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LIQUEFACTION ANALYSISOF SEAWALL STRUCTURESUNDER BOTH
DRAINED AND UNDRAINED CONDITIONS

Jun WANG?, Masayuk SATO? Nozomu YOSHIDA?, Hiroki KUROSE* And K atsumi OZEK I°

SUMMARY

Two seawall structures damaged by soil liquefaction during past earthquakes, Showa Bridge site
damaged during the 1964 Niigata earthquake and Uozaki-hama site during the 1995 Hyogoken-
nambu earthquake, are analyzed by using the nonlinear effective stress dynamic response analysis
code. The investigation are especially focused on the effect of drainage. The undrained analysis
resultsin smaller displacement of quay wall compared with the analysis considering the seepage of
excess porewater pressure. The investigation on excess porewater pressure and total stress
indicate that undrained assumption has a tendency to suppress the displacement in order to keep
the volume constant, and to overestimate horizontal 1oad to quay wall.

INTRODUCTION

More than 30 years have passed after the 1964 Niigata and Alaskan earthquakes by which liquefaction was
identified as one of the primary cause of damage to soil-structures and structures on the ground; the study of
liquefaction has become an important research area in the earthquake geotechnical engineering. The most recent
reminder of liquefaction and its destructive effect were the 1995 Hyogoken-Nambu earthquake during which
severe damage was observed in the Kobe city and vicinity areas. Considerable effort has been devoted on the
study of liquefaction during past 30 years, but the problems till remain very controversial on many aspects.
Focusing on the numerical analysis field, one of the problems is drainage condition. Undrained assumption is
frequently employed in the liquefaction analysis partly because duration of the earthquake is too short for excess
porewater pressure to dissipate and partly because the analysis becomes simple. This assumption may be
justified for the purpose to predict occurrence of liquefaction. In the case of liquefaction-induced flow, however,
it is not justified because flow seems to continue even after the earthquake [Yoshida, 1998]. If drainage
condition is important after the earthquake, it should also be effective during the earthquake as well, but it is not
investigated at present.

In this study, response of two types of quay wall associated with liquefaction is examined under drained and
undrained condition by nonlinear effective stress dynamic response analysis code STADAS-2. They are asheset
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Figure 1. Soil profiles and FE mesh at Syowa bridge site

Table 1. Physical properties of the sand

SPT N-value 5 10 15 30
Wet unit weight ¥ (gf/cm®) 1.9 1.9 1.9 2.1
Shear modulus constant G (kgf/cm?)* 3.80 X 10* 6.28 X 10* 7.76 X 10* 1.12x 10°
Reference confining pressure po (kgf/cm?) * 1.0 1.0 1.0 1.0
Shear modulus exponent mg* 0.5 0.5 0.5 0.5
Bulk modulus constant By (kgf/cm?) * 5.07 X 10* 8.38 x 10° 1.03 % 10° 1.49 % 10°
Bulk modulus exponent mg* 0.5 0.5 0.5 0.5
porosity n 0.4610 0.4186 0.4186 0.4060
Failure angle ¢, (deg.) 32.75 35.95 38.42 43.97
Angle at phase transform ¢, (deg.) 28.0 28.0 28.0 28.0
Permeability (cm/sec) ke 3.84 10’2 1.92 x 10'j 1.92 x 10'j 1.92 x 10’2
k, 3.84 X 10 1.92%x 102 1.92x102 | 1.92x10
Damping / (%) 3.0 3.0 3.0 3.0
“shear modulus G = G (&J ,bulk modulus K = B, (&J :
Po P,
Table 2. Property of quay wall
Unit weight | Young’s modulus | Shear modulus | Sectional area | Second moment of inertia damping
W (ton.f/m®) | E (kgf/cm?) G (kgflcm?) A (m*m) I (m*/m) (%)
7.843 2.04%10° 1.02x10° 0.0153 8.745x 107 1.0

pile type quay walls at Syowa bridge site that was damaged during the 1964 Niigata earthquake and a caisson at

Uozaki-hama site during the 1995 Hyogoken-nambu earthquake.
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surrounding regions at the end of analysis.

2. RESULT OF ANALYSIS AND DISCUSSION
2.1 Syowa bridge site

(1) Model and method of analysis

Figure 1 shows soil profiles of the Showa Bridge site and its FE mesh. The subsoil is modeled into rectangular
and triangle elements. The sheet pile quay walls are modeled into beam elements. The relative sliding and
separation between the ground and quay wall is taken into account by the joint elements that considers water
flow between the separation [Yoshida, 1993]. The hydrodynamic pressure acting along the riverside of the quay
wall is considered by the added mass [Westergaard, 1933]. The viscous boundary [Joyner, 1975] is set at the
bottom of the model in order to consider the effect of semi-infinite region beneath the ground. Physical
properties of soil, quay wall and joint element are given in Tables 1, 2 and 3, respectively.

