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A study on the shear modulus and damping ratio of

reclaimed soil in Yun-Lin nearshore area
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Abstract In this study, using the filled material in Yun-Lin nearshore area as test samples, a series of resonant column test has been performed
to evaluate the dynamic properties of filled material. From the test results, the relation curve of normalized shear modulus (G/G,,. ) vs. shear
strain ) lies on the upper bound of the curve suggested by Seed and Idriss» and the damping ratio @) vs. shear strain ¢ lies on the lower
bound of the suggested curve. The influence of confining pressure. different fines contents and relative densities on dynamic properties of re-
claimed soil were discussed. Based on the equations suggested by Seed and Idriss. a new proposed method was established to evaluate the shear
modulus of reclaimed soil under different fine contents and relative densities. Using the resonant column triaxial test and static triaxial test results,
and based on elastic theory for 1% of axial strain, the deviator stress and G, are found to be related. The results shown in this paper can be used
as a reference for foundation and structure design in land reclamation area.
Key words reclaimed soil, resonant column test, shear modulus, damping ratio.
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erties of the in-situ reclaimed sand. Resonant test is con-

1 Introduction ducted to discuss the properties §uch as shear modulus and

Hydraulic fill method is one of important reclamation damping ratio) of reclaimed soil. The traditional moist
methods in nearshore areas of West Taiwan. The materials ~ tamping method is used to prepare specimens. The influ-
for hydraulic fill were obtained from the seabed or river ences of different confining pressures, different fines cont-

mouth by use of cutter and pump, and transferred to the ents, different relative density and specimen preparation
land reclamation area using the pressure pipe and barge. methods are discussed.

The reclamation land has multiple-purpose. So, this con- 2 Previous related studies

struction method is very economical and beneficial. The The dynamic properties of soil are influenced by fact-

earthquake loading should be considered in the nearshore ors Y such as strain amplitude, effective mean principle
reclamation area of West Taiwan. The effects of wave
forces and wind forces were also considered as the main
factors affecting the stability of foundation structure in

stress> void ratio, cyclic number, saturation degree, over-
consolidation ratio, effective confining pressure, soil fabric

! ) §pecimen preparation method) and others. The main in-
nearshore reclamation area. According to Sladen and He-

i - : ) fluence factors include shear strain. effective mean princi-
witt’s *~ studies on the Beaufort man-made island in Cana- ple stress, void ratio and soil fabric.

da. The relative density of hydraulic fill soil ranges from
0% to 70% . the relative density is difficult to be con-
trolled and is normally below 50% . Thus, the possible
factors of influence, such as fines content, particle fabric,
void ratio, effective confining pressure and shear strain,
are taken into consideration in the laboratory test to evalu-
ate the dynamic properties of reclaimed soil. This is very
important for the safety and stability of reclamation engi-
neering. Therefore, the purpose of this paper is to evaluate
the dynamic properties of reclaimed soil.

In this study, a successful hydraulic fill method is de-
veloped to prepare specimens and to simulate packing prop-

Hardin and Drenvich >’ presented that the relationship
between shear stress and shear strain of sand is nonlinear,
namely the shear modulus decreases nonlinearly as the
strain amplitude increases. Hall and Richart % showed that
the damping ratio increases as the shear strain amplitude in-
creases for dry Ottawa sand.

Seed and Idriss * proposed an equation for the rela-
tionship between shear stress and effective confining pres-
sure as follows

G=2+K* ¢, )° (D)

Received April 21,1997,

83



84

1998 4

where ¢/, is average effective confining pressure kgf/cm’ ),
and K, is a parameter depending upon the void ratio and
shear strain amplitude of sand.

Hardin and Richart ™ presented that when the shear
strain is below 107°, the shear modulus of sand almost
keeps a maximum constant value. The relationship between
void ratio and maximum shear modulus can be shown as
follows

G = A*F &) g )" 2)
where
F @) = Q';}%_eg)_,for angular grained sand 8)
Fe)= M,for round grained sand  4)
{+e)

A is a dimensionless parameter of soil» and » is a parame-
ter.

