOADING AMPLITUDES AND REST  PERIODS .     . 46 

1. Objective  46 

2. Loading Programs and Recorded Stress-Strain 
Relations  46 

3. Effect on the Shear Modulus  53 

V   CONCLUSIONS  56 

Appendix I           59 

Appendix II          61 

- 

mm 
i iii -«   v   r i ni *l^^i^fc«^rt^^rll>U*^rl■l^llll^■•  ■ ■ i 



^PHTC  *JL".:."|"»-T^~-if—rrr-■ p., I  imil  i« l. liWf" iiflBiw i«n!ffjM.wn.^w.,iii.n.iT'-i^jL..n.j mm&- WM 

LLST OF FIGURES 

Figure 

1 

2 

lÜiüL 

9 

10 

11 

Schematic simple shear stress-strain relation. 

Value of Cj versus void ratio for sands with less 
than 15 percent fines. 

Value of Cj versus plasticity index, percent 
saturation, and void ratio for cohesive soils 
with more than 15 percent fines. 

Reference strain versus value of Cj and maximum 
shear modulus. 

Hyperbolic strain versus normalized strain for 
various numbers of cycles and rates of loading. 

Hyperbolic strain versus normalized strain for 
various numbers of cycles and percents saturation, 
fast rate of loading, T - 0.01, nonplastic soils 
with fines and low plasticity soils. 

Hyperbolic strain versus normalized strain for 
various numbers of cycles and percents saturation, 
slow rate of loading, T = 10, nonplastic soils with 
fines and low plasticity soils. 

Hyperbolic strain versus normalized strain for 
numbers of cycles, percents saturation, and rates 
of loading, high plasticity soils. 

Normalized shear modulus versus hyperbolic strain. 

Particle size distribution curves for nonplastic 
soils. 

Particle size distribution curves for low plasticity 
soils. 

10 

11 

V.i 

14 

15 

IG 

17 

27 

28 

12 Particle size distribution curves for high plasticity 
soils. 29 

13 Comparison of the variation of experimental and 
calculated values of R with percent saturation, 

vi 

M^M mm* If IM Hill I v^.-^_,., .^.u^w.™^.. 



rT*w*rw&&mm~ ^Kr^^ww-w^^araw"'*'***™'"*»»^»?^ 

Figure Page 

Air Force Silty Sand, Air Force Silty Clay, Vicksburg 
Loess, Vanceburg, Allen, Kentucky 55, Longhorn, and 
West Virginia Shale. 30 

14 Comparison of the variation of experimental and 
calculated values of R with percent saturation, 
Six Kirtland Soils, Virginia Clay, Dover, Prestonsburg 
Sand, Ellsworth, Louisiana Clay, San Francisco Clay, 
Cheeks, and Nevada Clay. 31 

15 Variation of normalized shear modulus with normalized 
strain as given by the practical procedure for 
various values of a. 35 

16 Comparison of measured and calculated values of 
shear modulus, first cycle, WES Sand, St. John's 
Sand, and Air Force Silty Sand. 36 

17 Comparison of measured and calculated values of 
shear modulus, first cycle, Air Force Silty Clay, 
Vicksburg Loess, and Vanceburg. 37 

18 Comparison of measured and calculated values of 
shear modulus, first cycle, Allen, Kentucky 55, 
and Longhorn. 38 

19 Comparisoi; of measured and calculated values of 
shear modulus, first cycle. West Virginia Shale, 
Virginia Clay, and Dover. 39 

20 Comparison of measured and calculated values of 
shear modulus, first cycle, Prestonsburg Sand, 
Kirtland #10-36, and Louisiana Clay. 40 

21 Comparison of measured and calculated values of 
shear modulus, first cycle, San Francisco Clay, 
Ellsworth, a'iid Cheeks. 41 

22 Comparison of measured and calculated values of 
shear modulus, first cycle, Nevada Clay. 42 

23 Comparison of measured and calculated values of 
shear modulus, 10th cycle. 44 

vii 

  



jWmwjKVJ*i*ls*w*!**muviw*' ■L .L. .iiu^ajjBP^ MHi"*iiP  ».^WIJIIII I ULiiili« I, I i-ijm*JWHW     i'*ii»""i»iKir,!lVi^WWJB*lliiipwpiii pg^f .JLtJ.IIPi|ii;-.l«^!;i,ul!P lulw«»UJ,J"ilJl«.il.lliPMWi|WW«wp.,w,IJM. «ipiuiiw 

Figure 

21 

25 

26 

27 

28 

29 

30 

31 

Comparison of measured and calculated values of 
shear modulus, 100th cycle. 

Loading Programs. 

Recorded stress-strain relation, increasing load 
sequence, silty clay. 

Recorded stress-strain relation, increasing load 
sequence, silty clay. 

Recorded stress-strain relation, increasing load 
sequence, Vicksburg Loess. 

Recorded stress-strain relation, decreasing load 
sequence 

Normalized shear modulus versus normalized strain 
for silty clay, mixed amplitudes and rest periods. 

Normalized shear modulus versus normalized strain 
for silty sand, mixed amplitudes and rest periods. 

Typical Recorded Stress-Strain Relations. 

Page 

45 

47 

49 

50 

51 

52 

54 

55 

62 

viii 

mmm  m mat JiiliilliraiiMl^iiirirrt r --run   ■■..---  ■■■-*■■■  



w^wmm^^^ *pjw!U...Jji ii   yiiui i. hmwß ***m.±mmi mLimt*-mm-^nm*,^w^v*mmn^mmm*imi*& '■""   "» '   "■ II »i» 

LLST OF TABLES 

Table Pago 

Data for Simple Shear Tests of Clean Sands and 
other Sands with High Permeability. 22 

Data for Simple Shear Tests of Nonplastic Silty 
Sands. 22 

Data for Simple Shear Tests of Low Plasticity 
Soils. 24 

Data for Simple Shear Tests of High Plasticity- 
Soils. 26 

Values of R for Sands with Less than 15 Percent 
Fines. 33 

ix 

mmamm iMiailümiHMiTiMii 1MB --       Ill IIIIIIMIIilllil 



iTm..-L_j.u.<ni,ui|w.iip'|M^"...' '      '     '' .i-JJüjW-iunii^ff i    im ■!!■■ in 

"1 

a 

Cl 

e 

exp 

F 

Q 

-"max 

N 

PI 

R 

S 

T 

y 

cham 

rmax 

ABBREVIATIONS ANI) SYMBOLS 

■ parameter in modified hyperbolic stress-strain relation 

■ parameter defined by equations 4 and 5 

■ void ratio 

- base of natural logarithms 

■ fUiiction of void ratio defined by equation 2 

- shear modulus 

= maximum shear modulus 

» number of cycles 

= plasticity index 

■ parameter relating Gm_v and T    v 

■ percent saturation 

■ time in minutes to reach a normalized strain equal to one 

- shear strain 

- hyperbolic strain 

= reference strain 

■ chamber pressure 

--- effective mean principal stress 

= effective angle of shearing resistance 

= maximum shear stress 
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SECTION 1 

INTRODUCTION 

1. Pavement Kvaiuatitm 

This document reports research that is part of a larger Air Force 

Weapons Laboratory project i.o develop a pavement evaluation procedure.   The 

following steps are involved in the pavement evaluation procedure, which for 

the present uses linear c'Jastic analysis for determination of the stresses and 

strains in the pavement structure. 

The first step is to measure the shear modulus for different layers of 

the pavement structure in-mtu, using a nondestructive vibration testing method. 

The shear modulus thus measured will be for very small strain amplitudes, on 

the order of 10"° in/in or less.   Because the stress-strain relations for paving 

materials are nonlinear, the secant shear modulus for larger strain amplitudes 

produced by an aircraft loading will be smaller than the modulus measured by 

the nondestructive testing method. 

The second step is to make the proper reduction in the measured 

shear modulus to correspond to the strain produced by an aircraft  loading, 

The third step is to use this shear modulus in a finite-element analysis 

for stresses and strains in pavement structure under load. 

