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ABSTRACT

The Chi-Chi Earthquake induced extensive soil liquefaction in
many areas in central Taiwan, and caused substantial damage to
buildings, roadways, bridges, and water front structures. Field inves-
tigation and explorations were performed in Yuan-Lin and its neigh-
boring towns, Da-Chun and Sheh-Tou. Thin-walled tube “undisturbed”
soil samples were taken during the subsurface explorations. Labora-
tory dynamic tests were conducted on these samples collected by Na-
tional Taiwan University and the National Center for Research on Earth-
quake Engineering. The liquefaction test results provide the relation
between cyclic shear stress ratio and number of stress cycles to initial
liquefaction. The stress-strain relations during the stress-controlled
and strain-controlled cyclic triaxial tests, and resonant column test re-
sults were obtained to study the characteristics of shear modulus and
damping of these soils at various strain amplitudes. The results can be
used in seismic ground response analysis in the Yuan-Lin area. The
stiffness reduction versus pore pressure generation under cyclic load-
ing was also studied. The results can be used for the evaluation of the
soil-structure interaction and the design of foundations under earth-
quake loading.
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I. INTRODUCTION

The Chi-Chi Earthquake of September 21, 1999
is the largest and most damaging earthquake that has
struck Taiwan in a century. With a magnitude of 7.3
(M,,=7.6), the earthquake induced ground shakings
of very high intensities in central Taiwan. Among
the most shocking phenomena during this earthquake
were the great displacements of the fault ruptures and
a large number of landslides induced by the ground
shaking. At the same time, extensive soil liquefac-
tion occurred in many areas during this earthquake
and caused severe damage.

*Correspondence addressee

Figure 1 shows the reported soil liquefaction
locations. The intensity contours of ground shaking
are also shown on the same figure (NCREE, 1999).
Among these locations, Yuan-Lin and towns in its
vicinity, Wu-Feng, and Nan-Tou are the sites with
the most widespread liquefaction and severe damage
to buildings, levees, roadways, retaining walls, and
other structures. Sinking as much as 2 m and tilting
of up to 10° due to uneven settlement were the most
common types of building damage. Many buildings
suffered lateral displacements of more than 1 m.
These affected buildings were often found structur-
ally intact. Collapses of houses because of structural
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Fig. | The reported soil liquefaction locations and PGA contours

failures were rare in the liquefaction zones.

Moh and Associates, Inc. (MAA) also conducted
field investigations and subsurface explorations for
the National Science Council, ROC in Yuan-Lin, Wu-
Feng and Nan-Tou (MAA, 2000). Standard penetra-
tion tests (SPT), cone penetration tests (CPT), and
reflection, down-hole and cross-hole seismic wave
velocity measurements were performed. Locations
of boreholes and tests are shown in Fig. 2.

“Undisturbed” thin-walled tube and disturbed
SPT soil samples were obtained during the subsur-
face explorations. The thin-walled tube samples taken
from the sandy layers during the subsurface explora-
tion were frozen after drainage of water, and kept fro-
zen during transport, storage, tube cutting and test
preparation until in the triaxial chamber, under a con-
fining pressure. For the clayey soils, most of the
samples were not frozen.

The Department of Civil Engineering, National
Taiwan University and the National Center for Re-
search on Earthquake Engineering (NCREE) collected
most of the soil samples from Yuan-Lin and its neigh-
boring towns, Da-Chun and Sheh-Tou, and conducted
the laboratory dynamic tests including stress-con-
trolled and strain-controlled cyclic triaxial tests us-
ing CKC dynamic triaxial test apparatus, resonant
column tests using Stokoe (fixed-free) type torsion
shear/resonant column tests apparatus, and bender
element tests developed by the Norwegian
Geotechnical Institute. In order to study the behav-
ior of the soil after cyclic loading, static monotonic

Fig. 2 Borehole locations for the investigation in the Yuan-Lin
area

triaxial compression tests were performed on some
specimens after the cyclic triaxial tests. Other prop-
erties such as unit weight, grain size, plasticity, etc.
were also obtained for these samples. Details of the
tests are given in Li (2001), Chu (2001), and Lin
(2001). Table 1 lists the soil samples taken from the
Yuan-Lin area and the laboratory dynamic tests per-
formed on them.

