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LOW STRAIN SHEAR MODULUS BY INDIRECT METHODS 

MESURES DU MODULE DE CISAILLEMENT EN PETITES DEFORMATIONS
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SYNOPSIS: Methods for obtaining the low-strain shear modulus, G0, from the results of self-boring pressuremeter (SBPM), piezocone (CPTU) 

and standard penetration (SPT) tests are examined and compared with values calculated from crosshole shear wave velocity tests conducted in a 

hydraulic fill deposit o f silty sand. It was concluded that the unload-reload modulus of the SBPM allows the most accurate predictions of G ; the 

CPTU and SPT tests are generally within ±50%.
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INTRODUCTION

Calculating the response of a soil deposit to strong ground shaking 

requires, as a minimum, determination of low-strain shear modulus 

(Gq) values representative of the different soil strata. It is accepted in 

current practice that such values are best obtained through crosshole 

shear wave velocity measurements; crosshole tests, however, require 

a considerable investment in specialized equipment and trained 

personnel. Consequently, a number of relationships have been 

proposed between low-strain shear modulus and parameters obtained 

from other field tests, which, it is hoped, are sufficiently accurate for 

preliminary analyses.

The installation of a deep accelerometer array at Treasure Island Naval 

Station in San Francisco Bay was preceded by an extensive site 

characterization study, which included crosshole shear wave velocity 

testing and soundings with a variety of in situ testing tools (de Alba et 

ah, 1992a). The availability of this data presented an excellent 

opportunity to evaluate a number of indirect methods for predicting G0 

at a site where soil conditions were less than ideal.

Treasure Island is an 81-Hectare artificial island formed by hydraulic 

filling in 1936-37, as the site of the 1939 Golden Gate Exposition. 

The island was constructed over a natural sand spit and Bay Mud 

adjacent to a rock outcrop of the Franciscan Formation, Yerba Buena 

Island. The hydraulic fill consists basically of silty fine sands, with 

occasional clayey zones. By the nature of the placement method, the 

material is in a relatively loose condition. Liquefaction of this sand 

deposit was observed during the 1989 Loma Prieta earthquake, and 

was characterized by extensive boiling as well as lateral spreading in 

the vicinity of the perimeter dike.

Five downhole accelerometers are to be installed (1992) between 

bedrock (at a depth of 91m) and the ground iurface. A surface 

instrument is already in place.

This discussion will concentrate on the site characterization results 

obtained in the sands. Tests carried out in these materials include self

boring pressuremeter (SBPM), piezocone (CPTU) standard penetration 

(SPT) and Marchetti dilato meter (DMT) tests. There are two distinct 

sublayers in the upper sand deposit; the upper 4.6 m is a tan fine sand 

with silt, possibly a dumped fill rather than a hydraulic fill. Below 

this layer is a grey silty fine sand, undoubtedly hydraulic fill. The 

characteristic fines content of the tan sand is about 6%; fines content 

in the grey sand ranges from 13 to 46%. The fines are predominantly 

non-plastic; however, material at depths between about 7 and 9 m are 

SC in the unified system.

Values of the coefficient of earth pressure at rest, Kg, estimated in the 

sands from the results of SBPM and DMT tests, are predominantly in 

the range of 0.5 to 0.8.

COMPARISON OF METHODS TO PREDICT G0

The basic premise of this study is that the modulus values determined 

from crosshole shear wave velocities represent the closest 

approximation to *true" in situ values, and thus serve as a basis for 

comparison. The shear wave velocity, Vs, profile at the Fire Station 

site was determined in a crosshole test using three cased boreholes 

spaced 3.05 m (10 feet) center-to-center. This work was subsequently 

repeated by researchers from the University of Texas at Austin, and 

very close agreement was observed in the results (K.H. Stokoe, pers. 

comm.). We should emphasize that the shear wave velocity baseline 

is thus considered to be established with a high degree of confidence. 