The fourth and final step is to assess the amount of damage or pave- 

ment distress that will be produced by the loading. 

This report presents a procedure for the second step, the reduction 

of shear modulus with increasing strain level. 
I 

1 

i—(—I—ii n r    i    nl—MMfciii i ■■■ : "  ,.T.>. ..  



 " ' ' "' - - —.^ .^-^^^»F^ ■ ^ .. j^  ... --.^laUH^H^^.-.,,^..^     .j,^ . .H!»».^,.^.^ v,-^.,  ,.,„„,,„,.,,„„,„ 

2. Review of Previous Report 

The first phase in developing a procedure for the reduction of shear 

modulus with increasing strain level was to design and construct testing equip- 

ment capable of accurate measurement of the shear stress-strain relation for 

soils, over a wide range of strain levels.   The range was from about 10"° in/in 

to failure, i.e., after a given number of constant-amplitude cyclic loads each 

sample was loaded to failure.   Also, a scries of tests with two soils, a silty 

sand and a silty clay, were conducted to assess the relative effects of various 

parameters, such as density, percent saturation anu confining stress, on the 

shear stress-strain relation for cyclic loading.   Reference 1 reports on this 

phase of the research, and the testing equipment, its capabilities, and the testing 

procedure developed are described in detail.   Examples of recorded stress-strain 

curves are given, and the methods of analysis of the data are discussed.   The 

same equipment, procedures, and most of the methods of analysis were used for 

the current testing program.   They will not bo desciibed in detail herein, since 

the information is available in reference 1.   However, a brief description of 

methods and procedures is given in Appendix 11.   Some of the definitions 

presented in Section n are amplified in reference 1. 

3. Current Testing Program 

The objective of the current testing program was to determine whether 

1. Hardin, Bobby O., Characterization and Use of Shear Stress-Strain 
Relations for Airfield Subgrade and Base Course Materials, Technical 
Report No. AFWL-TR-71-60, Air Force Weapons Laboratory, Kirtliind 
AFB, NM, July 1971. 
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or not the characterization of the shear stress-strain relation presented in 

reference 1 is applicable to a wide variety of soils.   A total of 80 specimens of 

20 different soils were tested with differing parameters, such as soil type , 

strain amplitude, density, and percent saturation,   including Phase I, a total of 

125) tests on 24 different soils have been conducted and analyzed.   Data for only 

six tests appeared to be faulty (i. e., an error in conducting the test) and were 

thrown out.   The relationships presented here arc based on 123 tests of 24 

different soils. 

A procedure for reducing the shear modulus with increasing strain level, 

recommended for use in the Air Force pavement, evaluation technique, is pre- 

sented in Section II,   In Section III values of the shear modulus determined by 

this procedure are compared to the experimental data in order to verily the 

procedure and to show the probable magnitude of error in using the procedure. 

A few of the tests involved more general loading histories, with mixed loading 

amplitudes and rest periods between loads.   Results and discussions of these 

tests are presented in Section IV. 
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SECTION II 

A PRACTICAL PROCEDURE  FOR REDUCTION OF SHEAR MODULUS 
WITH INCRFASING STRAIN  LEVEL 

1. Objective 

The objective of this section is to present the procedure recommended 

for reduction of shear modulus with increasing strain level in a practical form, 

for use in pavement evaluation, unencumbered by details of testing or presen- 

tation of the supporting data. 

2. Definitions 

The following parameters are used and are defined with reference to 

figure 1: 

Maximum Shear Modulus    G        = the initial tangent modulus, 
max 

~5 or secant modulus for strain amplitude s 10     in/in (For 

pavement evaluation this quantity is to be measured by the 

nondestructive vibratory test); 

Maximum Shear Stress ^ T strength of the specimen in 
max 

simple shear, defines assymptote in figure 1 (This quantity 

has been related emperically to G       , see Appendix I. 

However, if measured values of T        are used, a rate of 
max 

.oading corresponding to T - 0.1 will suffice, eventhough 

the value of T for actual aircraft loading may be 0.01); 

Reference Strain    y      T      /G       , defined by the intersection of 
r      max    max 

the initial tangent line and strength assymptote in figure 1, 

and emperically related to G        in this section; 
max 

MttflMMIMiMMa.MMMIiMHtta ^   -- - 
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Shear Stress 

T = time in minutes to 
^max/   reach this strain 

/Cycle  N 

for Cycle N 

►Shear Strain 

for   Cycle   N 

Figure 1.    Schematic simple shear-stress strain relation. 
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Normnli/.fd Strain    y/y«, wh(;r(; 7 i.s the shear .strain; 

Hyperbolic Strain    *)V     a parameter defined by equation 9 (If equation U 

is substituted into equation 8, the relationship between normalized 

shear modulus and normalized strain is obtained.   This relation- 

ship changes with the value of a, as shown in figure 15, depending 

on the values of S, N, T, r.nd the type of soil? see equation 10. 

An alternate method of presentation is used in this section. 

(Iraphs based on equation 9 are presented giving the value of y^ 

corresponding to a value of y/yr, depending on the values of S, 

N, T, ami soil type.   With the value of y^ determined, the 

normalized shear modulus is given by the simple hyperbolic 

equation 8.); 

Shear Modulus = G = secant shear modulus for a given strain amplitude 

and cycle as shown in figure 1; 

Normalized Shear Modulus - G/G_ 

Number of Cycles - N ; 

max ' 

3e 

Strain Time     T    time in minutes to reach a normalized strain 

equal to one; 

Percent Saturation - S = ratio of volume of water to volume of voids 

in the soil, expressed as a percentage, and; 

Void Ratio - e = ratio of volume of voids to volume of solids in the soil. 

Determination of the Reference Strain 

The reference strain is given by the following equation derived in 

— ■•- -   ■■•■ --ii*Mritfir«ihi ■  i 
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Appendix J. 

G max 0.6 - 0.25 (PI) 
0.(5 

(1) 

where PI = plasticity index, G        is in psi 

F 
(2.973 - e)J 

and 

Let 

( 1 + e) 

R - 1100, for sands with less than 15 percent fines 

R = 1100 - 6S, for cohesive soils with more than 15 percent fines) 

FV 

(2) 

(3; 

0.6 - 0.25 (PI)0'7' 
(4) 

Then for sands with less than 15 percent fines, PI = 0 and R = 1100 

giving 

Cj - (2.017 x 10a) F2 (5) 

For cohesive soils with more than 15 percent fines, substituting R = 1100 - HS 

into equation 4 

F2 (1100 - 6S)2 

1      "0.6 - 0.25 (PI)0-6 

Finally 
G max 

V 

(Ö) 

(7) 

With Gmax in psi. 

The vtlue of C-^ for sands with less than 15 percent fines, as defined by 

equations 2 and 5, is given in figure 2.   The value of void ratio is all that is 

needed to determine C^ for this case.   The value of Cj for cohesive soils with 

more than 15 percent fines, as defir^d by equations 2 and 6, is given in figure 3. 

sau 
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Q       SANDS   WITH  LESS THAN 15%  FINES 

0.3   0.4   0.5  0.6   07   0.8   0.9   1.0    1.1     1.2    1.3   1.4 
VOID   RATIO 

Figure 2.    Value of Cj versis void ratio for sands with less 
than 15 percent iines. 

8 

MUMMIiMIUiMM -■   -       ■        t—Ite^iMi -■«——■- -—;i-'-' '      ■'   ■■• a.^j^^. _ . .       .      . 



11   1-1 .-I-II   i I .imm» w-?- -*«,—-p-- =-^™^ 

For this case the values of the plasticity index and percent saturation are needed 

in addition to the value of the void ratio.   The dashed line in figure 3 shows how 

to use the figure.   First, using the left hand side of the graph with the value of 

plasticity index as abscissa, determine an ordinate depending on percent saturation. 

Extend this ord.aate to the right to determine an abscissa for the right hand side 

of the graph, corresponding to the value of void ratio.   The second abscissa 

determines the value of Cj.   The dashed line represents the casn where PI = 25, 

S =50, and e = 1.   The value of Cj ^ 4.9 x I0bpsi. 