This paper reports on the study of the dynamic
characteristics, including shear wave velocity, lique-
faction resistance, shear modulus, damping, and stiff-
ness reduction versus pore water pressure generation
under cyclic loading, of the soils in the Yuan-Lin lig-
uefaction area. The properties are to be used for lig-
uefaction evaluation, ground motion analysis, and
foundation designs under earthquake loading in this
area.

II. GEOLOGY AND SOIL PROFILES

Yuan-Lin is located about 30 km from the epi-
center of the Chi-Chi Earthquake and 10 km west of
the ruptured Chelungpu fault. Earthquake records at
two seismograph stations within the study area were
obtained. The peak ground accelerations were 188
gal and 207 gal at Yuan-Lin station and Sheh-Tou
station, respectively (Fig. 3). The seismogram at
Yuan-Lin station indicates a rather long shaking pe-
riod during the Chi-Chi Earthquake.

The town of Yuan-Lin is situated on a thick al-
luvial deposit from the Tsoshui River in the foothills
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Table 1 Dynamic tests on soil samples from the Yuan-Lin area

Soil Ya Site Tests
Sample No. Depth (m) SPT-N (kN/m?) liquefaction in CSR Ny
type performed
earthquake
BH-3, T-2 3.25~4.00 SM 5 12.7 Y CTS, RC 0.206 150
0.273 34
BH-3, T-3 4.00~4.75 CL 5 12.0 Y CTS, RC 0.283 -
BH-3, T-5 15.05~15.75 SM 13 13.7 Y CTS 0.30%* 9
BH-5, T-2 3.75~4.54 SM 5 13.3 Y CTS, RC 0.299* 5
0.27 24
0.25 80
BH-5, T-4 8.00~8.71 CL 3 13.4 Y CTS 0.205 -
BH-11, T-1 9.50~10.25 SM 4 13.8 Uncertain CTS 0.284* 22
0.20 218+
BH-11,T-3 14.55~15.30 SM 8 14.9 Uncertain CTS 0.36 7
0.34%* 10
BH-11,T-4  15.30~16.02 SM 8 16.3 Uncertain CTS 0.28 19
0.30* .19
BH-11, T-5 16.02~16.77 SM 8 15.9 Uncertain CTS 0.32% 18
BH-15, T-1 2.00~2.75 CL 7 13.1 N CTS, CTN, RC, 0.224 -
BE
BH-15, T-2 5.60~6.35 ML 3 13.5 N RC - -
BH-15, T-6 14.00~14.75 CL 9 14.5 N CTS, CTN, RC, 0.314 -
BE
BH-15, T-8  22.60~23.35 ML 13 14.0 N CTN, RC - -
BH-15,T-9  27.15~27.90 ML 17 14.8 N RC - -
BH-15, T-10  30.50~31.25 CL 11 14.0 N CTN, RC - -
BH-15, T-11 37.25~38.00 ML 25 13.6 N CTN, RC - -
BH-15, T-12  40.50~41.25 CL/ML 19 16.2 N CTN, BE - -
BH-15, T-13 45.50~46.25 ML 21 14.8 N CTN, RC, BE - -
BH-15-1, T-1 6.50~7.25 ML 5 15.2 N RC - -
BH-21-1, T-1 4.10~4.85 SM 9 14.6 Y CTS 0.215 218+
0.28 167
0.315 55
BH-25, T-1 12.70~13.45 SM 8 15.6 Y RC - -
BH-28, T-2  12.70~13.45 ML/SM 18 15.0 Y CTS, RC 0.294* 7
BH-34, T-2 6.90~7.64 SM 9 15.0 Uncertain CTS 0.25% 218+
0.29 28
BH-34, T-4  15.00~15.75 SM 14 14.8 Uncertain CTS 0.29 42
0.30 18
BH-34,T-6  17.50~18.05 SM 27 17.3 Uncertain CTS 0.29 7

Note: CTS = stress-controlled cyclic triaxial test;
CTN = strain-controlled cyclic triaxial test;
RC = resonant column test;

of Baguashan. The depth of the bedrock surface in-
creases from east towards west, reaching a depth of
more than 200 m, according to the exploration holes
drilled by the Central Geological Survey. The typi-
cal soil profiles within the study area, based on the
borehole data of the field investigation, are shown in
Fig. 4. There exist layers of very loose sandy soils
with SPT-N values as low as 2. The ground water level

BE = bender element test
Ny = number of cycles to liquefaction for the sandy soil
* = indicates equivalent CSR induced by the Chi-Chi earthquake

is generally high at about 0.5 m to 4.0 m below ground
surface. The shear wave velocities of the soils are
about 100 m/s near the surface, increasing to around
250 m/s at a depth of 30 m, and approximately 600
m/s at a depth of 100 m (MAA, 2000).

