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ABSTRACT

Seismic tests have been conducted on a pile-supported structure in a liquefiable sand deposit using ground motions
generated from large mining blasts. This paper presents simulation analyses of the seismic tests.

A 2-D finite element model (2-D FEM) was constructed and response analyses considering effective stresses were
performed to simulate responses of the sand deposit and the adjacent free field. The analysis results confirmed that the
effective stress analysis method could simulate the nonlinear behavior of a sand deposit under liquefaction.

A beam-interaction spring model was used to simulate the dynamic behavior of the pile-supported structure. The input
motions to the beam-interaction spring model were obtained from the effective stress analyses using 2D-FEM. Comparison
of the analysis results and the test results confirmed that the beam-interaction spring model employed here simulated the
dynamic behaviors of the soil-pile-structure system very well.

INTRODUCTION

Seismic tests were conducted on a pile-supported structure in a liquefiable sand deposit using ground motions caused
by large mining blasts at Black Thunder Mine, Wyoming, USA. The seismic tests and the investigation of test results are
presented in the paper entitled "Seismic Tests of a Pile-Supported Structure in Liquefiable Sand Using Large-Scale Blast
Excitation" [1] in this conference, SMiRT-16. This paper presents simulation analyses of seismic tests.

Table 1 summarizes the seismic tests. The tests were performed six times in total. The major advantages of carrying
out seismic tests at a mining site are (1) large-scale test structure can be tested, (2) responses can be obtained at different
levels for various levels of input motions, (3) soil-structure interaction and nonlinear behavior in three dimensions can be
considered. As can be seen in Table 1, the maximum acceleration records at the ground surface of the adjacent free field
vary from 20 Gals to 1353 Gals, which provides a wide variety of test results.

In this paper, the three tests highlighted in yellow in Table 1 were chosen for detailed investigation, because they
provide three different phenomena in terms of liquefaction of the sand deposit. In Test-1, there was almost no liquefaction
because of the small acceleration levels. In Test-5, the upper half to 2/3 of the test pit seemed to be liquefied based on the
simulation analysis. In Test-3, the entire test pit was subject to liquefaction, which was recognized by simulation analysis
results as well as test results. Sand boiling was observed in the test pit after seismic tests with larger input motions.

SIMULATION ANALYSIS OF TEST PIT AND FREE FIELD

2-D Finite Element Model Table 1 Summary of Seismic Tests

A 2-D FEM was constructed and used for Level of Test# | Distance * | Maximum Acceleration **
simulation analyses of test results in the test pit Input Motions (m) EW NS UD
and the adjacent free field. This is shown in Small Test-1 3000 X 2 26
Figure 1. In order to simulate strong nonlinear [ Test-2 1000 32 84 48 |
phenomena including liquefaction, nonlinear Medium Test-5 500 142 247 304
properties of sand and generation of pore water Large Test-: 14C 57 568 1012 |
pressures were also considered in the response T Test-4 180 564 593 332
analyses [2]. A region 82m wide and 32m Very Large | Test6 90 17 1353 3475

deep was modeled as 2-D FEM.

The properties of the soil layers were
obtained from PS measurement at the test site,
and are shown in Figure 1. The properties of
the sand were determined from laboratory test results. Rayleigh damping was set at 5% for the first frequency (4.0Hz) of
the soil layers. Fixed conditions and viscous conditions were applied to the bottom boundary and side boundaries,
respectively, of the 2-D FEM. The acceleration records at 32m below ground level (GL-32m) were used as input motions
to the 2-D FEM. In the response analyses, horizontal and vertical motions were simultaneously applied to the 2-D FEM.