Iwasaki and Tatsuoka ® obtained a formula of the
maximum shear modulus for different clean sand as fol-
lows:

G, =900+ F )+ ¢, ) §)
where F@):Q';li_d-.
+e)

The above equation shows that the shear modulus in-
creases as the effective confining pressure increases. From
the previous studies, the maximum shear modulus is related
to the effective confining pressure with a power of n.
When the shear strain amplitude ranges from small to large
strain» n ranges from 0.5 to 1.0. The G, is influenced
by void ratio» and decreases as the void ratio increases.

Summarizing all of the previous studies. the liquefac-
tion evaluation studies for earth dam are extensively dis-
cussed. but the dynamic properties of reclaimed soil are not
completely studied. Thus, in this paper, the filled material
in Yun-Lin nearshore area is adopted as test samples, and
resonant column tests are conducted to discuss the dynamic
properties of reclaimed soil in the West Taiwan offshore ar-
ea. A successful simulation method of hydraulic fill sand
was developed by author to simulate the packing properties
of the reclaimed soil condition. The empirical relations are
newly developed and evaluation methods are revealed for
the dynamic properties of the offshore hydraulic fill soil in
West Taiwan area.

3 Experimental investigation
3.1 Test material and equipment

In this study, the soil samples were obtained from the
offshore-reclaimed soil by vibration coring method in the
Yun-Lin industrial estate area s shown in Fig. 1). The
sand is composed of subangular grains. The index proper-
ties and grain size distribution of reclaimed soil with differ-
ent fines contents is shown in Table 1. The resonant col-
umn triaxial tests were successfully used for testing speci-
mens by using the resonant column apparatus, Model DTC
- 158 developed by Seiken Inc. §apan). Air supply con-
trol system, oscillation control system, measurement sys-
tem and triaxial cell are included in the main apparatus.
3.2 Sample preparation

In this study, the moist tamping method ™. T.),
the multi-sieve pluviation through water) method M.
P.) and the hydraulic fill method H.F.) were adopted to
prepare specimens.
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Fig.1 Sketch of reclaimed soil in Yun-Lin offshore area

Table 1 General properties of different fines content soil

Fines content @)

Physical index

0 10 20 30
Specific gravity, Gs 2.691 2.696 2.698 2.701
Maximum dry density &/cm’) 1.59 1.68 1.76 1.79
Minimum dry density &/cm’) 1.199 1.205 1.214 1.197
Dy, fam) 0.164 0.155 0.146 0.137
Dy fam) 0.169 0.165 0.157 0.155
Dy fnm) 0.138 0.129 0.109 0.074
D,, fam) 0.100 0.074 0.046 0.025
Coefficient of uniformity, Cu 1.688 2.232 3.393 6.306
Coefficient of curvature. Cc 1.347 1.353 1.630 1.477
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Fig.2 Sketch of hydraulic fill sand system

A new simulation method of hydraulic fill was developed to
simulate the in-situ filling procedure of the reclaimed mate-
rials s shown in Fig.2). In this method, a water pump
with a diameter of 50mm and a flow of 0. 15 m’/min is
submerged in a uniform mixture of sand and water. Three
pipes are connected to pump. The specimen prepared by
the hydraulic fill method has an initial relative density rang-
ing from 32% to 47% .
3.3 Test procedure

A series of resonant column triaxial test were per-
formed to discuss the dynamic properties of reclaimed soil.
The factors of influence such as fines content, sample prep-
aration method, relative density, confining pressure and
shear strain are taken into consideration. The specimens
were prepared by three specimen preparation methods M.
T.» M.P., H.F.) with different fines content. After the
specimen was prepared, a vacuum pumping with 19.6 kPa
was applied on the top drain lead of the cell. The mould
were then taken apart. Carbon dioxide and water were al-
lowed to pass through the specimen for about 30min. Back
pressure of 196 kPa was applied to the specimen in order to
obtain a saturation degree of 95% . According to Mulilis o,
the sand

specimens consolidated for 24h and for 30min have similar
strength. For sake of convenience » the consolidation pro-
cess extended only for 30 minutes. Considering the in-situ
properties, different confining pressure 98kPa, 147 kPa,
196 kPa and 294 kPa) were applied for different stages in
the consolidation process. Finally, a series of resonant col-
umn triaxial test were performed.