The modified Tobita-Yoshida Model [Ozeki et al., 1996] in employed for the constitutive model of sand. The
model was originally proposed by Tobita and Yoshida [1994] based on elasto-plastic theory, and have been
improved by the authors. The accuracy of the model, including effective stress path, stress-strain curve and
liquefaction resistance curve, has been confirmed through various types of analysis such as sand foundation and
reclaimed ground [Wang et al., 1998a; Sato et al, 1998; Wang et al., 1998b, Wang et al., 1999] as well as
simulation of laboratory test.

Figure 2 compares the relationships between stress ratio g =fKrf and number of cycles to initial liquefaction
obtained from the laboratory test and computed by using relevant parameters, in which initial liquefaction is
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Figure 6. Excess porewater pressure time Figure 7. Horizontal total stress oy time
histories along the backfill side face of the histories along the backfill side face of the
quay wall quay wall

defined when excess porewater reaches 95% of the initial effective confining stress. Here, 7 denotes shear stress
amplitude and s is initial effective confining stress. It is seen that computed result agrees with target almost

perfectly. It is also worth to note that computed liquefaction resistance (shear stress ratio) are nearly identical
both under initial effective confining stresses of 1.0 kgf/cm” and 0.1 kgf/cm”.

The acceleration recorded at the underground floor of the Akita Prefecture office at the time of the 1964 Niigata
earthquake is used as input motion. The waves is scaled in time domain in order to adjust the predominant
frequency considering the fault distance between the observed site and Showa Bridge site. The waveforms with
peak acceleration of 120 cm/s” is shown in Figure 3.

Two types of analysis are conducted; the one allows drainage of excess porewater pressure and the other is
under the undrained condition. The initial stresses are computed by the layer construction analysis using the
same constitutive law.

(2) Results of analysis

Figure 4 compares the deformation of the quay wall and surrounding subsoil at the end of input motion, at 22.5
sec., and Figure 5 shows horizontal displacement time histories at the top and the bottom of the quay wall. It is
clearly seen that displacement of the quay wall and deformation of the subsoil are greater in the drained case
than those in the undrained case. The displacements at top and bottom of the quay wall at the end of analysis in
the direction towards the river are 2.14m and 3.6cm, respectively, in the drained case, whereas they are 1.72m
and 2.7cm, respectively, in the undrained case; the drained case produces more than 25 % larger displacement
than the undrained case.

Because movement of the quay wall towards the river requires more volumetric strains in the sand elements
adjacent to the quay wall than free field, excess porewater pressure is less generated in these regions compared
with elements in free field. Actually, as shown in Figure 6, the excess porewater pressure along the backfill side
face of the quay wall (Line PL in Figure 1) is much smaller than the total overburden stress in both drained and
undrained cases. It is also noted that generated excess porewater pressure under the drained condition is higher
than that under the undrained condition at 1.75 m depth, whereas excess porewater pressure at 9.5 m depth has
the contrary tendency. This can be recognized by considering that, in the drained case, water flows towards the
ground surface resulting in larger excess porewater pressure near the ground surface and smaller excess
porewater pressure at deep depth. This water flow also results in larger horizontal total stress o, at GL-4.5 m
depth than that under the undrained case. Especially, at 1.75m depth, o, becomes negative in the undrained
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Figure 9. Cross-section and FE mesh at Uozaki-hama site

case, which indicates that horizontal movement of quay wall is strongly suppressed. These behavior is the
reason why analysis under drained condition gives larger horizontal displacement of quay wall.

Figure 8 shows excess porewater pressure distribution in the subsoil near the quay wall at the end of the
analysis, at 22.5sec. The effect of the undrained condition discussed above is clearly seen in this figure; region
where excess porewater pressure is small in backfill ground near the quay wall is greater in the undrained case
than drained case. In addition, excess porewater pressures changes much smoothly in the drained case. This
fact indicates that, although amount of water flow may be small during the earthquake, change in excess
porewater pressure cannot be negligible because bulk modulus of water is large. In other words, undrained
condition may not hold in the liquefaction analysis.

2.2 Uozaki-hama site

(1) Model

Figure 9 shows soil profiles in the backfill ground, movement of quay wall during the 1995 Hyogoken-nambu
earthquake, and the FE mesh used in the analysis. The strategy to model the soil-structural system is same with
previous analysis. The caisson and the ground are modeled into rectangular and triangle elements. The relative
sliding and separation between the caisson and the ground are considered by the use of joint elements. The
hydrodynamic pressure acting along the sea face of the caisson is taken into account by the added mass.
Viscous boundary is used in order to consider the effect of semi-infinite region beneath the model. Physical
properties and model parameters are shown in Tables 4 and 5. Figure 10 compares liquefaction strengths from
the test with computed ones. Same as previous case, computed liquefaction strength agrees with test result well
in a wide range of SPT N-value indicating the ability to express the liquefaction associated phenomena.
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Table 4. The properties of the solid elements