*: distance from blast area to test site
**. at ground level of adjacent free field (Gals)
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Figure 1  2-D Finite Element Model
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Results of Simulation Analysis
The distributions of the maximum acceleration ‘g -10 -10 = -10
obtained from the effective stress analysis are = 15 / 15 15
compared with the test results at the adjacent free field, & /
as shown in Figure 2. The acceleration increased as .;] 20 20 20
ground motions traveled upward from GL-32m to the § TV Test Test Test
ground surface. This shows fair agreement between 5 -25 [~ -25 i 25 i
analysis results and test results, except for accerelation \ Analysis Analyéis r\Anal_\'/sis
at the ground surface for Test-5. The reason for this -30 Je -30 -30 )
small discrepancy seemed to be local alternation of the 35 35 35
soil properties of the surface layer. 0 10 20 30 0 100 200 O 400 800
Figure 3 compares the maximum acceleration Acceleration (Gal)
distributions from the mudstone layers through the Test-1 Test-5 Test-3
sand obtainded from analysis results and test results. (Small Input Level) (Medium Input Level) (Large Input Level)
In the mudstone layers from GL-10m to GL-3m, there Figure 2 Maximum Acceleration at Free Field
was very little amplification for all three tests. In the
test pit, however, there were great differences in
acceleration distributions because of the degree of 0 ¢ / 0 ¢ 0o Test
liquefaction in the test pit. In Test-1 (Small Input ’/ / L‘/
Level), acceleration increased as the ground motions 2 / 2 2
went upward, In Test-5 (Medium Input Level), there A } \,
was a very little amplification throughout the depth of ;E/ 4 4 . 4 7-
the test pit. In Test-3 (Large Input Level), the 2 ~ Test .‘ Analysis/
acceleration at the surface of the test pit was much less A Test \A/
than the acceleration at the bottom of the test pit. In g -6 -6 -6
this case, shear waves could not propagate through the © . L\ l
sand deposit becasue of liquefaction of the entire test O 8 Analysis 8 Analysis 8
pit /
Figure 4 compares the excess pore water
pressures simulated by the effective stress analysis ‘100 20 20 '100 50 100 150“10 0 200 °400 600
with test results for Test-3 (Large Input Level). As Acceleration (Gal)
can be seen, there is good agreement between the Test-1 Test-5 Test-3
analysis results and the test records. ~Even the (Small Input Level) (Medium Input Level) (Large Input Level)

fluctuations in pressure records due to longitudinal
motions were simulated very well.

The ratio of excess pore water pressure to initial
effective stress is a very common index for determining if liquefaction takes place in soil layers. The distributions of the

ratios obtained from the effective stress analysis are shown in Figure 5.

Figure 3 Maximum Acceleration at Test Pit
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Figure 4 Simulation of Excess Pore Water Pressure (Test-3)

For Test-1 (Small Input Level), the entire section of
the test pit is still blue and there seemed to be very little
liquefaction. There are red areas at the upper edges of the
section. Since there was a great differece between the
sand deposit and surrounding mudstone layer in terms of
shear wave velocity, there must be some concentration of
vibration energy at the upper edge of the section. As a
matter of fact, very small sand boiling phenomena were
observed at the perimeter of the test pit surface. Test-1 (Small Input Level)

For Test-5 (Medium Input Level), the analysis results
indicated that a half to 2/3 of the pit depth seemed to be
subject to liquefaction. This corresponds closely with the
test results. The maximum excess pressures at GL-2.2m
and at the bottom of the pit (GL-3.0m) were almost the
same, and were less than the initial effective stresses.

For Test-3 (Large Input Level), analysis results
indicated that the entire section of the test pit was subject to
liquefaction. This can be seen from the excess pressure
records of the test results.

Figure 6 compares the acceleration response spcetra
evaluated by the response analyses with those from test
records of Test-1 and Test-3. The response spectra in this
figure are for the test pit surface and for the ground surface
in the adjacent free field. The figure also shows the

response spectra of the input motions to the 2-D FEM Test-3 (Large Input Level) 0.0
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Figure 6 Acceleration Response Spectra at Ground Surface



and the test pit. Amplification was greater at the test

pit than at the adjacent free field because soil layers in 20
the free field were stiffer than the sand deposit. For GL -0.6m
Test-3 (Large Input Level), the motion at GL-32m was 10

amplified as they traveled upward to the surface of the o — ﬂﬁq‘\ g !
free field. Conversely, the response acceleration at the
test pit surface was apparently smaller than that at
GL-32m, because the test pit was subject to severe
liquefaction during the seismic test.