From a series of resonant column triaxial tests the os-
cillation frequency and the decaying condition of vibration
amplitude are measured when the applied force is taken
off. The shear strain and the related shear modulus and
damping ratio of reclaimed soil were calculated by related
equations. In order to reduce the time of data process » a
Q-basic program is developed by Chien 5 for interpreting
measured data.

4 Experiment results and analysis

The soil samples of experiment are obtained from re-
claimed zone A and B in Yun-Lin industrial estate by vi-
bration coring. A series of the resonant column test has
been performed to evaluate the dynamic properties of the
reclaimed soil. According to the basic physical properties
of the in-situ samples obtained by vibration coring, the dry
density of the offshore filled material is about 14.7 kN/m’,
and the relative density is about 80% . The test specimen is
used of sand mixture of zone A and B. The basic proper-
ties are shown in Table 1 and the fines content ranges about
from 6% to 10 % . The specimen was prepared by the
moist tamping method. Considering different confining
pressure, a series of triaxial column test were performed to
discuss the influence of factors, such as grain fabric general
properties of soil dredged from material source area to rec-
lamation land, on the dynamic properties of soil . Mean-
while, by use of the hydraulic fill system developed by au-
ther, the influence of soil grain fabric on the dynamic
properties of reclaimed soil are discussed.
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Fig.3 Typical results of resonant column tests O, =60% )

Table 2 The suggested shear modulus for Yun-Lin nearshore soil
Shear modulus of zone A, G MPa) Shear modulus of zone B, G MPa)

Effective confining pressure kPa)

5x100°  1x107*  5%x107° 5x100°  1x107*  5x107*
08 53.2 43.6 2.9 58.7 47.9 21.7
196 84.2 75.4 49.3 82.6 72.9 44.3
294 108.2 97.14 64.3 108.5 97.9 67.1
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4.1 Influence of shear strain amplitude

The reclaimed soil of Yun-Lin offshore area was pre-
pared by the moist tamping method. The triaxial resonant
column test was conducted. The typical test results present-
ed in Fig.3 clearly show that the shear modulus of the re-
claimed soil decreases as the shear strain amplitude increas-
es. This is mainly due to the nonlinear stress-strain rela-
tionship of soil. In order to evaluate the relationship be-
tween shear modulus G ) and shear strain  §) convenient-
ly and to compare with the curve G/G,,, vs. ¥ suggested
by Seed and Idriss, the results were normalized &here
G . is defined at shear strain 5 x 107°). The results show
that the shear modulus decreases as the shear strain ampli-
tude increases» and the related curve lies on the upper
bound of the curve suggested by Seed and Idriss. The sug-
gested shear modulus for Yun-Lin nearshore soil under res-
onant column test shown in Table 2 could be provided as a
reference for planning and designing in reclamation engi-
neering. The damping ratio of reclaimed soil ranges from
1% to 12% > and increases as the shear strain increases.
4.2 Effects of confining pressure and void ratio

The typical results of shear modulus and shear strain
were presented in Fig. 3. As shown in Fig.3 @), the
shear modulus of the reclaimed soil increases as the effec-
tive confining pressure increases. while the damping ratio
of the reclaimed soil decreases as the effective confining
pressure increases Fig.3 b)). As the effective confining
pressure increases, the void ratio of specimen becomes
smaller and the relative density becomes larger. Thus, the
contact points between the soil aggregates increase. This
would cause the stress wave to transmit faster and induce
the shear modulus to increase.