Soil type Holocene clay, | Replaced sand, Sand, Mound and backfill Caisson
N=5 N=10 N=20 crashed rock, N=36
Wet unit weight y (gf/cm®) 1.5 1.9 1.85 2.07 2.22
Shear modulus constant G (kgf/cm?)* 4.00 % 10" 6.28 X 10* 1.700 x 10° 3.27 X 10* 9.06 % 10*
Reference confining pressure p, (kgf/cm?)* 1.0 1.0 1.0 1.0 —
Shear modulus exponent mg* 0.5 0.5 0.5 0.5 -
Bulk modulus constant By (kgf/cm?)* 3.87 x 10° 8.38 x 10° 1.643 x 10* 5.00 % 10* 1.06 X 10°
Bulk modulus exponent mz* 0.5 0.5 0.5 0.5 -
porosity n 0.6667 0.4186 0.5080 0.3726 —
Failure angle ¢r (deg.) 31.9 35.92 38.03 75.18 -
Angle at phase transform ¢, (deg.) 28.0 28.0 28.0 28.0 —
. ke 3.4x10° 1.92%x 107 3.4x10° 391x10"
Permeability (cm/sec) k 34%10° 1.92% 10 34%10° 3.91x 10’ -
Damping h (%) 3.0 3.0 3.0 3.0 3.0
*) : shear modulus G = G Jﬂ) , bulk modulus K = B, [&J :
Po Po
Table 5. The property of the joint element
Location K, (kgf/cm) K, (kgf/cm) Damping h (%) Friction angle ¢ (deg.)
Bottom of caisson 2.04 % 10° 1.02%x10° 0.0 31.3
Ground side face 2.04 x 10° 1.02x 10° 0.0 25.4
Interface between mound and fill 2.04 % 10° 1.02 % 10° 0.0 28.1
- & - Mound,backfill stone(N=36)
- B - Replaced and filled soil(N=10)
0.80 - ® - Sand with N=20
& 0.60 -
° A
= A 600 ——— max=570.0
S 040 0]
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Figure 10. Comparison of liquefaction strength

Figure 11. NS component of Port-Island
with initial confining pressure ¢’ = 1.0kgf/cm’

accelerogram at GL=-16.4 m

The NS component of the Port-Island accelerogram at GL-16.4m recorded during the 1995 Hyogoken-nambu
earthquake is used as input motion. The waveform with peak acceleration of 570 cm/s* is shown in Figure 11
The two cases, drained and undrained conditions, are analyzed. Initial stresses were computed by the layer
construction analysis.

(2) Results

Figure 12 compares the deformations of the ground near the caisson at the end of the analysis, at 20.0 sec., and
Figure 13 shows horizontal displacement time histories at the top and the bottom of the caisson. Caisson moves
toward the sea and settle down in both analyses. Detailed investigation indicates that the caisson tilts slightly in
the clockwise direction in the drained case, whereas small counter-clockwise rotation is observed in the
undrained case. The displacements at the top and the bottom of the caisson are 1.07m and 1.04m, respectively,
in the drained case. They are 0.89m and 0.98m in the undrained case. Again, the analysis considering seepage
of excess porewater pressure produces larger displacement.

Figure 14 shows the distributions of the excess porewater pressure near the caisson at the end of the analysis, at
20.0 sec. Excess porewater pressures dissipate through the replaced sand, mound and back filling stone in the
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Figure 14. Excess porewater pressure distribution in the subsoil near the caisson at 20.0sec.

analysis considering the drainage because their permeability is much larger than the one of ordinary soil. On the
other hand, in the undrained case, regions with high excess porewater pressure is observed near the ground
surface, on the interface between replaced sand and mound, etc. The value of excess porewater pressure is
nearly total overburden stress indicating the occurrence of complete liquefaction. Figures 15 and 16 illustrate
the excess porewater pressure and the mean effective stress oy, time histories of elements A, B and C among
which elements A and B locates in the replaced sand and element C in the backfill stone region, respectively.
For these elements, the excess porewater pressure becomes much higher in the undrained case than in the
drained case so that the corresponding mean effective stresses (0,,,) become much smaller in the undrained case
than in the drained case.

3. CONCLUDING REMARKS

Two seawall structures that are damaged during past earthquakes are analyzed by the nonlinear effective stress
dynamic response analysis code under drained and undrained conditions. When focusing on the behavior of
soils near the quay wall, behaviors computed under different drainage conditions are sometimes significantly
different to each other, especially in displacements of the quay wall and the caisson, excess porewater pressure,
and the stresses of the foundation ground. This indicates that undrained assumptions that are frequently used in
the liquefaction analysis do not hold. It is important to consider the seepage of excess porewater pressure in
order to predict the behavior of seawall structure precisely.
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