Since the effective stress analysis simulated the test
results very well, the same analysis method was
employed to investigate the effects of longitudinal waves
on the development of excess pore water pressures.
Results regarding Test-3 are shown in Figure 7. The
time histories shown in red were obtained from the
response analyses with simultaneous horizontal and
vertical input motions. Those shown in blue were
obtained from the effective stress analysis with the
horizontal input motion only. As can be seen very
clearly, there were large effects of longitudinal motions
in the course of the development of excess pore water
pressures. However, the longitudinal motions did not
seem to have an important role in the liquefaction, since
very little effect was found on residual pore water 2
pressure values. Time (s)

— Horizontal —— Horizontal+Vertical

Excess Pore Water Pressure (kPa)

Figure 7 Effects of Longitudinal Wave Motions on
Excess Pore Water Pressure Development
Test-3 (Large Input Level)

SIMULATION ANALYSIS OF PILES AND
STRUCTURE

Numerical Model for Dynamic Response Analysis

A dynamic response analysis using a beam-interaction spring model [3][4] was performed to simulate the test results of
the piles and the structure. The model is shown in Figure 8. The pile foundation was modeled by a one-stick model with
lumped masses and beam elements. The lumped masses were connected to soil layers in the free field through nonlinear
lateral interaction springs modified step by step in accordance with the developed excess pore water pressures. The
dynamic response analyses of the soil-pile-structure system are conducted with inputs of time histories of soil displacements
and excess pore water pressures at each level obtained from response analyses of the test pit using 2-D FEM.

The initial values of lateral
and shear interaction soil

springs needed to be evaluated ogs Stuti

Responses of i i
in accc?rdance \fvith the linear _ _ Sang Deposit ({Sﬁg rs\;)gglcgl)
properties of soil layers [4][5]. Rocking Spring
The relationships  between M\Wﬂ'ﬁ""" Load
lateral loads and displacements
for four piles were strictly P"\"‘W’*"" Py
obtained using Green’s
functions with ring loads in the W" K
layered stratum [6]. The Horizontal Soil Displacement
rotational spring was modeled Springs [K,] \ MMVW""‘
and evaluated at the pile head . Prax= Po max(G"00")
level. The axial stiffness of Sh.car Soil "‘W" K = Ky(o'/oy) 112
the piles and the bearing Springs [Ky] — Go = Gy-U
capacities of the supporting : I"Wf"“"" o« : Effective Stress
pludstone . layer were ""‘MM“”" 0::' : Initial Effective Stress
incorporated into the evaluation.

.. . u : Excess Pore Water
No friction between piles and

surrounding sand was taken into Figure 8 Beam-Interaction Spring Model of Soil-Pile-Structure System



account. The damping coefficients of the springs
were determined on the basis of the first natural
frequency of the soil-pile-structure interaction system.

The structure was simply modeled as two masses
and one beam element. The stiffnesses of steel
columns and piles were obtained from mill sheets.
Damping factors of 1% were used for both reinforced
concrete and steel columns,

Results of Dynamic Response Analysis

Figure 9 compares the distributions of the
maximum pile bending moments obtained from the
response analyses with those evaluated from strain
measurement records of one pile in the tests. There is
very good agreement between analysis results and test
results. The maximum bending moment occurred at
the pile head regardless of input motion levels.
However, the distribution shapes varied in accordance
with input motion levels.

The bending moment generated on the piles by
earthquake motions can be divided into two moment
components based on the mechanism causing it, as
described in Figure 10. One component is caused by
inertial forces from the structure on the pile foundation.
The other is caused by soil displacements due to
ground motions. In this paper, the moment caused by
earthquake motions is called “total moment”, and the
former and the latter components are called “inertial
component” and “kinematic component”, respectively.
The kinematic component can be obtained from
response analyses using the numerical model of
soil-pile-structure system shown in Figure 8. In this
case, however, a mass-less structure is used to evaluate
the effects only from soil displacements. The inertial
components arec obtained by subtracting kinematic
components from total moments in the time domain.

In order to investigate the effects of inertial forces
and soil displacements on bending moment generation,
the total moments evaluated from the response analyses
were divided into inertial components and kinematic
components, as shown in Figure 11. The inertial
components took their maximum values at the pile
heads and the kinematic components showed larger
values at the pile heads and at the interface between the
sand and mudstone layers at GL-3m, regardless of
input motion level. As input motion levels increased,
the inflection point of the total moment moved down
from GL-1.3m to GL-22m. It was found that
different total moment distribution shapes were
determined mainly by inertial components, and that the
influence of inertial force on total moment increased as
input motion levels increasd, because the surrounding
sand lost its stiffness due to severe liquefaction.
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Figure 9 Distribution of Maximum Bending Moment
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— Test Results

— Analysis Results
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Figure 12 Comparison of Pile Bending Moment

Figure 12 compares the time histories of the bending
moments evaluated from the response analyses with those
obtained from the test results. The moments in this
figure were evaluated at the pile heads and at the interface
between the sand and the mudstone layers. Although the
timing of the maximum moments was different, there is
very good agreement between the shapes of the wave
forms.