Having determined the value of C. from cither figure 2 or figure 3, 

depending on the soil type, the reference strain can now bo determined from 

figure 4.   Using the value of Cj as abscissa, the value of the reference strain is 

read as ordinate, from the curve corresponding to the value of GTV,nv in psi. 

The dashed lines in figure 4 are for C1 = 4.9 x 106 psi and Gmax = 8000 psi, 

-4 
7  = 16.5 x 10     in/in. 
r 

4. Determination of the Shear Modulus 

The normalized shear modulus is given by 

G 
Gmax 1+yh 

where y 

"vT 
1 + a e 

xp 
y. 

LrJ 

0.4 

(8) 

(9) 

The value of a is defined by one of the following equations, depending on the 

type of soil 
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Figure 4.   Reference strain versus value of Cj and maximum 
shear modulus. 
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a = 

[(3.85/N) - 0.85] T0'0 5 for clean dry sands 

1.6(1 + 0.02S)T0,2/N0'0 for nonplastic soils with 
fines and low plasticity 
tioils 

M10) 

n 9n + n n«» T0- 75/wü'15    for ^ Plasticity soils 
v ' with liquid limit > 50 

The values of y^ as defined by equations 9 and 10 are given in figures 

5,6,7 and 8 for various cases.   Figure 5 is for clean dry sands.   The solid 

curves give the relationship between y^ and y/yr for a fast rate of loading, 

T = 0.01.   The dashed curves are for a slow rate of loading, T = 10.   Curves 

are shown for N = 1, 2, 10, > 100.   The dashed and solid curves coincide for 

10 and > 100 cycles.   Having determined the reference strain according to the 

procedure given in paragraph 2, the normalized strain can be computed, and the 

hyperbolic strain determined from figure 5 for clean dry sands.   Similar graphs 

are given in figures 6 and 7 for nonplastic soils with fines and low plasticity 

soils.   In figures 6 and 7 the solid curves are for 60 percent saturation and the 

dashed curves are for 100 percent saturation.   Figure 6 is for a fast rate ol 

loading, T = 0.01,and figure 7 is for a slow rate of loading, T = 10.   Both sets 

of curves in figures 6 and 7 approach the hyperbolic line for a large number of 

cycles.   Again, knowing the value of reference strain, the value of the hyperbolic 

strain can be determined from these figures for a given value of strain.   Figure 

8 is a similar graph for high plasticity soils.   For the fast rate of loading, 

T = 0 01, the hyperbolic line defines the relationship for all numbers of cycles 

and percents saturation.   For the slow rate of loading, T = 10, the solid 

curves define the relationship for 60 percent saturation, and the dashed curves 
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Fifpxre 5.    Hyperbolic strain versus normalized strain for various 
numbers of cycles and rates of loading. 
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Figure 6.    Hyperbolic strain versus normalized strain for various 
numbers of cycles and percents saturation, slow rate of 
loading, T= 0.01, nonplastic soils with fines and low 
plasticity soils. 
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Figure 7.    Hyperbolic strain versus normalized strain for various 
numbers of cycles and percents saturation, slow rate 
of loading, T = 10, nonplastic soils with fines and low 
plasticity soils. 
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Figure 8.    Hyperbolic strain versus normalized strain for numbers 
of cycles, percents saturation, and rates of loading, 
high plasticity soils. 
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are for 100 percent saturation.   With the value of hyperbolic strain determined 

from one of figures 5, 6, 7, or 8, depending on soil type, the normalized shear 

modulus can be determined from figure 9. 

5. Examples of Use of the Procedure 

For pavement evaluation the type of soil (including PI and particle size) 

and values of e and S would have to be estimated from available knowledge of the 

subgrade or from a core sample; the value of G        would be measured by 
max 

nondestructive vibratory testing; the value of N would come from traffic records; 

the value of y would be determined by the finite-element analysis, and; the value 

of T would depend on the speed of the aircraft. 

Example number 1: 

Given: A clean dry sand, 

G        = 18380 psi, max p   ' 

e - 0.62, 

N-l, 

y = 18.6 x 10"4 in/in, 

T ^ 81 (a very slow rate of loading). 

Find:   The shear modulus, G; 

From figure 2, using e = 0.62; C-i = 2.36 x 107 psi. 

From figure 4, using Cj = 2.36 x 107 and G        = 18380 psi; 

y   = 7.5 x 10"4 in/in. 

A -4 
Calculate, using y = 18.6 x 10"^ and yr = 7.5 x 10    ; 

y/yr = (18.6 x 10~4) / (7.5 x 10"4) - 2.48. 
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From figure 5, using y/yr = 2.48, N = 1, and T = 81; 

yh ^4.4 

From figure 9. using yh     4.4; CA;    _ = 0.185 

Calculate, using G/G = 0.185 and G 18380 psi; 
max max ' 

G - (0.185) (18380)     3400 psi 

The same parameters given in this example were measured for test no. 101 of 

the WES Sand (see figure 16).   The measured shear modulus, G     3320 psi, in 

this case, was less than 3 percent differenc ■ between calculated and measured 

values. 

Example number 2: 

Given: A low plasticity soil, 

PI = 6, 

Percent passing no. 200 sieve = 96, 

G        =12680 psi, 
max 

e - 0; 67, 

S - 73, 

N - 10, 

y = 12.9x 10"4 in/in, 

T =0.38 (a medium fast rate of loading). 

Find:    The shear modulus, G; 

From figure 3, using PI - 6, S = 73, and e = 0.67; 

Cj = 8.0x 106psi. 

From figure 4, using C, = 8. 0 x 10   psi and G        = 12680 psi; 1 r max r 

1:» 
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yr = 15 x 10     in/in. 

Calculate, using y    12.9 x 10~4 and yr    15 x 10'4; 

y/yr = (12.9 x 10"4) / (15 x 10"'1) - 0.860. 

Since T ^0.38, use the average between figures 6 and 7, 

also using y/yr = 0. 860, N = 10, and S = 73; 

yh = ((1.0 from figure 6) + (1.44 from figure 7)] /2 = 1.22. 

From figure 9, using y,      1.22; G/C 0.450 
n max 

Calculate, using G/G 0.450 and G 12680 psi; 
max max 

G = (0.450) (12680)     5700 psi 

The same parameters given in this example were measured for test no. 27 of the 

Vicksburg Loess.   The measured shear modulus. G = 5580 psi, in this case, 

was less than 3 percent difference between calculated and measured values.   Not 

all cases would compare this well, but these were not chosen specifically to 

show a good comparison. 
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SKC'IION III 

COMPARISON OF VALUES FROM THE  PRACTICAL PROCEDURE 
TO EXPERIMENTAL DATA 

1. Soils Tested 

Classification data for each of the soils tested and various test parameters 

for each of the tests are given in tables 1, 2, 3, and 4.   In these tables the soils 

are grouped into four different categories.   Table 1 gives data for clean sands 

and other sands with high permeability.   Table 2 gives data for nonplastic silty 

sands.   Table 3 gives data for low plasticity soUs and table 4 for high plasticity 

soils.   The particle size distribution curves for these soils are given in figures 

10, 11, and 12.   Those in figure 10 are for nonplastic soils, corresponding to 

the soils in tables 1 and 2.   Figure 11 is for low plasticity soils, corresponding 

to table 3, and figure 12 is for high plasticity soils, corresponding to table 4, 

Study of these tables and figures will show that the testing program covered 

a wide variety of soil types and large ranges of test parameters. 

