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ABSTRACT: Building upon a previously reported novel hypothesis suggesting a unique linear relationship between the 

small strain shear modulus and major principal effective stress at failure, we propose a new empirical equation to 

estimate the drained shear strength from measured shear wave velocity. A series of drained triaxial tests on clean sands 

and natural granular soils were performed to measure the shear strength of granular soils. Shear wave velocities were 

measured using bender elements installed at the top and bottom caps. Although a correlation between maximum shear 

modulus calculated from the shear wave velocity and effective stress at failure is observed, it is shown that the 

correlation can be further improved by including the confining stress. A unique relationship between maximum shear 

modulus, effective stress at failure, and confining stress is shown to exist for all granular soils tested. The predicted 

secant friction angles from the proposed empirical relationship exhibited good agreements with the measured values. 

The applicability of the equation is further validated through measured data on silty sand from a published study  

 

INTRODUCTION 

Various empirical and theoretical correlations between the 

wave velocity, void ratio, and confining stress have been p

roposed (Hardin and Richart 1963). Whereas Vs has been wi

dely correlated to the void ratio and confining stress, few 

studies relate the shear velocity directly with the shear stre

ngth of cohesionless soils. Because Vs is measured at smal

l strains and shear strength is mobilized at large strains, it

 was discussed that “a direct correlation between two prop
erties may appear to lack physical justification” (Cha and 

Cho 2007). Cha and Cho (2007) proposed a two-step appr

oach to determine the secant friction angle. In the first ste

p, the void ratio of soil is predicted from an empirical Vs-

void ratio relationship. In the second step, the secant fricti

on angle is predicted from the void ratio-secant friction an

gle relationship. It cannot be considered as a new procedur

e, since it basically uses the Vs-void ratio relationship prop

osed in previous studies. 

 Sharma et al. (2011) and Guadalupe et al. (2013) suggested 

a novel procedure to directly predict the shear strength fro

m Vs. It was suggested that a unique correlation may exist

 between the initial shear modulus and the effective axial 

stress at failure for dilative soils. Such correlation was sho

wn to exist for cemented sand, silty sand, and quartz sand.

 However, it was concluded that further study is needed f

or to validate the ubiquitousness of the correlation. 

The objective of this study is to propose a reliable empir

ical equation that relates shear modulus (shear wave veloci

ty) with shear strength. We performed a series of isotropic 

drained triaxial tests on various types of granular soils. W

e used bender elements installed at the bottom and top ca

ps to measure shear wave velocity. Based on the sets of 

measured data, a new empirical equation that significantly 

enhances the accuracy of the predicted strength compared t

o previously reported predictive equations is proposed.  

 
EXPERIMENTAL PROGRAM 

Triaxial compression tests 

A fully automated triaxial apparatus manufactured by the 

Geocomp Corporation was used. Two types of clean sands, 

Ottawa and Jumunjin sands, and three types of natural soil

s were used, which were a reclaimed soil, alluvial soil, an

d weathered soil. Total of 63 isotropically consolidated dra

ined triaxial compression tests (CID) were performed on cl

ean sands and natural soils. The test matrix is summarized 

in Table 1. 

 
Table 1. Triaxial test matrix 

 
Relative density (Dr) 

[%] 
Confining pressure(σ’3) 

[kPa] 

Clean sand 30, 60, 90 50, 100, 150, 200, 250, 300 

Natural soils 30, 60, 90 50, 100, 300 

 

Shear wave velocity measurements 

To measure the shear wave velocity, bender elements wer

e installed in the bottom and top caps of the triaxial appa

ratus. The bender elements mounted on the bottom and to

p caps were used as a transmitter and receiver, respectivel

y. The tip-to-tip distance was used for the travel distance. 

In determining the travel distance, the decrease in separatio

n distance between bender elements during axial loading w

as considered. The method for determination of the travel 

time is quite diverse and controversial. We used the proce

dure proposed by Lee and Santamarina (2005). 

