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ABSTRACT: A common way to estimate the dynamic shear modulus for preliminary foundation design and cost purposes is to de
termine the static shear modulus using limited subsurface data and then to apply a factor to obtain the dynamic modulus. A more ac
curate approach is proposed for estimating the dynamic shear modulus of cohesive soils using published data relating shear modulus
to shear strain, shear strength, and plasticity, supplemented by extensive and so far unpublished results of seismic shear wave velocity
tests. A numerical relationship is proposed between dynamic shear modulus (small strain amplitude modulus) and static shear
modulus (large strain amplitude modulus) based on strength and index properties of the soil.
RÉSUME: Déterminer le module statique de cisaillement en utilisant l'information limitée de sous-sol, et puis d'appliquer un facteur,
est une méthode commune pour estimer le module dynamique de cisaillement. Ce module est nécessaire pour la conception prélimi
naire de base, et pour le coût. Une approche plus précise est proposée pour estimer le module dynamique de cisaillement des sols co
hésifs, qui utilise les informations publiés qui associent le module de cisaillement à la contrainte de cisaillement, à la résistance au
cisaillement, et à la plasticité. Cette approche est complétée par des résultats non publiés (jusqu'ici) des essais de cisaillement séismi
que de vitesse des vagues. On propose un rapport numérique entre le module dynamique de cisaillement (module de petite amplitude
de contrainte) et le module statique de cisaillement (module de grande amplitude de contrainte) basé sur des propriétés de force et
d'indices du sol.

1 INTRODUCTION
A number of geotechnical design parameters are required for
foundation design and cost estimation purposes at the initial
stages of large-scale power projects. Usually, limited funds are
available at this time to conduct a detailed assessment of the sub
surface conditions, and only less expensive and more routine
geotechnical parameters, such as strength, index, and compressi
bility, can be established by testing. The more sophisticated and
expensive testing required to estimate the dynamic characteris
tics of soils is typically postponed until later during the design
stage of the project.
A common way of estimating the dynamic shear modulus for
preliminary foundation design and cost estimation purposes is to
determine the static shear modulus using limited subsurface data
and then multiplying by a factor of up to 10 to obtain the dy
namic modulus. This paper proposes a modified empirical ap
proach to estimating the dynamic shear modulus of cohesive
soils using published data relating shear modulus to shear strain,
shear strength, and plasticity, supplemented by extensive and so
far unpublished values of cross-hole, down-hole, and up-hole
seismic shear wave velocity test results. A numerical relationship
is proposed between dynamic shear modulus (small strain ampli
tude modulus) and static shear modulus (large strain amplitude
modulus) based on strength and index properties of the soil. It is
expected that better estimates of dynamic shear modulus can be
obtained by using the proposed numerical relationship.

2

DYNAMIC AND STATIC STRAIN AMPLITUDE
DEFINED

Woods (1991) stated, “The geotechnical engineering community
has come a long way in its ability to measure soil and rock prop
erties which are needed in dynamic analyses, but geotechnical
engineers have developed a habit of calling the properties re
quired and measured ‘dynamic properties.’” Woods goes on to
say that it is time to drop the modifier “dynamic" because the
properties to which we refer simply categorize the properties
based on “strain amplitude." Stress-strain behavior o f soils is
nonlinear from very small strains to very large strains, whether
the strains come from static or dynamic phenomena.
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Almost 10 years after Woods’ statement, the standard prac
tice in the industry is still to use “dynamic" and “static” mod
ulus. The terms “static” and “dynamic” are somewhat vague and
sources of confusion in practice, particularly when using dy
namic strain related to machine foundations versus seismic activ
ity. However, because these terms are used in practice, they are
also used in this paper, along with the corresponding strain am
plitude as a subscript.

2.1

Dynamic or small strain amplitude

The dynamic or small strain amplitude depends on the cause of
the strain; e.g., the strain amplitude of a finely-tuned machine is
generally about 10-4 percent, while the strain amplitude of seis
mic activity is typically in the range 10° percent to 10': percent.
This paper discusses power plant foundations, and therefore, all
references to dynamic strain imply a strain amplitude of 1O'4per
cent.