2. Values of R for Determination of Reference Strain 

Rearranging equation 16 in Appendix I gives 
1/2 

G max 
R --     —— 

0.6 - 1.25 (PI) 
T 

max 

(11) 

For each test, using the measured values of PI, e, T . and G       , a max' max 

measured value of R can be calculated with equations 2 and 11.   In figures 13 

and 14 measured values of R for 22 of the soils tested are compared to values 

calculated with the second of equation 3, for cohesive soils with more than 15 

percent fines.   In general, equation 3 is a fairly good representation of the 
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Table 1.   Data for Simple Shear Tests of Clean Sands and Other 
Sands with High Permeability. 
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Table 2.   Data for Simple Shear Tests of Nonplastic Silty Sands. 
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Table 2.   Data for Simple Shear Tests of Nonplastic Silty Sands (cont'). 
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»I.Cihl   K.SiINi SJ.   ^JJ   SIEVE   • 
• l.SIIClll   1MJK   •   » 
■. igjio Lim' • Nf 

»WCI'.i      INIIUL    MMMk«      nciis 
SlKtSS 

til rsi Dll«E*FMCI 

«u/sy L« 
I.I in ui 

il.U.I ^IV.J, ^ti.SJ. 
>J.J«I S*1l-J.       /I.4J. 

tTCU S SM.»« ..KI*|H SlltM EU.U 
• tram SIHESS SHCtH SIHFSS nil 
CCUVlMV HK.KI-I'.I simss mi in Mb/SU  CN 

•(.<Sl) t. «G/iJ C" «(«   HUU. 
191 1101 llll n/i nn 
UM 11.Ill 1.U19 0. lo<> i..ni 

4 Ik J.SlI U.IS1 <*. 10*1 U.S.. 

alMtiiiit,  Hü.   T-14 
mJ**t» Of   UiC,   ■ / 
CthLtSI    P*i>lN^   S'i.    ^JJ    »UVfc    • 
»LAllltltV    UiH*    >   '.» 
(. I0JIU   llNl I    *    V 

115 
II« 

1/ i 

1 

'tltESI ^NMiOl* »•INtl'.l IMTUL «fei.'»!.«» LKUS SMI*" • •..livj" SHE«» III*.* 
.tiMtllui '<•( SSUM sutss MAI    , • •«   . otrrm SIKE.S SHE ill SIIESS ■ tic 

m./Sj c« Dlf«l«E»Cl 
«O/sg C« 

PSI »SI - U.U.." < l»«.«E«l'<l SIHESS »»III) «wsg c« 

« *t < -.j I.I 111 III 1.1 IIUI llll im nn 
l^. i.j C.J«/ lusoj. 11.lu. VJV O.J.S U.11» u.mi n.«m 

n. !.•. JwrtT i*v'J. 14.J3. !»»< O.SOJ l.iO. O.ill« 7A.1** 

BlASULlI V    i «)Cl    ■    4P 
t tyjIJ   l KIT   •   \f> 

It SI «KCKJ v.'I r) »tJCIM l"»Hj(< '»IV1'«L IM M» 
'11. «.i.. - «M'j >4ij.»n ■. »-•,SSJ*t 

■■../.,   i.» 
Sintss 

imtii^i,! »SI 

111 1^1 I >i i ^ J 1 it i.l 1II 

III Jtjti 12. 1,1 J.JII . ji..;. 

IU 1 J.^fc it. ;.j J.JIII t..l4. 

LfUES >HH« ««»l«u« SHt«> 111*11 
.IflUNE >I»tiS SHtiR STKESS •«IE 

»ECU«!»» IW.«E>«f.l SIIESS .«III) «^Sj  t« 
«v/Sa '-» «o/sg c« »E«   HUU» 

lit 1101 nil ■ Ul nn 
Hie v.'lil il.ViS u.Hn S2.«.l 
U. t.U'l l..)0 U.UII i.sli 
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Table 3.   Data for Simple Shear Tests of Low Plasticity Soils. 
AN   *>.. LI      .11   l> iA<|i| 
-.JM^t- ■ f     It .Il 1 1 
^tt'.t'l -»..i». I.J.    /OJ .U.r     ■         (,i 
l»l*il K II»   l^n 1 •             6. 
I UJ|1 1|M|1    . 1 '. 

1,1    -*. , l{   1 ^1 *(.! 'il CMi^nm ^«IHIVi 1 11 1 UL ^U int' 1      ituta VHl AH mHAltitm iMI A6 l.Uil 
■ (. -t.(l ,» UHIII.-. ••"f i^U-E .1-1»> •44    . I»    4 III    IKI '.! Kli V SHI »6 iMl >i 6AII 

Aj/^U    f.- 'Iff IM V.t 

KU/JW   1 •* 
i»^l '•I 1.1111111 61 I^CftHfNl 

A'./<I6   CM 

tilt >. «Alll *.■./ .J   LM 
ftH    illlOM 

11        1 1                     III 1 .1 1 ■>) 1 61 1 11 1 HI 1 it 1191 Uli ll/l 11 II 
»                    J.% . .s. J^ I.Ut «fMJ. 1014J. li 0.0 IH u.lll U.0O61 0..'61 
J                    J.I'. »•■>. J.* u. W» 1 1610. t/660. 11 U. lUo O.IM 0.164) 0. .' 16 
•                     J.tt »*. J.i J. W^ WT«J< |4fOJ. 1 O.10H O.Ml U.'.ll/ 0./01 
*                J.'>o *•>. 1 . J 4.111 AljI^J. L I'f 10. IJ 0.060 0.66/ O.OfB, 0. 114 
'                        J . 'H. *^. l.il u.lll i/.^,ij. lu*J0. ^0 0. IM 0.66/ 0.1646 0. Ill 
1                  J.SI, -.'), l.j U.tli 16II6J. I11I6O. *.s 0.411 0.66/ 0.10/1 U. Ill 

J.DI ..!• U.> O.U^ 1U«^J. 1/660. ll 0.106 o.in 0.1666 O.i-l/ 
I                J.SI 01. J.S a. wi l/llj. 1//40. II U.lUt 0.4M 0.1/ai tf.//) 
)             j.^ir <. 1. 1 .j it.UJ ^tJJ. IIJ1J. i- u.u^o 0.66/ O.Olrt/ 0. 161 
•            J.il M. 1. j O.IU 16JJJ. 1661}. 11 O.lb. 0.16/ 0.IH4 0. 146 
1                O.T «1. 1.. u.lll UülJ. iri6J. If 0.41' 0.66/ o.4air 0. 114 

1      ■> (            j.1)' .1. l.j U.lll 11140. l'/2o. 1» 0.4/4 0.66/ 0.4116 o.m 
j.i) * 1. u.^ o.w- HiitU. to/u. 11 0.11/ O^IO 0.61/6 0./11 

1            J.<.I )). 1. J 11.111 IJ60J. I41V0. /J 0.046 0. T40 0.O6« 0.164 
t                  J.6' 11. 1.0 J. Ill 11/60. 111/0. 15 0.4/6 0. 140 0.1116 0.111 

KIT «J. u.i O.lf) <<6/J. UOIJ. 6/6 0.107 o.sn 0.1161 /4.111 
r         o.-ii •.;. I.it J.UJ I61J0. 14100. il> U.04H 0.66/ 0.0160 16.111 
1                l.M .^. uu 0.111 16110. 1411). Uu O.IM 0.86/ 0.II4F 14.111 
1              J.W w. I. J «.III 14110. 14U0. m 0.4/4 0.66/ 0.41/1 )/.l)6 

j.ir 19. l.ll ll.tll I>160. IMiO. 916 0.41a 0.660 0,1011 11.64/ 
9.«l 5J. U.5 a. lit 11660. ltl4J. lOo J.MU 0.611 O.t004 11. 14a 
)«$l ^i. l.j U.M) I>I63. m/o. BOO 0.611 0.141 0.64 16 46.1/4 
j.<*» «1 j. ».« o.u> UioJ. 111)0. 1/61 0.)'» 0.616 0.1101 4/.14) 
J.** bi. J.4 O.llt 11110. lltlO. /I6I d./IO 0.611 U.)l/7 ».'.111 
J.tl Si. Ü.S u.Ut 10410. 1/6S0. 11)0 O.I06 0.661 U.lltl /t.l'/ 
J.40 •>1. i.a ».111 li(/0. 16160. llf O./tl 0.114 o./ia/ 41.61) 
j.'ii •,1. J.» J.Ui 11160. 11/00. 1/0 o.Ma u.roi O.M/I /i.aoi 
j.»» li. j.» a.j«« 41 ro. 6110. 1 U./6'l 0./61 1.0010 41.611 
j.«t 140. o.s u.ova 46ta. 6«>0. 1011 O.DIO 0.406 0.0/11 6.106 
j.<>> 1J0. J.* J.O^tt raoo. KJ.I. 1/«/ O.IOT 0.461 o./)or /4.601 
j..i lOJ. 0.» 0. J-«« Iv.J. • 110. 1011 O./ll O.ill 0.414/ 40.11/ 
j.n 116. 1.3 a.m ifma. 11110. 16 VA6 1./19 0.0000 VAH 