It can be seen that there is generally a thicker
layer of clayey soils in the western part of Yuan-Lin
and it becomes thinner towards the eastern side of
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Fig. 3 N-S component of earthquake records for the seismograph
stations in the Yuan-Lin area
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Fig. 4 Typical soil profiles in the Yuan-Lin area, (a) east-west
section and (b) north-south section

the town. Some locations may even have a sand
deposit at the ground surface without a clayey layer
above it. It was found that liquefaction occurred in
layers of sandy materials with low SPT-N values,
usually less than 10. Sand boiling was not usually
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Fig. 5 Cyclic stress ratio versus number of cycles to liquefac tion
for sand in the Yuan-Lin area

observed in the areas with thick clay layers on top of
the liquefiable sandy layers. Severe damage was
found in ground with thin layers or completely
missing layers of clay coverage. Some ground
subsidence and tilting of buildings were also found
in areas with a thick clay layer at the surface, prob-
ably due to the liquefaction of the underlying sandy
layers or weakening of the clay during the earthquake.

The sandy soils obtained from the thin-walled
tubes in this study were mostly silty fine sands with
high fines contents of about 15%~45% and occasion-
ally some coarse sand and gravels. The fine-grained
materials ranged from low plastic clayey silt to silty
clay of PI=8~17.

ITII. LIQUEFACTION TEST RESULTS

Stress-controlled cyclic (1 Hz) triaxial tests were
performed on the sandy soils to obtain the liquefac-
tion resistance. The test results gave the relation be-

tween cyclic shear stress ratio (i.e., 2(;’ , where

.
o, =cyclic deviator stress and o ,=effective confining
pressure) and number of stress cycles causing initial
liquefaction as shown in Fig. 5. The equivalent field
cyclic stress ratio to induce liquefaction at a given
number of stress cycles, or the cyclic resistance ratio
(CRR) can be calculated using the results of the labo-
ratory cyclic triaxial test according to the following
relation:

CRR = | Zav

= 0.9c,.[ Gd,] (1)
20, . .
< Itriaxial

v 1 field

in which C, is a function of the overconsolidation ratio
and coefficient of earth pressure at rest (Seed, 1979).
Based on the test results, there is no good correlation
between the liquefaction resistance and the corrected
SPT-N values, (V)gg, of the soil layer of these tested
specimens. Here, (N;)gq includes the corrections for
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Fig. 6 Comparison of G, between resonant column test and
bender element test

effective overburden pressure, hammer energy, and
rod length (Youd ef al., 2001). However, there is a
general trend that the soil with a higher (V)¢ exhib-
its a higher liquefaction resistance. Judging from the
laboratory and field data, rough approximate relations
of liquefaction resistances for two different ranges
of (Ny)gg (5~7 and 8~11) are given in Fig. 5.

The cyclic shear stress ratio (CSR) on the soil
induced by the earthquake shaking can be calculated
according to Seed’s method of soil liquefaction po-
tential evaluation (Seed, et al., 1985):

T, a o,
CSR=-—"=0.65 - ‘(’g“”‘ —‘,} “ry (2)
v o-\/
where 7,,=equivalent average cyclic shear stress on
the soil,

amax =peak ground acceleration, the measured
value of 0.19 g at Yuan-Lin during the
Chi-Chi Earthquake is used in this study,

=acceleration of gravity,

=total vertical stress,

=effective vertical stress,

=stress reduction factor considering flex-
ibility of the soil (Youd et al., 2001).