Once the shear wave velocity was determined, the low-strain shear 

modulus could be calculated from:

O. » P (V .)2 (1)
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where (p) is the mass density, determined from tube samples. 

Comparisons could then be made with published correlations between 

G0 and different in situ tests.

Self Boring Pressu remeter

The SBPM probe used in this study is a modified version of the 

conventional pressuremeter built by Cambridge Insitu. This SBPM 

has nine measuring strain arms, rather than the usual three, which are 

distributed in three levels (at the center and quarter points). For this 

testing program, the probe was self-bored in place by jetting rather 

than cutting. During each test, a cycle of unload and reload was 

carefully carried out from which the unload-reload shear modulus, 

G^., could be evaluated. A number of researchers have proposed 

relationships between and the low-strain modulus, G0.

At Treasure Island, seven SBPM tests with unload/reload loops were 

carried out in the sand layer. The data was acquired by video 

recording due to grounding problems with the acquisition system. 

Consequently, measurements from some of the strain arms were not 

sufficiently accurate to be used with confidence in these comparisons. 

Herein are the results from 43 clearly defined unload-reload loops.

Bellotti et al. (1989) have proposed an equation for calculating the 

average shear strain (7av) amplitude around the cavity during the 

unload-reload loop, and have also proposed a correction for G^. to 

convert it to a shear modulus at the in situ mean plane strain effective 

stress (Gyj.0). Figure 1 shows the G ^0 values normalized by the 

crosshole shear modulus G0, plotted against 7av. It may be seen that 

good agreement is obtain»! with the modulus reduction curve for 

sands proposed by Seed and Idriss (1970).

individual strain arm measurement was found to be about 63%. It ii 

probable that even better agreement would have been obtained if  the 

field measurements could have been made with greater accuracy.

Low Strain  Shear Modulus

G0 (MPa)

Fig. 2. G„ calculated from SBPM and Crosshole tests

Fig. 1. Modulus ratio vs. shear strain

It may be concluded that a simple approach for obtaining G0 from the 

SBPM is to use the average Seed-Idriss G/G0 curve in combination 

with the ytv and G ^0 values calculated for the SBPM unload-reload 

loops; Figure 2 shows results from such calculations. It may be seen 

that the overall agreement is good. If the average G0 value predicted 

from the SBPM at each test level is compared with the value which 

might be interpolated from the crosshole results at that level, the 

predicted values exceed the measured values by about 5% overall, 

with a maximum difference of 35 %. The maximum difference for an

Piezocone

While the SBPM provides controlled stress conditions from which it 

may be possible to deduce G0, is not immediately obvious why there 

should be a relationship between the stresses required for large-strain 

penetration resistance and the low-strain shear modulus.

It is possible to assume, however, that G0 and penetrometer resistance 

are both affected basically by the relative density and the in situ 

stresses, and are both relatively insensitive to stress history; this is 

probably true as a first approximation, and will result in relatively 

crude but useful relationships between penetration resistance and G0. 

Relationships between G0 and results from CPTU and SPT penetration 

tests have been examined in some detail in de Alba et al., 1992b, and 

basic observations will be summarized here.

Piezocone penetrometer (CPTU) data were obtained at eight locations 

across the 400-m2 instrumented area at Treasure Island, using a Wissa- 

type piezocone with the porous element installed at the tip. Cone tip 

resistance data were corrected for unequal and area effects and are 

presented as corrected qt values. The qt data were found to be 

remarkably consistent across the site, considering the deposition 

process; average values o f qt were used for correlation with G0.

For the silty hydraulic fill sand, an equation of the type suggested by 

Senneset et al. (1988) for silts proved most successful in reproducing 

the shape of the G0 variation with depth. This equation has the 

general form:
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a . = A. (o^H W (MPa) (2)

where q, is in MPa, =  initial vertical stress in MPa, and a 

coefficient A =  210 is recommended based on limited data. It was 

found that this equation matches the shape of the measured G0 curve 

very well, but systematically underestimates G0 by about 35% on the 

average, with a maximum difference of about 50%. However, if  the 

coefficient (A) is increased to A =  330, a good fit is obtained, as 

shown in Figure 3.