*u          . J.H 16. i.d J.92J /4t)0. /4I10. 1 16« l.*ti u.ooou VA< 
4fe J.%0 J». a.» 11.1/6 41/0. 16/0. 6» mi 0.101 0.0000 VAH 
St J.4I «T. i.a J.JO lf.l.. 14600. «U 06 SI 1.00/ 0.0000 «AH 

AlH   ft-HCl     SUIT   LI A» 
•Wimirl.   of    111(1  •        u 
»laitNl   I>6>1|NI,   10.   /OO   llilt 
6L6IIIIII> mmtA •     II. 
HUOlO   IIDII   •        16. 

II .1 ■ ILII«1) KOIO «t«f.l.l»l L«A6«f6 HMNCIHl INIIUl «tCUIEHI LtUH intaa MAI MOM Irtlaa iuf.il 
lb. 111. MIIU 1AIU«AII(M »«1 ISIMt ilkt.S NAA   0 «a«  » IMO«t il«tii IHIAK 1I61M 6AII 

60/6(1   CM JIMHINU 

«0/10 c« 
fll • II "itoim» ixcatHfiti 

«t/to t« 
SIMEll 

«0/60  (.M 
■ailu «O/SU  I" 

I>I6   rtUUH 

Ill l/> 1 II l-l 111 161 III 161 111 1 101 llll 11/1 llll 
0.1/ 3.1 0.016 '1*0. • )1J. • 41 0.014 0.(11 0.016» 7.16/ 

J.'/ 0.1 0.016 1410. • •10. 1666 O.ltl O.tll 0./I/4 41.666 

J.I/ J.I 0.016 • 160. • IM. 460 0.141 0.611 0.6160 »•.06» 
0.1/ 0.1 J.J16 7140. • no. /0U4 0.11) U.KJl 0.)?6/ 1*. 161 

0.1/ 0.1 0.016 naj. 1160. • 1 U.6/6 0.141 u.a/01 14.4/a 
O.T/ 1.0 o.oar 1110. 11140. • 10 0.6/0 1.1*0 U.1440 11./1U 
0.6/ 0.1 u.oia 1)10. 6IIJ. ion 0.11/ O.tll U.U70 40./6) 

J.61 0.1 3.016 1/30. 1/30. HI o.iia O.»'/ 0.1/7) 41.110 
J,'4 100! J.I 0.016 1840. mo. 1/ 0.1/1 O./Io u.satt )/.4«/ 

J.I/ 0.1 0.016 />13. 4160. 1410 0.011 0.407 0.1904 /r./4/ 
J.66 1.0 o.oar 41/0. 6/10. 10 C,>4) 0.10/ 0.66/7 »4.112 

0.»4 0.1 O.JH 6/10. 6/10. 161 0.1// 0.166 0.66/1 41.414 

J.6I 0.1 O.tll ano. 6140. • i van o.m 0.0000 v«a 
0.61 0.1 0.1/6 naio* 10)40. 11 16« 1.004 O.OuOO »a«   • 
0.61 . 1.0 U.lll l/4)J. 10640. •• UM 1./6/ i,.ojao VAA 

O.oT 0.1 0.369 1/13. 1/)0. 14 «•» 1.000 0.0000 166 

0.6» 1.3 o.ota iino. 1660. 1/ Uta l./li u.OOOÜ ¥•« 

0.6a J.I u.oat 1/10. • 3/0. 111 WM 0.617 0.0030 Mt 

»iLHisJkü   ICtlS 
HUMdfca  06   lesTi  . 1 
»KCiM  raitloo NO.  /jo llfvi 
fLASflL'f»    HOE«    • 6. 
LIOOIL   LIMII   >        /I. 

Il-il ULU.J I.V.O •eiciDi LHAMSca aaiMCIi»!. INIIUl. accovEX CTLltS IHIAH MA«1 MOM SHEA« LUAU 

NO. NO. HMIJ 1..IJHAIIIIN »»ISS'Hf SlHtu MA«   0 MAX   0 SFfOUf sratss Sit A« slat si hAIE 

«O/SU   CM ijIfffffNCI 
«0/>U  CM 

m »il «KJvtai INCatMfrNI 
■G/SU   CM 

SI«fi> 
«C/i8   CM 

KAIIIJ «WSJ CM 
Pit   MOU« 

1 II til 1 1. 141 111 161 1 71 Ml 111 1101 llll ll/l 11)1 

1 J.6« 71. J.I O.Oli 14J0. 1»JJ. 1166 o./oa 0,711 0./711 )4.//4 

1 1.67 It. 1.4 0.077 1/1)3. 1..600. llll 0.104 l./t3 C.)1)* »7,66» 

1 J.66 66. /.I 0.36/ 14110. //100. 131) 0.116 1.1)0 u./ail 4».711 

0.61 1), /.a 0.04* 166)3. 17410. Duo 0.1»! /./13 0./41) »14.//I 

I 0.64 91. J.l 0.314 8463. 4 710. //I» o.lOl 0.t40 U.I//4 ll.7»t 
1 0.44 »J. J.I 0.014 1/13. 11)10. llll 0. 16» U.tOl 0.411/ )»./)• 
1 0.64 16. l.» J.07« 100)0. 147JJ. • 111 0.)14 1.170 0./T10 74.11/ 

1 0.66 '6. /.I 0.0») 1*7/0. 167/0. /77u O.ilk 1.774 o.nau 7)  101 

1 0.6" 76. 0.1 o.ul» 14)0. 14)J. 14 vaa 0.71) 0,0000 VA« 
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Table 3.   Data for Simple Shear Tests of Low Plasticity Soils (cont?). 

ij^at«- ( t  it >i > « 
I'Mv.khl Miiii»« '1 ;.   . '- kl ¥t    •          *** 
•'LAW1UTV    ISI'K    •         11, 
LlUJlQ L1H11    • *.J. 

»I\I «»f.t.-- 4ttJ '( -»v,» N» LMA^Jt'■ »lim io»i IM rui K»la«tli9 C»Llf. ^n» AN MA«I«J«» ..n rt^ I,(An 
hit. Si.. -11 1  > ,i4tjllAlll/,l Vkt »WM '.Ut',, *»A    w 4AK    ^ rttlUMl > INI Si iM» AH SIR^S RRM 

«i./ij   CM »»1 -.1 'itCuvm» INLKtHtNf 

A&/VJ   CM 
UAlhi lit/Si CM 

(MU   '(i|U<4 
1 1 i t,' i 1  H 1 >• > r.» 1«) i n IBI l«l not Ul» Hit (I It 

h«. i J.^T bS. J.» UatfVtf UU 'J. l-tlbO «•«j u.JFs» O.tfbl ».•■W «U.dbtt 

■j*! 1 j.St ft '. j.f 0. J«** UMO< l»ft«4 ■irtd l..«.VJ 1. J1**. u.**it «w.u«) 
■>h 1 rf»*"* «I. i.«. o.jn 1*^0. Ifllg ftati 0,^91 O.'**'» O.fc/IK ^O.Jftli 
tt i J.SJ *¥ . J*^ 

»ties 

ijit> Ü. ibi u.1»*' U.ltJ4 IS,i6V 

l«kKv.thf MAiilNG NJ.    /Ml iltVt     "            »9 
nA&ftciiv   IHOU   •         4. 