Q Q%

~
[~ 9

The equivalent number of cycles of shaking in-
duced by the Chi-Chi Earthquake (M,,=7.6) is about
15~20 according to Youd et al. (2001) and Hwang et
al. (2000). The values of CRR and CSR of a soil
sample can be calculated and compared to evaluate
whether liquefaction could have possibly occurred
during the Chi-Chi Earthquake. The available test
results listed in Table 1 indicate that those samples
from the soil strata within which liquefaction prob-
ably occurred during the Chi-Chi Earthquake lique-
fied under the equivalent cyclic loading in the cyclic
triaxial tests.
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Fig. 7 Shear wave velocities at BH-15

IV. SHEAR WAVE VELOCITIES AND Gy,

Resonant column tests were performed to ob-
tain the modulus and damping for small strains from
less than 10™% to about 2x107%. The shear modu-
lus increased with decreasing strain and reached a
maximum value (Gn,x) at a strain less than 107%.
Bender element tests on four soil samples were con-
ducted to obtain the shear wave velocity, and in turn,
the maximum shear modulus (G,,x) at a very low
strain level (Dyvik and Madshus, 1985). The results,
as shown in Fig. 0, indicated that there is only a very
slight difference of G,x obtained in these two
methods. The values of G, obtained in the reso-
nant column tests were used in this study.

Shear wave velocities of the soils in the Yuan-
Lin area were measured during the field investiga-
tion by MAA. The measurements included surface
reflections, down-hole seismic wave velocity mea-
surements in CPT, and cross-hole seismic tests be-
tween two boreholes. Fig. 7 shows that the shear wave
velocities of soils in Yuan-Lin obtained by these three
methods are comparable with slightly lower values
by the down-hole method at depths below 30 m. The
field shear wave velocity generally increases with the
effective vertical stress at site (Fig. 8). It also varies
with (N))go value (or relative density) with scattering
as shown in Fig. 9.

Field wave velocities were generally measured
under a very small strain, less than 10™%. Therefore,
the value of shear modulus, G, calculated from the
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Fig. 9 Field shear wave velocities versus corrected SPT-N values

field measured shear wave velocity, V,, i.e., G=pVS2,
can be considered as G, where p is the density of
the soil. Conversely, shear wave velocity can be com-
puted using G of the soil. Since a uniform confining
pressure is applied on the specimen in the laboratory
test, which differs from the field geostatic stress (K,)
condition, the computations of field shear wave ve-
locities from G, Obtained in the laboratory should
be corrected according to the effective mean stress
(o7,)- Shear wave velocities computed from G, ob-
tained in the resonant column tests for samples from
Borehole BH-15 at the Yuan-Lin seismograph station
are compared with the field measurements. Fig. 7
shows a rather good agreement even though the soil
samples tested in the laboratory are commonly dis-
turbed and usually give smaller wave velocities than
those measured in the field.

Grax values calculated from the field measured
shear wave velocity in the Yuan-Lin area, are simi-
larly affected by both SPT-N value and effective mean
stress (o) at the site. Egs. (3a) and (3b) are the re-
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Fig. 10 Comparison of G« obtained from field measured wave
velocities and those calculated from Eq. (3)

values assuming K,=0.5:

Sand: Gyax(kPa)=2465((N)go)"'* (07,)°%%,
R*=0.733 (3a)

Clay: Gunax(kPa)=2190((N1)60)™" (07,)*™*,
R’=0.812 (3b)

Figure 10 shows the comparisons of G,y
values obtained from the field wave velocity measure-
ments and those calculated according to Eq. (3) for
sand and clay in the Yuan-Lin area. The relations
are reasonably good for soils with shear moduli less
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than about 200 MPa. More data are needed to obtain
better correlations for soils with higher moduli at a
greater depth (> 40m).

V. SHEAR MODULUS AND DAMPING

The shear stress-strain relations in the stress-
controlled cyclic triaxial tests (liquefaction tests) were
recorded and the dynamic shear modulus and damp-
ing for each stress cycle were obtained based on the
stress-strain relation. Since shear strains in the stress-
controlled liquefaction tests are usually large initially
(mostly > 0.1%) and progressive to failure without
control, strain-controlled cyclic triaxial tests were
conducted for the shear modulus and damping of the
soil at a given strain amplitude as low as about
1072%. Due to the limitations of our equipment, the
cyclic period in the strain-controlled tests was 120
s~180 s. The shear modulus and damping of soil in
the triaxial tests were calculated according to the se-
cant modulus connecting two peak points, and the area
of the hysteresis loop, respectively, of the stress-strain
relation in a stress cycle (ASTM D 3999-91, 2000).