 
Gmax/’1f - ’3/P’a CORRELATION 
 
It is investigated whether the correlation between Gmax and

 ’1f can be further enhanced. The nonlinear Gmax/’1f vers

us ’3 relationship can be well represented by the followin

g empirical correlation: 
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where a and b are material constants. The resulting curves for 

all soils tested are also shown in Figure 1. The scatter of the 

data is greatly reduced because the effect of confining stress 

and the relative density on shear modulus, which were lumped 

in previous approach, is now separated. At the same time, the 

new confining stress dependent curve only requires only two 

parameters. 
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(a)                      (b) 

Figure 1. Gmax/’1f - ’3/p’a correlation: (a) Clean sands and (b) Natural 

soils 

 

Figure 2 compares the predicted secant friction angle with the 

measured values for clean sands and natural soils. For clean 

sands, the maximum error in secant friction angle is within 2.9˚. 

The error in the predicted secant friction angle is within 4.1˚ 

for natural soils. The maximum error ranges from 1.8˚ to 4.1˚, 
and the RMSE ranges from 1.1 to 2.1. It is demonstrated that 

the scatter observed at low confining stresses does not influence 

the accuracy of the predicted secant friction angle.  

 

    
(a)                    (b) 

 
         (c)                 (d)                (e) 

Figure 2. Comparisons between measured and predicted secant friction 

angle from the proposed Gmax/’1f - ’3/p’a correlation: (a) Ottawa sand, 

(b) Jumunjin sand, (c) Reclaimed soil, (d) Alluvial soil, and (e) 

Weathered soil 

 
VALIDATION OF PROPOSED EMPIRICAL EQUATION 

The appropriateness of the proposed equation is evaluated 

using measured data by Salgado et al. (2000). Salgado et al. 

(2000) performed drained triaxial tests and measured shear 

wave velocities from bender elements. Ottawa sand was mi

xed with nonplastic fines (#106 Sil-Co-Sil ground silica) in 

the range of 5-20% by weight. We investigated whether G

max/’1f - ’3/p’a correlation can be applied to the results o

n silty sand. 

Figure 3(a) shows all test results of Salgado et al. (2000) a

nd best fit empirical functions proposed in this study. It is 

shown that for a soil with identical fines content, the Gmax

/’1f - ’3/p’a data fall within a narrow range, thereby vali

dating the proposed equation which is independent of the r

elative density. With increase in the fines content, the abs

olute value of b decreases. It means that the ratio of Gmax/

’1f is less sensitive to the change in confining stress for 

soils with high fines content. The range of b is consistent 

with the values presented for clean sands and natural soils. 

The predicted and measured secant friction angles are com

pared in Figure 3(b). Again, excellent matches between pre

dicted and measured secant friction angles are achieved. T

he material constants a and b are summarized in Table 2. 

 

     
Figure 3. Validation results: (a) Gmax/’1f - ’3/p’a correlation and (b) 

Comparisons between measured and predicted secant friction angle 

from the proposed Gmax/’1f - ’3/p’a correlation 

 
Table 2. Gmax/’1f - ’3/p’a correlation parameters of Ottawa sand mixed 

with silt (data from Salgado et al. 2000) 

Silt (%) a b 

0 266.5 -0.57 

5 168.9 -0.44 

10 153.3 -0.4 

15 106.8 -0.2 

20 99.6 -0.13 

 

SUMMARY AND CONCLUSION 

A series of drained triaxial tests were performed to evaluat

e whether it is possible to directly predict the drained she

ar strength from the shear wave velocity with an empirical 

equation. Shear wave velocities were measured from bende

r elements installed at the top and bottom caps. A correlat

ion between the maximum shear modulus and effective str

ess at failure is shown to exist for all granular soils. How

ever, it was demonstrated that it is possible to highly enha

nce the accuracy of the correlation. By including the confi

ning stress, the correlation between the shear wave velocit

y(small strain shear modulus) and drained shear strength is 

significantly improved. The reliability of the new empirical 

correlation, which requires only two material constants, is 

evaluated through drained triaxial and bender element test 

data on clean and natural sands. In addition, published lab

oratory test results on silty sands were used to validate th

e proposed equation. Comparisons of predicted and measur

ed secant friction angles demonstrate that the proposed equ

ation provides accurate estimates of the secant friction angl

e for all types of granular soils used in this study. Based 

on the results of this study, it is concluded that the equati

on can be used in practice to predict the spatially variable 

drained shear strengths at a site from a shear wave velocit

y tomography.  
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