LUUIU 11*11   « )J. 

r^ii tftCUlti rf-itO PUCfrNI LH*m»>K Mlta,!?*! INIMU RtcüHtor CTfClti SHtAk MAAtMUM iHtA* tlAll 
•»tj. ■«L. -UM ^»|1J«*I tUf* PMfs^uat S»Hti> MAX   u NAX   ... ttfc^urtt WMIS-, iMIAM ilktii HRM 

Rt./iJ   CM JlfftUfSCfc HI PSI RfCUVtllT iriLHENeNI 
AG/!>Ü   CM Rb/SQ  CM 

RAita KO/SJ   CM 
f>(R   HjyR 

tu Ul 1 II CI )■.! (61 IM l«J 191 1101 Ul) IUI 1111 
»i 1 j.bi '•'•. J.^ Ü*09« UUJJ. lOJj t*M j.-l.- 0.*Jf ...ftl«.' <Ü.S16 

14 1 J.'.» «.t. ü.t u.O'frt v^ia. UiJ i Ü.^iii ü.W*> U.^IJ -i,J>» 
k« 1 J.Tt) ftl« i.y o uaa 11^30. i>JJ>J tt»^-. ü,^iJ Ü.«6f 0WI6V tl.»0^ 
19 I J.*i M. !•% 0DJI6 tW**}. /iJlU. uu J.^SO l.tJi u.^no >H.1»I 

NUHrti» rf   fur , •        ,' 
KE^CENI   »iSINC  NJ.   /JO   illvl 

PLMSIILIfV   INOt<   • 4. 
IIUJIU lIKII   •        I«. 

ll'.I ««.«J «IID i'l-tlM CH»H,t< »«INCH'AI INilUI. «tt.)»t«I l.»Ctti SM€«« HANI HUM SMI AH IUAO 

NJ. no. • •ru struaiiiLH PMf^iUKf imui MAX   0 "«« li St'CMt il«tii H<1 AH simss «Alt 
RO/SJ   tN uifrnttct 

«(./ij C1 
»SI Kil hecüvfclir INCuiatNl 

r.o/U CM 
Sintis 

KG/SO CH 

liAIIU AO/SO   CH 

Ill iti i *i i vi 111 Ul III Ul Cl 1101 1111 ■ Ml mi 
at ■ d.SB 91. J.S 0,0411 I1IJ. • uo. IMI U.J^) I.U20 u.liw II.Ml 
iti i j.»a 1JJ. J.% y. j'i» bJ^J<t •»JJJ. U7S O.ill O.til it.m* l.Hh 

lCI»iMU«k 
HUXlIlk t» im. •       * 
^t«CfcM »•iSl'li HJ.   ^00   » ifvt   •       <» 
PLASIICIIt   INJt4 II. 
11,011' ■ on • /,, 

IISI m.-wu tula »(•etui (,H*l||)t4 P-I«,II>»1 miiui itiL IVIH» (.flits SMKK HAHIMUH SHtAH (UAH 
f«ii. -.n. «•iiu SAIUNAIIHN nuf iil.'ll wmu all .. -»I  i. •trot smtss SH(A< SIAISS AAII 

KU/»U    CM P.I n»! • iitco»tm IKtmilCKI 

«O/iO   CM 
SUESS 

KG/SO  CH 
Utltl • U/SO   IH 

tH*   IIIIU, 

in i/i i ii 1*1 1 SI Ikl l (l 1,1 l«l Mill ■ III IUI II II 
«i l J.H '•. J.S -.ji. Hill). iH*j. kill a.m «.♦»1 U.I06S H..I.M 
t< 1 u.»l m. l.J o.ud« 16410. risso. l/IS O.I» 1. 1W o.'ioa 1..M1I 

•>> l o.«> lu. |,t o.or« 1,100. KJiio. 1,11 0.»« i.m O.IJOA Ao.iro «* 1 ).«» 10. u.t O.OV« UltO. UOIO. ion o.i*l u.tt* C.lllb IO.IA» 

,'.-.!    VIHGINIA    iHALE 
AiOHOtA   UF   IESIS   ■ A 
>E>CEM   »ASSIN,  NJ.    1, 
PaA>IH.Ilt    IWILA   ■ 
tUJIL   11,11   «        ti. 

It SI NILUMH veil »tAClAil CMSHHt» P.. 1 NCI'Al INIIIAL AcCüVcHT ncits SMtA« HAAIHOH SHEA« IUAO 

Mi« Hi). »AI III JAIJ.AI K,. HAtSSOHt STAtSS «A«   0 HA«   , et'.i"! smtss SHEA, SfkEsS «Alt 

KU/ktl   CH IIIFIAEHlt 

Ali/SO   LH 

PSI PSI Attoiii«r INCatHtNI 
«6/sa CH 

siaiss 
AC/SO   CH 

AAIIJ «O/So CH 

«f»   MOU« 

11) I/I 1 11 1 Al ISI 161 1 II IBI en 1101 1111 11/1 llil 
'?'» 1 i,*X »4« o.S 0.0,11 VBA]. U/Oo. 1680 O.ISB 0.B4) O.A/I» Si. I/A 

4A I J.A/ öW. 1.0 0.00^ IIIAU. ISOSO. IT«» 0.61S 1.110 O.SSAS ID.A/l 

J7 1 J.Al SS, l.S 0.0T6 lilAO. 160,0. »06 0.610 1.510 O.AOIS 10.4?0 

»< 1 I. IB ■>/. 1.0 0.0«» 1UM0. lAlOJ. 111A O.AAA I.IO o.iAas io.ua 

VIHolNIA   HAY 
NOHiL« Of    It.IS "             A 
PtACt* PAialaO HJ.    /OO    SltVt    ■         ,» 
PlAjIlllU   INIL« //. 
LIOOIIJ ll«II   • IB. 

If $1 HFC 0*0 «3IJ ^»«CtM (.HAHHtk PPIMIPIC II.IIIAL AtCO<tA. HCllS SMtAA HAAIHJH SHEA« 10A0 

VJ. W« <Ain SSIg4AIIl'N »«ESSU^l ItHi» HAI     . MA«    , ItlO-t siaess SHtA, STAtSS AAIE 

A>./aO   k,M JlfftHtlll 
Al./SO   v" 

P>l »sl «ECOVIK« IDiatHtHl 
A»/SU   CH 

SIKtSS 
At./SO  CH 

"All!! ■u/S, CH 
Pt»  HOUA 

: 11 i/l in I.I 111 IM 1 II HI 141 1 101 IUI 11/1 II u 

in 
I/O 

i. II 1.. 1.0 w.J,' 11/10. llllj. IS/« O.A,« I.OU 0. W«I 66.0S1 

I O.AO 11. o.S J.uB' 1A6*0. IBSIJ. /i,l o./u l.o« 0.1116 11,Sol 

> i 1 O.H/ .o. L.9 ..oil ItvSO. /JIAJ. /A> O.Il« 1.120 0.II1A l.o/'i 

It 1 J.I. 1'^. / w O.JIB 1IAJO. IfiaO. AJO a.a/ l.«/l o.iait 11./OA 
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Table 4.   Data for Simple Shear Tests of High Plasticity Soils, 

10 

mi«!." IM 
MiMittM Ut    Ilili ^ 
PfKUNI HA'JSINO Uu,   ?00   ilf Vf    «        11 

•LUIIlIt«   1NDU 1/. 
L1 WO 10 1 I'll • 61. 

IKUCU VulO mtmi CHANUI" PMINCI»'*!. 1M 1 Uc HtcnwffT CKCUi IMf Ak MAAIMGM SHtAH IJAO 
NO, • «tin S*VJK«TION »•tSlJIlt ifntiS NAA   G MAA  G ÖFfOPf SIHESS SMI A» smss Mill 

KG/^0   CM uir^tNtNCi 
«r,/&u CM 

»SI PS1 HltüVtat INCIItMENI 
AC/SO  CM 

susss 
AG/SO CM 

»Allll AG/iO CM 
FtH    HOUR 

l>> i ii l«l 111 Idl 1 /I 191 111 1 101 mi 1121 llll 
I 0.6» 6Ü. ^o 0.139« imo. 16UJ. 110 0.20» 1.006 0.2062 62.1)6 

1 .J.t.8 66. 1.} O.LM 10010. 10900. rt< 0.»ill 1.166 0.6122 1».>I1 
1 J.»" >•>. i.t u.ova 10310. 10600. 11)6 0..62» I.0t6 0,1910 11.616 

1 U.61 Ii. 1.0 J..otttf 11)60. 1 »60. 29« 0.»H 1.S91 a.iDIt 12.0)» 

1 J.«« tl. J.r» IJ.C9d 

CHttHJ 
SUHHI* 

J100. »B60. 