Combining the test results from resonant col-
umn tests and cyclic triaxial tests, Fig. 11 shows the
results of shear modulus versus shear strain ampli-
tude (G/Gpax vS. 9) for sand and clay in the Yuan-Lin
area. The shear modulus is normalized against G«
of the soils. G, can be obtained in the resonant
column tests or calculated from the shear wave ve-
locity measured nearby. For some samples in the
cyclic triaxial tests without resonant column tests or
wave velocity measurements of the same so0il, G«
values were computed using Eq. (3) according to the
field effective stresses and SPT-N values of the same
soil strata.

According to Fig. 11, the G/G,,,4 versus yrela-
tion of sandy soils in the Yuan-Lin area lies between
the relations for P/=0 and P/=30 given by Vucetic
and Dobry (1991). The curve of PI=0 by Vucetic and
Dobry (1991) is the mean value for clean sands given
by Seed and Idriss (1970). At small shear strains,
the mean value of the relationship in the Yuan-Lin
area is about that of P/=15 by Vucetic and Dobry,
while for shear strains y>0.2%, the mean value
matches Vucetic and Dobry’s PI=0 relation. This type
of relationship may result from the high content
(>15%) of non-plastic fines in the sandy soils in the
Yuan-Lin area. For clay and silt in the Yuan-Lin area,
the G/Gy,x versus yrelation at <0.1% falls between
the curves for PI=15 and PI=30 given by Vucetic and
Dobry (1991) but between the relations for PI=0 and
PI=15 for 7>0.1%.

The relations of damping ratio versus shear
strain amplitude of the soils in the Yuan-Lin area are
shown in Fig. 12. The results are more scattered than
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Fig. 11 Relations of G/Gy,, versus shear strain for soils in the
Yuan-Lin area

those for G/G,y, especially at higher strains. For
both sand and clay, the damping ratios are near the
minimum value of about 1% to 2% at <107% and
increase rapidly for y>1072%. The relationship ob-
tained in the Yuan-Lin area is slightly different from
that by Vucetic and Dobry (1991), and Seed and Idriss
(1970). The values of damping ratios are generally
lower at low strains below 1072% and higher at higher
strains.

VI. STIFFNESS REDUCTION VERSUS PORE
PRESSURE GENERATION

During the cyclic triaxial tests, the dynamic
modulus and the corresponding pore water pressure
in each stress cycle were recorded. The variation of
modulus was studied against the change of effective
stress, or the ratio of pore water pressure increment
to the original effective confining pressure, i.e.,
r,=Au/c]. The ratio of shear modulus at various r,
to that at the first stress cycle (i.e., r,=0), G/G,, is
used to study the stiffness reduction of soils under
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Fig. 12 Relations of damping ratio versus shear strain for soils in
the Yuan-Lin area

earthquake loading. The pore pressure at the mid-
point of the maximum and minimum shear strains of
a stress cycle is generally the highest pore pressure
in the following stress cycle, and it is used for com-
putation of r, for the stress cycle. The trends of stiff-
ness reduction are different between sand and clay in
the Yuan-Lin area. For sand, as shown in Fig. 13a,
there is a smaller stiffness reduction at the beginning
of pore water pressure excitation, while the stiffness
reduces more rapidly after r,20.6. Stiffness reaches
almost zero when the soil approaches initial
liquefaction, i.e., r,=1.0. The amount of stiffness re-
duction is affected by shear stress ratio, relative
density, and fines content of the sand. The relation
of stiffness reduction given by Iwasaki, ef al. (1982)
is also shown in Fig. 13a. Generally, the stiffness
reduces more for sand in the Yuan-Lin area than the
reductions obtained by Iwasaki, ef al. (1982). This
may be because the generation of the pore pressure
in Iwasaki’s study was induced by increasing the back
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Fig. 13 Shear modulus reduction versus pore pressure ratio for
soils in the Yuan-Lin area

pressure, while, in this study, the pore pressure was
generated by cyclic loading which better simulates
the pore water pressure changes under earthquake
loading.