2.2

Static or large strain amplitude

No defined value describes the static or large strain amplitude. In
practice, footings are generally designed for an allowable settle
ment of about 25 mm. Using typical power plant footing sizes of
1.5 to 5 m and assuming a pressure influence zone of two times
the width of the footing, the 25-mm movement translates to an
axial strain amplitude over this zone of influence o f 0.25 percent
to 0.8 percent, with an average of about 0.5 percent. Similarly,
mat foundations are generally designed with an allowable set
tlement of about 50 mm. Using mat sizes of 7 to 15m and the
same pressure influence assumptions, the 50-mm movement
translates to an axial strain amplitude in the range of 0.15 percent
to 0.4 percent, with an average of about 0.25 percent. Based on
these amplitudes, the authors have used a strain amplitude value
of 0.375 percent for static or large strain amplitude, both for ax
ial and shear strain. The magnitude of the “static” strain ampli
tude may be a subject for debate and change, but regardless of
whether the magnitude is 0.25 percent, 0.375 percent, or
1 percent, a similar logic and similar correlations can be devel
oped as outlined in this paper.

3 SHEAR STRAIN VERSUS SHEAR MODULUS
There are numerous publications on this subject. Sun et al.
(1988) and Seed et al. (1984) provide comprehensive informa
tion on the strain amplitude versus shear modulus characteristics
of cohesive and cohesionless materials. Figure 1 is a summary of
all of the “average” shear strain versus shear modulus curves.
There is a range of between ±5 percent to ±15 percent, about the
average for all soils.
From Figure 1, we can conclude that the strain dependency of
the shear modulus increases as the material transitions from
high-plasticity clay to low-plasticity clay to sand and to gravel.
Fourth-order best fitting polynomial curves were generated from
Figure 1 for each material type to correlate log of shear strain
(%) to G/Gma,. G,,,,,,, here corresponds to G at small strain, i.e., at
0.0001 percent (10'4 percent) strain. The correlation factor (R2
value) is in excess of 99.9 percent in all cases. Using these com
puter-generated correlations, the value of G/Gmx was computed
for each material for the static (large strain = 0.375 percent) case.
For this paper, the inverse o f G/Groax, i.e., Gnm/G, will be used.
Table 1 gives a ratio of these small strain (0.0001 percent) to
large strain (0.375 percent) values for each material.
Table 1. Ratio of Gfgnaii jiram-ooooiv.1 to Gnim m»inhj.375^1.
Plasticity
Index

Material

80+
40 to 80
20 to 40
10 to 20
5 to 10
N/A
N/A

Cohesive (high plasticity)
Cohesive
Cohesive
Cohesive
Cohesive (low plasticity)
Cohesionless—Sand
Cohesionless—Gravel

0.0001

Ratio of
G(Bnill min - 00001%)tO
Gflinremin ■0J75%1
1.7
2.7
3.6
5.9
7.3
8.9
11.3

'

/ ^(0.375% )

0.1

1

Figure 1. Average shear strain versus shear modulus.
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Similar relationships can be developed for any value of strain.
For example, for a strain o f 1 percent, Equation 1 becomes:
G (0.0001%) / G (1%) = % 0 6

0.01
Shear Strain - %

Ratios for sand and gravel are shown for reference. Figure 2
shows a chart of average plasticity index of clay (excluding PI =
80+) versus the ratio of G(o.oooi%)t0 G(oj75%). A computer-generated correlation is also shown on the chart, with a reliability of
about 98 percent. The simplified correlation is as follows:
6(0.0001%) / q

0.001

(2)

Seed and Idriss (1970) describe a correlation between (a) the ra
tio of shear modulus to undrained shear strength and (b) shear
strain for saturated clays. Figure 3 is a plot of this correlation
with low, high, and average results shown as three curves. The
strain required to reach shear failure in the undrained condition
(undrained shear strength) will vary with different clay materials.
However, for a specific clay, the value o f undrained shear
strength is constant; i.e., S„ in Figure 3 like G ^ , in Figure 1 is
constant, and thus, we can compare the results in Figures 1 and 3
directly. The average ratio of G(o.oooi%)t0 G(0.j75%) based on this
chart is about 13.8. This ratio is quite high compared with the ra
tios noted in Section 3 (Sun et al. 1988) and does not appear to
consider the dependency o f the ratio of Gjo.ooop/.) to G(0.375%) on
the plasticity index of the soil. This correlation will be discussed
later in the paper.

Table 2. Field Test Results.