«           6 
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Figure 10.   Particle size distribution curves for nonplastic soils. 
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Figure 12.   Particle size distribution curves for high plasticity soils. 
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Figure 13. Comparison of the variation of experimental and calculated 
values of R with percent saturation, Air Force Silty Sand, 
Air Force Silty Clay, Vicksburg Loess, Vanceburg, Allen, 
Kentucky 55, Longhorn, and West Virginia Shale. 
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experimental values.   The weakest comparison is with two of the high plasticity 

soils, the Cheeks and Nevada Clays,   Here the measured and calculated values 

differ by a factor of Z.   However, the Louisiana and San Francisco Clays are 

also high plasticity soils, and they more nearly conform to the pattern of the 

other cohesive soils than to the Cheeks and Nevada Clays.   Hence, the use of 

equation 3 for high plasticity soils is rather uncertain but is the best available at 

present. 

The measured values of R for sands with less than 15 percent fines are 

shown in table 5.   The average value from 10 tests of dry WES sand is 1102 with 

about 10 percent scatter.   The average value for the St. John's Sand with tests 

at both 88 and 100 percents saturation is 1224, with the value for test no. 7(i 

being excessively high.   The average for the St. John's Sand excluding test no. 

76 is 1104, which nearly equals the value for the dry sand.   From this it was 

concluded that for sands with less than 15 percent fines R = 1100 could be used 

for all percents saturation, as shown by the first of equation 3. 

The value of R defines the relationship between T^,, and G       .   As r max max 

shown in Appendix I, equation 11 can be rearranged to eliminate T       for 

reference strain, and obtain the reference strain in terms of G as given 
nicix 

by equation 1. Therefore, the data in figures 13 and 14 and in table 5 defining 

the value of R, are the basis for the equations given in Section II, paragraph 2 

for determination of the reference strain, and indicate the degree of accuracy 

that may be expected when using that part of the practical procedure. 
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Table 5.    Values of R for Sands with Less than 15 Percent Fines, 

WES Sand    (dry) St. John's Sand 

Test Value Test Percent Value 
No. of R No. Saturation of R 

34 1045 76 100 1584 
35 1094 77 100 1313 
36 1046 79 88 1064 
37 1026 80 88 934 
38 1101 
39 1116 
83 990 
89 1167 

101 1125 
112 1511 

Avg. 1102 1224 
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3. Comparison of Shear Modulus Values 

The variations of normalized shear modulus with normalized strain, as 

given by equations 8 and 9, are shown in figure 15 for different values of a.   When 

a = 0 the relationship is hyperbolic.   Figure 15 shows that higher values of a 

give lower values of G/G       for a given y/yr.   Using measured values for G, 

^max» ''max' an^ ^' exPerimental values of the normalized shear modulus and 

normalized strain can be calculated.   In figures 16 through 22 such experimental 

values are compared to the values given by equations 8,9, and 10 of the practical 

procedure.   Figures 16 through 22 are for the first cycle of loading.   One test 

of each different soil was chosen to show the comparison.   The tests shown were 

not chosen because they gave the best comparisons.   The parameters necessary 

for obtaining the calculated curve from equations 8,9, and 10 are shown in the 

upper right hand corner of each graph.  The shipes of the calculated curves 

correspond to various values of a between 0.33 and 5.34.   The accuracy of the 

practical procedure is quite good considering the range of soil types and 

conditions to which they are applied. 

Comparisons for the 10th and 100th cycles are shown in figures 23 and 

24, respectively.   For these comparisons the measured value of normalized 

strain along with the value of a calculated from equation 10 were used to cal- 

culate y. from equation 9.   This value of y^ was plotted versus the measured 

normalized shear modulus, thus locating the different symbols in figures 23 and 

24 representing the measured relationship.   The calculated relationship shown 

by the curves in figures 23 and 24 is given by equation 8 and is hyperbolic, 
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Figure 20.   Comparison of measured and calculated values of shear 
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Figure 22.   Comparison of measured and calculated values of shear 
modulus, first cycle, Nevada Clay. 
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- 

since the hyperbolic strain was used as abscissa.   The comparison between 

measured and calculated values for the 10th and lOOth cycles is good. 

The hyperbolic strain is used in figures 23 and 24 so that data for 

different soils with different values of S and T can all be shown on the same 

graph.   When G/G        is plotted versus y/yr, the expected relationship 

depends on the values of N, S, T and soil type.   A different calculated curve 

would be needed for each test, as was done in figures 16 through 22 for N = 1. 
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SECTION IV 

MIXED LOADING AMPLITUDES AND REST  PERIODS 

1. Objective 

For the majority of tests discussed herein a cyclic shear loading was 

applied continuously, where the next cycle began immediately as the preceding 

cycle ended, and the loading amplitude was constant for all cycles as was the 

rate of loading and unloading.   Because actual air traffic involves varying length 

rest periods between load applications and a mixture of light and heavy loadings, 

it was desirable to assess these effects by conducting tests where the loading 

could be programmed.   Then a soil specimen could be subjected to rest periods, 

with zero load, between cycles of loading and the amplitude of loading could be 

different for successive cycles of loading. 

2. Loading Programs and Recorded Stress-Strain Relations. 

Three primary loading sequences were used for mixed amplitude studies. 

The first was an increasing load sequence as shown in the top of figure 25.   In 

this figure the ordinate is proportional to the applied shear stress and the 

abscissa is time.   The slope of the lines in this figure are proportional to the 

rate of loading.   The loading program in the top of figure 25 produces a sequence 

of loads with monotonically increasing amplitudes but with a constant rate of 

loading ami unloading.   The second loading sequence shown in the bottom of 

figure 25 produces a large first load with subsequent loads decreasing in ampli- 

tude monotonically.   The third sequence was a combination of these two where 

iLie sample was subjected first to the increasing load sequence followed by the 
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Figure 25.   Loading Program. 
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decreasing load sequence. 

Examples of the recorded stress-strain relations for the increasing 

load sequence are shown in figures 26, 27, and 28 for silty clay, silty sand, 

and WES loess specimens, respectively.   Figure 26a shows the results of 

applying 46 cycles of increasing load to a specimen of silty clay.   These 46 

cycles were applied continuously without a rest period.   At the end of the 46th 

cycle there was a short rest period v/hile the recording paper was changed. 

After the rest period the increasing load sequence was continued and the results 

of cycles 47 through 67 were recorded in figure 26b.   The recording was 

approaching the top of the paper on cycle 63 necessitating a change in stress scale 

during this cycle.   The scales corresponding to various sections of the recording 

are shown on the figure.   At the end of cycle 67 there was a short rest perijd 

as the recording paper was changed.   The increasing load sequence was again 

continued and the results for cycles 68 through 83 are shown in figure 26c.   At 

the end of the 82nd cycle the pen of the recorder was shifted electronically to the 

left and up because the strain was becoming large with the recording approaching 

the edge of the paper.   The loading curve for cycle 83 is shown above the main 

recording and as can be seen failure of the specimen occurred on the 83rd cycle. 

Similar procedures were used for the recordings in figures 27 and 28. 