According to the evaluation method of maximum shear
modulus proposed by Hardin and Richard 5/ @s shown in
Eq. 2) to Eq. @)), the resonant column test results
were analyzed. Therefore, the particle shape of Yun-Lin
offshore soil is subangular by SEM, and the Eq. 8) is
used for F @). Thus, Eq. 8) can be provided to evalu-
ate the influence of void ratio on G, . The relationship
between effective confining pressure and G,./F () is
shown in Fig. 4. Based on regression analysis, the param-
eters of A and n for Eq. 2) are found to be 208.9 and
0.57, respectively.

G s =208. 9025 (€) (i)' R?=0. 965
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Fig.4 The relationship between G,../F &) and
mean effective confining pressure

From the above analysis, the maximum shear modulus
of Yun-Lin reclaimed soil can be expressed as follows:
G = 208.9 F €)= & )7 6)
where G, is the maximum shear modulus kPa), ¢, is
effective confining pressure &Pa), and F (e) =
2.17-¢)
(+e) -

By use of the Eq. 6), the G,, of offshore-re-
claimed soil at different depths with different relative densi-
ties is evaluated to provide with the reference for planning
and designing.

In order to investigate the influence of effective con-
fining pressure on the shear modulus of the reclaimed soil
with different fines contents, the evaluation method prop-
osed by Seed and Idriss s adopted.

According to Eq. (), the test results were calculated
to obtain the related curves of K, value with different rela-
tive densities, fines contents and shear strain amplitudes.
Taking the corresponding value of K, at the shear strain 5
x 107, K,y is defined. The values of K,,,, with differ-
ent relative densities and fines contents are shown in Table
3 and Fig.5. From Table 3, we can see that K,,,, does not
make a great difference as the fines content increases for
soil with relative density 40% . For soil with relative densi-
ty 60% and 80% ., K.,,, varies remarkably as the fines
content increases» ranging from 20 to 27 and 30 to 22 re-
spectively. From Table 3, we can also see that the influ-
ence of fines content on K, is not distinctive for low
density- and the influence of the fines content is clear for
denser specimens with relative density 60% to 80% . The
influences of different fines content and shear strain ampli-
tude on K, are shown in Fig. 6. When fines content is
greater than 10%, G, decreases as the fines content in-
creases> and K, value decreases as the shear strain ampli-
tude increases.

Table 3 The K., values of different fines contents
and relative densities

Relative Ko G0
density €0 ) 0 10 16 20 30"
40 20.27  21.74  20.56  20.05 19.42
60 24.02  26.72  24.10 22.18  20.24
80 26.95 29.97  29.21  26.19  21.65

Note: (DThis item is the fines contents of soil.

4.3 Influence of soil fabric

In order to evaluate the properties of particle settling
and depositing of the reclaimed soil, the specimens were
prepared by the hydraulic simulation method developed by
the author, and compared with the specimens prepared by
the moist tamping method. A series of the resonant column
test have been performed to evaluate the influence of soil
fabric on the dynamic properties of the reclaimed soil. The
results show that the loss of the fines content is very signif-
icant by use of H.F. method. The fines content of in-situ
reclaimed soil is about 6%, while the fines content of
specimen prepared by H. F. reduces to 1% - 2% . The
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coarse gains and fine gains of specimen dispose anisotropi-
cally and most of the fine grains deposit on upper layer of
specimen.
Hardin and Richart ™ proposed Eq. ©) to express
G . - Based on the analysis and test, the G, of Yun-Lin
offshore area reclaimed soil prepared by hydraulic fill meth-
od can be determined as follows Fig.7):
Goo = 2344+ F &) g "7 7

where G, is the maximum shear modulus of the re-
claimed soil kPa), and ¢’,, is the effective confining pres-

sure kPa).
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and mean effective confining pressure

From the results shown, the G, for the specimen
prepared by hydraulic fill method is higher than for the
specimen prepared by moist tamping method. The possible
reason may be that the grain orientation of the specimen
prepared by hydraulic fill method is parallel with horizontal
axis » and that of the specimen prepared by the moist
tamping method rotates from horizontal axis to some an-
gles. Thus, the contact points at the same horizontal plane
in the hydraulic fill method are more than those in the
moist tamping method. This induces more available trans-
mission of stress versus strain wave, and then induces high-
er G, value.