Figure 13 compares the time histories of the
acceleration evaluated from response analyses with those
obtained from the test results. The acceleration in this
figure was evaluated at the top slab and the base mat.
There is a very good agreement between the time histories
for Test-1.  Although the maximum acceleration obtained
from the analysis results was a little greater than that from
test results, the overall tendencies of the test results of the
soil-pile-structure system were expressed by the analysis
very well for Test-3.

Figure 14 compares the response spectra obtained
from response analyses with those from test results. The
response spectra at the top slab and at the base mat are
shown in this figure. For Test-1, the responses at the top
slab were larger than those at the base mat over the entire
period. For Test-3, the responses at the top slab were
larger than those at the base mat, except for periods longer
than 0.1 seconds. There was some discrepancy between
the response acceleration levels for Test-3. However, the
analysis results simulated the tendency of the test results
very well.
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Response Analysis Methods for Evaluating Pile Bending Moment

The dynamic and
static  analysis methods
using the beam-interaction
spring model are commonly
employed for evaluating
pile bending moment during
earthquake.  The models
used are shown in Figure 15.
In order to investigate if
these analysis methods can
evaluate  pile  bending
moment during earthquake,
the dynamic and static
response analyses were
conducted and analysis
results were compared with
test results.

The input motions for
the dynamic method are
evaluated from separate
analyses. The  soil
displacements were obtained from the effective stress
analysis using 2-D FEM, and the inertial forces were
evaluated from the test results at the base mat.

In the static analysis method, the maximum soil
displacements at each level were applied to piles
through soil springs, and the maximum shear forces
from the structure were applied to the pile head. The
maximum displacement was obtained from effective
stress analyses using 2-D FEM at each level. The
maximum shear forces correspond to the maximum
values of inertial force time histories that were used in
the dynamic analysis as input motions.

Figure 16 compares the bending moments of the
piles obtained from two analysis methods with the
evaluated test results. For Test-1 (Small Input Level),
the dynamic and static analysis methods provided
almost the same results. Both showed smaller
moments than the test results at around GL-2.0m.
For Test-5 (Medium Input Level), the dynamic
analysis method provided results that were closer to
the test results than the static analysis method.

For Test-3 (Large Input Level), the dynamic
analysis method provided analysis results that were
very close to the test results.
were evaluated on the basis of complete liquefaction.
in Test-3, great care needs to be taken in evaluating
displacements.
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Figure 16 Comparison of Pile Bending Moment Obtained
by Dynamic and Static Analysis Methods

Conversely, the static analysis method underestimated the test results, because the soil springs
If the static response analysis method is employed for the situation as

nonlinear properties of soil springs and maximum response



CONCLUSIONS

Dynamic Response Analysis of Test pit and Adjacent Free Field

1) It was confirmed that the dynamic effective stress analysis using 2-D FEM could simulate the dynamic behavior of a sand
deposit from linear conditions to nonlinear conditions including liquefaction very well.

2) The acceleration at the surface of the sand deposit was greater than in an adjacent free field when the input motions were
relatively small. As the levels of input motions increased, the acceleration at the surface of the sand deposit became
much smaller than in an adjacent free field due to liquefaction.

3) Numerical analyses have confirmed that the excess pore water pressure was greatly influenced by longitudinal waves in
the course of developing excess pressure, and that longitudinal waves had very little influence on residual excess pore
water pressure values.

Response Analysis of Piles and Structure

1) It was confirmed that a dynamic response analysis using a beam-interaction spring model could simulate the behaviors of
piles and the structure during liquefaction very well. This method can be used to accurately evaluate the bending
moment of piles and the responses of the structure during liquefaction.

2) When the static response analysis method is employed to evaluate the bending moment of piles, it is very important to
evaluate the nonlinear properties of the soil springs.

3) The bending moment showed its maximum value at the pile heads and a large value at the interface between the sand
deposit and the mudstone layer. As input motion levels increased, the inflection point of the total moments moved
downward and the proportion of inertial component in the total bending moment became greater than that of kinematic
component because the surrounding sand lost its stiffhess
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