The result of applying the decreasing load sequence shown in the bottom 

of figure 25 to a specimen of silty sand is shown in the top of figure 29.   This 

same decreasing load sequence was applied to a specimen of silty clay producing 

the results shown in the bottom of figure 29.   However, the specimen of silty 
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Figure 26.   Recorded stress-strain relation, increasing load sequence, 
silty clay. 
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Figure 28.   Recorded stress-strain relation, increasing load sequence, 
Vicksburg Loess. 
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Figure 29.   Recorded stress-strain relation, decreasing load sequence. 
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clay had previously been subjected to the increasing load sequence in the top of 

figure 25.   From these results it can be seen that for decreasing load sequences 

there is little additional accumulation of set strain as the smaller and smaller 

loads are applied.   Hence, the curves for successive loads trace over the same 

area of the recording. 

3. Effect on the Shear Modulus 

The values of normalized modulus for all of the mixed amplitude tests 

are plotted versus normalized strain for the silty clay in figure 30 and for the 

silty sand in figure 31.   The open symbols are for increasing amplitude loading 

sequences and the solid symbols are for decreasing amplitude loading sequences. 

Also shown on these figures are the curves calculated from equations 8 and 9 for 

values of a = 0 and a ^2.   As shown in figure 17, the value of a for the first 

cycle of test no. 21 on the Air Force silty clay is 3.50.   This value decreased 

with number of cycles and approaches zero for a large number of cycles.   For 

the first cycle of test no. 4 on the Air Force silty sand in figure 16 the value of 

a = 5.34.   Again this value approaches zero for a large number of cycles.   Since 

most of the values shown in figures 30 and 31 fall in the range between a = 0 

and a = 2, it appears that the effects of the mixed amplitudes and rest periods 

on the shear modulus are smaller than the scatter in measured values from test 

to test of the same soil.   Therefore, it is concluded that for practical purposes 

the procedure outlined in Section II can be applied to mixed traffic conditions. 
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SECTION V 

CONC LUSI0N3 

1. A practical procedure for reducing the shear modulus of soils with 

increasing strain amplitude has been developed.   It has been shown that the 

procedure gives reasonably accurate results compared to values measured in 

the laboratory, for a wide variety of soil types and conditions.   The study of 

mixed amplitudes and rest periods indicates that the procedure can also be applied 

to mixed traffic conditions. 

2. The shear modulus of soils in general varies between extreme limits. 

It may commonly be less than 1000 psi or greater than 50000 psi.   Likewise, the 

relationship  between shear modulus and strain level is extremely variable.   The 

picture can be simplified by normalization.   The shear modulus is normalized by 

considering G/G       , but the relationship between normalized shear modulus 

and strain level is still quite variable; because, a given strain does not have the 

same effect on all soils or on the same soil under different states of stress. 

When strain is also normalized by dividing by the reference strain, V      Trnax/ 

G       , a single relationship for all soils between normalized shear modulus 

and normalized strain is approached.   However, this relationship is still 

affected somewhat by soil type, percent saturation, and number of cycles and 

rate of loading.   A single relationship for all soils and conditions is finally 

obtained by defining the hyperbolic strain that depends mainly on the normalized 

strain but accounts for the residual effects of soil type, S, N, and T,   Hence, 

these concepts of reference strain and hyperbolic strain have made possible the 
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development of the practical proeeclurc of paragraph 1. 

3. The 123 simple shear tests of 24 different soils reported herein show the 

following parameter effects on the relationship between normalized shear modulus 

and normalized strain.   For a given value of normalized strain, the normalized 

shear modulus increased with number of cycles of loading, decreased with 

increasing percent saturation, and increases with rate of loading.   There appears 

to be very little effect of void ratio on this relationship. 

4. The reference strain that is so important to the procedure of paragraph 

1 depends on T        and G       .   For pavement evaluation the value of G        is to K max max max 

be determined by the nondestructive vibratory test.   It is not desirable to have to 

measure the value of T      .   In this study a relationship between reference strain max 

and G        has been established, eliminating the necessity for estimating TmaXt 

The relationship depends on void ratio, percent saturation and plasticity index 

of the soil.   It is best defined for nonplastic and low plasticity soils, where the 

data in figures 13 and 14 indicate that the error is less than 25 percent for 

about 50 percent of the cases.   It should be remembered that a 25 percent error 

in the value of y  does not produce a correspondingly large error in the deter- 

mination of G.   For a value of normalized strain of one, a 25 percent error in 

reference strain produces about 12 percent error in the determination of G. 

The relationship is much less well defined for high plasticity soils with liquid 

limit greater than 50, where the error in determination of reference strain may 

be greater than 100 percent, 

5. Assuming the normalized strain is accurately known, the error to be 
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expected in the relationship between normalized strain and normalized shear 

modulus is shown by the data in figures 16 through 24, where the vast majority 

of points fall within plus or minus 20 percent. 

6. Finally, an electromagnetic, hollow cylinder, simple shear test capable 

of accurate measurement of the stress-strain relations for soils over a wide 

range of strains, from about 10     in/in to strains corresponding to failure, and 

where the loading can be programmed to test effects of mixed amplitudes and 

rest periods has been developed. 
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APPENDIX I 

DERIVATION OF REFERENCE STRAIN EQUATION 

Neglecting the effects of overconsolidation, for a simple shear state of 

stress 

Tmax  = %    sin0 (12) 

where ä0 = effective mean principal stress and * = effective angle of shearing 

resistance.   Also as stated in reference 1, 

_  1/2 
(13) 

_  1/2 
G = 1230 For 

max 0 

Equation 13 is based on many tests of saturated soils.   Solving for a0 in 

equation 13, substituting into equation 12 and re; lacing the factor 1230 by R, 

since this factor may not be constant for partially saturated soils 

sin 0 G2 
max 

max 
R w (14) 

As shown in reference 2, the effective angle of shearing resistance can be 

defined approximately by 

sin0    0.6 - 0.25 (PI) 
0.0 

(15) 

Substituting equation 15 into equation 14 

T        =G,max     [0.6-0.25 (PI)0,6] 
max      R2F2 

(16) 

The reference strain 

y   - 
'r       G 

max 
(17) 

max 

2. Lambe, T. W. and Whitman, R. V., Soil Mechanics. Wiley, 1969, 
p. 307. ~~- -.™-- 
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Substituting equation 16 into equation 17 

G. max O.G. 
v *-3      (0.6- 0.25 (PI)       i (1) 

R \ 
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APPENDIX II 

TESTING METHODS AND PROCEDURES 

A simple shear test, where a hollow cylinder of soil was confined in a 

pressure chamber and loaded torsionally about the axis of the cylinder, was 

employed for this research.   The torsional load was applied electromagnetically 

by regumcing the voltage to four large coils within the fields of four corresponding 

permanent magnets.   The system was capable of applying a maximum torque of 

approximately 60 kg-cm.   The voltage was produced by a wide frequency range, 

triangular wave signal generator, amplified by a 50 watt DC amplifier.   With 

this electromagnetic system the rate and amplitude of loading could be changed 

by simply turning the appropriate knob on the signal generator.   The rate of 

loading for the tests varied from approximately 0.2 to 450 kg/cm per hr. 

Inertial forces were negligible for these rates of loading.   Torque and angular 

motion were measured with electrical transducers located inside the pressure 

chamber, thus eliminating the influence of friction and apparatus deformation on 

the measurements.   The signals from these transducers were recorded with an 

X-Y recorder. 

Most of the soil specimens tested were subjected to approximately 1000 

cycles of a constant-amplitude shear stress.   Examples of the recorded shear 

stress-strain relations are shown in figure 32.   This figure illustrates the range 

of strain amplitudes tested.   For test no. 7, top of figure 32, the cyclic shear 

stress was approximately 80 percent of the strength of the sample.   For test 

no. 15, record no. 1, bottom of figure 32, the cyclic shear stress was only 2.5 
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Figure 32.   Typcal recorded stress-strain relations. 
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percent of the strength of the sample.   The entire graph sheet for test no. 15, if 

changed to the scale of test no. 7, would fit in the small black rectangle at A in 

the lower left corner of test no. 7.   Cyclic loading tests were conducted for 

~5 strain amplitudes as small as about 10     in/in to strain amplitudes as large as 

-2 0,5 x 10     in/in.   After the cyclic loading of each sample, the load was increased 

to failure in order to measure T max 
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