Location
Texas
Texas
Mississippi
Mississippi
Pennsylvania
Maryland
California
California
California
Mexico
Mexico
Mexico
Brazil
Turkey
Turkey

LL
50
68
70
80
50
33
35
35
34
61
55
62
56
67
67

PI
35
47
38
48
21
10
12
12
10
33
25
21
21
46
45

Strength
Su(kPa)
58
86
156
504
35
84
36
96
192
98
165
165
88
105
169

Test Method
Down-hole
Down-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Cross-hole
Up-hole
Up-hole

G(o.oooi%)
MPa
31
67
129
279
23
129
48
95
241
80
157
144
77
66
126
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Average by Site

G(0.375«|

G(o.oooi%)/Su
535
770
828
555
664
1,539
1,344
993
1,254
814
954
873
879
629
746

(MPa)
9
22
38
92
5
19
8
16
36
22
37
32
17
21
40

Gf0.373s/Su

G(0.37S%/Su

155
256
205
244
183
213
143
143
226
226
222
167
188
192
224
224
194
214
193
193
200
237
218
Minimum G(o.j7j%)/S„
143
Maximum Gio.hjk) /S„
226
Median G(o.37j%) /Su
209
Average Gfo^y.i /Su______201

5 FIELD TEST DATA
Field seismic test data are available from a number o f tests con
ducted as part of the subsurface investigation programs for

Shear Strain - %
Figure 5. Comparison of results.
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Figure 6. Estimated versus measured values of small strain
shear modulus (G(o.oooi%)).

power plants located in various parts o f the world. Table 2 is a
summary of these tests. The table also includes available Atterberg limits and laboratory strength test information from these
locations. Values of shear modulus at 0.375 percent strain
(G<o. 375%)) were estimated using Equation 1. Note that, instead of
Equation 1, the values from Table 1 can be used to estimate
G(0.375%) and will result in only a slight difference in the average
and median values shown in Table 2. The statistical minimum,
maximum, average, and median values are based on average
values for each site.

Shear Strain - %
Figure 3. Field test results.

6 DATA EVALUATION
The shear modulus/strength versus shear strain values from Ta
ble 2 are plotted in Figure 3. The plasticity index o f the soil is
shown as a data label adjacent to the data point. The chart has
been enlarged and some o f the data labels have been deleted for
clarity. It is apparent that the field- and laboratory-measured val
ues of G(o.oooi%/Su are consistently lower than the same range of
values given in Seed & Idriss (1970). The measured values gen
erally show higher ratios o f G(o.oooi%/Su for the lower plasticity
materials compared with the higher plasticity materials.

Figure 4. Variation of G(o.375%/S„ with plasticity index.
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Of interest is the estimated G(0.375%)/Su on Figure 3. All of the
points are within the range provided in Seed & Idriss (1970). A
plot of G(o.375%/Su versus plasticity index is shown in Figure 4.
The range is quite small, from 143 to 226, with an average of
201 and median o f 209. Based on the authors’ experiences and
published data (Davie and Lewis 1988), the ratio o f large strain
elastic modulus to undrained shear strength (E/Su) is often found
to be around 600. Assuming a Poisson’s ratio (n) of 0.4 to 0.45
for clay and using the equation G = E/(2(l+ji)) result in G/S„ =
207 to 214. This is in very good agreement with the field results.
From Seed and Idriss (1970), the average value o f G(0j 75%/Su is
about 166, with a range from 80 to 220.
As noted above, Figure 4 shows that the variation of
G(o.375%/Su with plasticity index is quite small. For simplicity, it
will be assumed that this ratio is a constant at 200 (This value
reduces to about 100 when G(]%)/Su is considered.)
The correlations from Sun et al. (1988) from Figure 1 are
plotted with a fixed ratio of G(0.375%/Su = 200 on Figure 5, to
gether with the Seed and Idriss (1970) curves and all of the field
test data from Figure 3.

7 CONCLUSIONS
Correlations between G, shear strain, and plasticity index have
been analyzed statistically to develop a general equation linking
small and large strain shear moduli and plasticity index. In addi
tion, field test data using this equation were compared with the
shear modulus/shear strength ranges versus shear strain provided
in Seed and Idriss (1970) and E/S„ provided in Davie et al.
(1988).
Based on the above, the following simplified approach is rec
ommended to estimate the “static” (large strain = 0.375 percent)
and “dynamic" (small strain = 0.0001 percent) shear modulus
parameters for the design o f machine foundations:
1. Determine the undrained shear strength Su and plasticity in
dex of the cohesive soils based on field and laboratory test
results.
2.

Estimate “static” shear modulus G(o.375%) = 200 x Su.

3.

Estimate “dynamic" shear modulus G(o,oooi"/.) using Equa
tion 1:

Figure 6 shows a plot of the estimated values of “dynamic”
shear modulus G(0.oooi%) using the above approach versus the
field-measured values o f the “dynamic” shear modulus listed in
Table 2. The values o f plasticity index have been shown as data
labels adjacent to the data points. The above simplified approach
provides reasonably accurate estimates of shear modulus as ex
pected because the approach is based in part on these data.
The proposed method of estimating small strain modulus of
cohesive soils from undrained shear strength and plasticity index
is recommended for preliminary estimates. These estimates must
be followed up by field tests to obtain final estimates.
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