Low Strain Shear Modulus
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Fig. 3. G„ from (qj of CPTU

Since this correlation could not have been made a priori, other 

published relationships were considered; when the silty sand data is

plotted as G0/qt vs. q , / ^ 7  as suggested for clean to slightly silty

sands by Baldi et al. (1989), Figure 4, the Treasure Island points are 

seen to agree reasonably well with the trend suggested by these 

authors for normally consolidated sand, the maximum difference being 

on the order of 60%. It is possible to speculate that this difference is 

due, at least in part, to the higher silt content of the Treasure Island 

sand.

Standard Penetration Test

Standard penetration tests were carried out at three locations in the 

area to be instrumented; the procedure recommended by Seed et al. 

(1984) was followed, using a baffled drag bit to advance the hole, and 

a SPT split spoon with a constant internal diameter. Energy 

measurements were carried out, and an average energy ratio of 68% 

of the maximum theoretical energy was obtained (de Alba et al., 

1992a).

Sykora and Kester (1988) give an excellent summary of SPT N-value 

versus Vs relationships that have been proposed by various

Stress Ratio
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Fig. 4. G0 from (qj of CPTU

researchers. These relationships commonly have the form:

V. -  A. (N^)B (3)

For the Treasure Island silty sands, it was found that G0 values 

calculated on the basis of Vs values predicted by this type of equation 

are in error by up to 300%; a much better fit was obtained from the 

equation proposed by Ohta and Goto in 1976:

V, -  69 N017 D0J F, P2 (m/aec) (4)

where N is the SPT N-value, D is the depth in meters, Fj is a factor 

which depends on the origin of the deposit, being equal to (1.0) for 

alluvial deposits and (1.3) for diluvial deposits, and F2 is a factor 

which depends on the grain-size distribution of the soil. As suggested 

by Seed et al. (1986), the SPT N-value normalized to an energy ratio 

of 60% (Nj q ) was used in the equation. Values of Fj = 1 and 

F2 — 1.09 Owe sand; see Seed et al. 1986) were selected for this 

case. N-values o f less than two, indicating clayey zones, were not 

considered. Once Vs was calculated, the low-strain shear modulus 

was obtained from equation (1).

Figure 5 shows the results of these calculations, compared to the G0 

values calculated from crosshole tests. At depths where more than one 

(N) value is available, the range of possible calculated G0 values is 

also shown. Figure 5 shows that, on the average, agreement is within 

20% over the profile, with a maximum difference on the order of 57% 

at 3.3 m. This is considered to be very good overall agreement for a 

relatively simple and inexpensive test, and confirms, for a silty sand, 

the observations of other researchers in cleaner Holocene sands (f.ex. 

Bdlotti et al.. 1986).
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Fig. 5. G„ from SPT N-values, Ohta and Goto (1976). 

C ON CLU SION S

Several indirect methods for estimating the low-strain shear modulus, 

G0, have been applied to in situ test results obtained in an artificial fill 

¿ f  silty sand at Treasure Island. W hile the study was limited to a 

selected number o f  the better-known indirect methods, two basic 

general conclusions may be drawn:

1) A very promising technique for obtaining G0 indirectly is to 

develop it from the unload-reload modulus, Gur, measured in the self

boring pressuremeter test. This type of measurement requires a very 

accurate definition o f the unload-reload loops during membrane 

expansion. The drawback to this test is that its execution, and the 

interpretation o f the field data, require considerable skill and 

experience.

2) G0-relationships established for both the piezocone and the 

standard penetration lest seem capable o f predicting G0 within about 

± 50% ; if  local "ground truth" is available for a particular deposit in 

the form o f crosshole shear wave velocity tests, it is possible to adjust 

selected relationships to a higher degree o f accuracy for local use.
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