A series of resonant column test have been performed
in order to compare with the specimen prepared by different
method and to study the influence of the soil fabric on the
dynamic properties of the reclaimed soil.

() The multi-sieve pluviation through water method

By use of the multi-sieve pluviation through water
method to prepare the specimen of different fines contents,
the resonant column tests were conducted. From the pre-
paring process, it could be found the coarse and fine grains
have been segregated, and the fine grain can induce the
coarse grain to settle to a stable position. The study results
agree with those presented by Tatsuoka *) and Aiba ™ . The
relative density of specimen ranges from 36% to 48% .

2) The hydraulic fill method

By use of the hydraulic fill method to prepare the
specimen, the loss of fine is very serious, and the relative
density ranges from 32% to 47% . The segregation could
be induced in coarse and fine grains. The fine grains al-
ways deposit on the upper layer of the specimen.

100
90 Ui =196kPa
o]
£ 80
5 70
b ELLTRY MT
T PR MP
60 sssss HF
50
20 30 40 50 60 70 80 90
D, %
Fig.8 Comparison of G, of reclaimed soil specimen prepared

with different methods

8) Comparison between different preparation methods
The results of specimens prepared with different meth-
ods and tested under different effective confining pressure
are compared as shown in Fig. 8. From the Fig. 8, the
specimens prepared by multi-sieve pluviation through water
method and hydraulic fill method have the similar G, val-
ue, which is larger than that of other methods. The possi-
ble reason is the orientation of the grain is parallel with the
horizontal axis and there are more intergrain contactss
which are more helpful for transmission of the stress wave
and induce the higher G, values.
4.4 Dynamic properties of the soil in the west coast of
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Taiwan

In order to verify the reliability of these results and
provide as a reference for the design of the reclamation en-
gineering » this paper has prepared some other results of
dynamic properties of the soil in the west coast of Taiwan.
The analysis shows that the results of the reclaimed soil in
Yun-Lin offshore area by resonant column tests agree with
those in Hsin Chu offshore CBK) area. The normalized
shear modulus of the reclaimed soil lie at upper bound of
the curves suggested by Seed, and the damping ratio lies
near the lower bound curve.

4.5 Correlation between resonant column tests and
static triaxial tests

Resonant column tests are costly and complicated;
where as conventional triaxial compression tests are very
common and easy to conduct. In order to understand the
variable properties of the shear modulus of the reclaimed
soil at large strains, the results of static triaxial tests are
used to estimate the variation of shear modulus at large
strain and the maximum shear modulus, expecting to estab-
lish the correlations of dynamic modulus obtained from res-
onant column tests with the results of triaxial tests . By use
of the results of large triaxial tests presented by Tsai i and
the results of the maximum shear modulus obtained by res-
onant column tests. the related analysis is conducted.

The results of the resonant column tests and the triaxi-
al tests with the similar initial test condition were adopted
to evaluate the relationship between maximum shear modu-
lus and deviator stress. The triaxial test results of the stress
versus strain show that the maximum deviator stress almost
lies within the axial strain range of 2% to 3% . A correla-
tion between G, and o, of static triaxial drained tests at
axial strain 1% has been obtained from Fig. 9 as follows:

G
e 2299398 + L 4 125.894 8

m m

The proposed correlation is dimensionless. Based on
regression analysis» the G, could be evaluated from the o,
of static triaxial test at axial strain 1% .