The stiffness of clay reduces more rapidly when
the pore water pressure increases, and the rate of stiff-
ness reduction decreases at higher 7, as shown in Fig.
13b. The stiffness can be quite low even for a mod-
erate increase of pore pressure. This may explain the
large settlements of buildings on the clayey soils with-
out apparent liquefaction. The factors influencing the
stiffness reduction of clay may include effective stress
reduction, soil structure and sensitivity, plasticity,
loading rate, etc. Details of these effects are not com-
pletely understood yet; more studies and testing in
the field and the laboratory are needed to evaluate
the stiffness reduction of clay under earthquake
loading. The stiffness reduction of clay is affected
also by the sandy interlayers. The trend of stiffness
reduction is more like that of sand for clay
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Fig. 14 Comparison of stress-strain relation (small strain) in cy-
clic loading and that in monotonic loading thereafter

interbedded with sandy layers.

Monotonic undrained compression tests were
also performed on some specimens right after cyclic
triaxial tests were terminated, either before or after
the initial liquefaction. The strain-stress relations
obtained in these tests were studied for more under-
standing of the interaction between the foundation and
the soil during and after earthquakes. Figs. 14 and
15 show that, right after the cyclic loading, the mono-
tonic loading stress-strain relations follow those in
the last loading cycle. The results indicate that the
initial shear modulus is essentially zero for soil that
has reached liquefaction, and then the stiffness gradu-
ally increases as the strain increases. The stiffness
increases significantly after shear strain reaches about
5% when the dilation of sand occurs. If the soil does
not reach liquefaction, there is some stiffness in the
soil to resist deformation. This is similar to findings
by Vaid and Thomas (1995) and Jiang (2000). This
should be taken into account for foundation design
under earthquake loading.

VII. CONCLUSIONS

The 1999 Chi-Chi, Taiwan Earthquake induced
very high shaking intensities in many areas in central
Taiwan and caused extensive soil liquefaction. Soil
liquefaction occurred in the town of Yuan-Lin and
its vicinity and caused severe damage. Dynamic soil
property tests were conducted on “undisturbed” thin-
walled tube samples. The liquefaction resistance of
the sandy soils in the Yuan-Lin area was obtained in
terms of the relation between cyclic shear stress ratio
and number of stress cycles to initial liquefaction.
The results are used to evaluate the liquefaction
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loading test 150 -
(CSR=0.32) v
. . Monotonic loading 1001 -
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Fig. 15 Comparison of stress-strain relation for liquefied sand in
cyclic loading and that in monotonic loading thereafter

conditions during the Chi-Chi Earthquake. The stress-
strain relations during the stress-controlled and strain-
controlled cyclic triaxial tests, and the results of the
resonant column tests were used to obtain the shear
modulus and damping of these soils at various strain
amplitudes. The shear wave velocities computed from
the modulus at very low strains in the laboratory tests
compare well with the field measurements. The re-
sults can be used in seismic ground response analy-
sis of the Yuan-Lin area. The trends of stiffness re-
ductions under cyclic loading versus the pore water
pressure ratio, r,, of the sand and clay in the Yuan-
Lin area are different. A more rapid stiffness reduc-
tion for clay than sand was found according to the
test results.

NOMENCLATURE

amax  Deak ground acceleration (m/s?)

CRR cyclic resistance ratio

CSR  cyclic shear stress ratio

(Ny)go SPT-N values with corrections for effective
stress, energy and rod length

G shear modulus (kPa)

Gmaxy ~ maximum shear modulus at low shear strains

(kPa)

G, shear modulus at first stress cycle (kPa)

g the acceleration of gravity = 9.81 m/s?

PI plasticity index

ra a stress reduction factor considering
deformation of the soil

Ty pore water pressure ratio=Au/c,

Vs shear wave velocity (m/s)

Au pore water pressure increment (kPa)

Y shear strain
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soil density (kg/m®)

effective confining pressure (kPa)

cyclic deviator stress (kPa)

effective mean stress (kPa)

total vertical stress (kPa)

vertical effective stress (kPa)

equivalent average cyclic shear stress on the
soil (kPa)
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