The Eq. 8) can be written as follows
G = 299.398 + 5, + 125.894 * 5, 9
700
eo00s 77 ~98kPa "
600 ... 5 =196kPa
¥
\t;‘ 500
B
400 |
300 | ,
Grax/ 04 =299. 3980, / 0/c+125. 894
200 1 . .

0.4 0.6 08 1.0 1.2 1.4 1.6 1.8

Fig.9 The relationship between G, and deviator
stress in triaxial test

By using Young’ s modulus E of the static triaxial
tests with different axial strain e and according to the elas-
tic theory, the relationship between shear strain and shear

modulus at large strain is obtained as follows:
E

G = 2 91 + 1) 10)

Yy =¢°* W+ 1) (o

in which £ is Young’ s modulus of the reclaimed soil

kPa) » G is shear modulus of the reclaimed soil kPa), s

is Poisson”s ratio » and e is axial strain © ). Therefore,

with help of the above proposed equation, the shear strains

and shear modulus of the reclaimed soil can be estimated
by the results of the static triaxial tests.

The Poisson” s ratio can be adopted as 0.5 for the

consolidated undrained triaxial test. Thus, the Eq. (1)
can be simplified as follows
. _E
G = 3 2
Y = 1.5+ ¢ q3)
On the basis of the Eq. (2) and Eq. (3), the vari-

ation of the shear modulus with ¥ in an extended strain
range can be obtained, as shown in Fig. 10. The G values
of static triaxial tests are tangent modulus values and are
compatible with G determined by resonant column tests. It
may be observed that the ‘Smooth” extension exists.
Hence, the relativity between the results of triaxial test and
the results of the resonant column test is good.

450
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w0t 10* 1?0t 1 10

shear strain, %

Fig.10 Relation between shear modulus obtained
by triaxial test and resonant column test

5 Conclusions

The objective of this paper is to discuss the dynamic
properties of the reclaimed soil. Thirty-six sets of resonant
column test were performed to evaluate the influence of
factors, such as the different relative densities, sample
preparation methods and effective confining pressures.
Summarizing the results, the following conclusion can be
obtained.

On the basis of the suggested equation, the maximum
shear modulus of offshore soil in Taiwan with different rel-
ative densities at different depths could be evaluated to pro-
vide a reference for seismic planning and designing of rec-
lamation land projects. The shear modulus of reclaimed soil
with different fines contents decreases as the shear strain
amplitude increases, and the damping ratio increases as the
shear strain amplitude increases. The related curve of nor-
malized shear modulus (G/G,, ) vs. shear strain (y )
lies at the upper bound of the curve suggested by Seed and
Idriss; and the damping ratio (D ) vs. shear strain (¥ )
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lies at the lower bound of the suggested curve.

The shear modulus of reclaimed soil increases as the
effective confining pressure increases. The damping ratio
also shows similar trends, but is not significantly affected
by the effective confining pressure. By comparison between
specimens prepared by the multi-sieve pluviation through
water method and the hydraulic fill method on the similar
initial condition 6uch as void ratio, fines content and ef-
fective confining pressure); the shear modulus of reclaimed
soil has similar value. And the shear modulus of the speci-
men prepared by the moist tamping method is the lowest.

Based on the equations suggested by Seed and Idriss,
and considering the influence of the effective confining pre-
ssures relative density and fines content» a new method
was proposed. For a fines content above 10%, G, de-
creases as the fines content increases. In general; the K,
value decreases as the shear strain amplitude increases. The
idea of correlating static triaxial tests with resonant column
tests may be objectionable in view of their fundamental dif-
ference, however, such correlation are helpful in crude es-
timation of maximum dynamic modulus at low strain.
Combining the elastic theory, the related curve of the shear
modulus and shear strain at large shear strain could be eval-
uated. It is very useful as reference for the evaluation of
the dynamic properties of reclaimed soil.
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