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SUMMARY

This paper presents the results of the earthquake response analysis of
sandy soil layers and coupled soil-pile systems with and without rigid mass
on the pile head, considering nonlinearity of the restoring force character-
istics 11d the liquefaction of a saturated sandy soil layer as the reduction
of shear modulus of soil. The lateral resistance factor obtained in the re-
sponse analysis is compared with that obtained in the .experiment referring
to actual construction of piles in reclaimed sandy soil layers.

INTRODUCTION

It is one of the most serious problems in the earthquake resistant de-
sign to make the dynamic characteristies of soil layers clear. TFor these ten
years the soil liquefaction as a remarkable critical phenomenon cf soil has
attracted attention and been studied (1), (2). This study reports the re-
sults of the dynamic response anaiysis of sandy soil layers, and coupled
soil-pile systems with and without rigid mass on the pile head, considering
the nonlinearity of the restoring force characteristics and the liquefaction
of a saturated sandy soil layer as the reduction of shear modulus of soil.
Further, the lateral resistance factor obtained in the response analysis is
compared with that obtained in the experiment referring to actual construc-
tion of piles in reclaimed sandy soil layers.

EARTHQUAKE RESPONSE ANALYSIS OF SOIL LAYERS CONSIDERING LIQUEFACTION

Assumptions

In this analysis, the following assumptions are laid for soil charac-
teristics.
(1) The restoring force characteristics of sandy soil is assumed to be of
Hardin-Drnerich Masing type(s). The skelton curve is expressed as follows:

T = Goy/(1 + Goy/Ty) (1)

where y: shear strain, t: shear stress, Gy: initial shear medulus, t,: maxi-
mum virgin shear stress. Eq.l is normalized as Eq.2 by ty and the reference
strain, yYp, and the hysteresis loop can be expressed as Eq.3 by the Masing
model.

T Y Y
() = (7—)/(1 + | 1) (2)

(Site) = (2 Y<>)/(1 + |L2tal) (3)
In Egqs. 1 and 3, Ty can bg obtained by Eq 4 and G, by Eq.5 as proposed by

Richart.

Ty = {1+ ko)51n¢/2}2 - {1 - ko) /2}21%2g, (4)
v (2.17 - e)? l+2k01f2/——- (5)
Go = 700 ~= o () Yoy
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where ko: coefficient of earth pressure at rest, e: void ratio, oy: vertical
effective stress, ¢: effective angle of shearing resistance.

(2) In the process of liquefaction, it is assumed that the stress-strain
curve degrades step by step as Fig. 2, and the reduction of stiffness can

be considered as the change of vertical effective stress, caused by the in-
crease of excess pore-water pressure in Egs.4 and 5. The dynamic equilib-
rium is considered in the continuation of stress and strain before and after
the change of pore-water pressure..

(3) The incremental excess pore-water pressure is estimated as follows:

(a) It is estimated for every ome cycle and for the average shear stress
amplitude in the dynamic response analysis.

(b) From the S-N curves of sand for liquefaction ie. t/oy vs. N} by Tanimoto
(4) as Fig. 4, the number of cycles for liquefaction Nj can be cbtained.

(c) From the buildup curve of pore pressure proposed by Seed!l), i.e.yy vs.
N/N; as Fig. 3, the pore pressure ratio yy can be obtained.

(d) Further, the condition of initial liquefaction is made as follows: When
the average shear stress ratio, 1/0y, equals to the dynamic effective angle
of shearing resistance at a certain cycle, the liquefaction occurs.

Earthgquake Response Analysis

Consider a stratum of saturaled sand having approximately uniform prop-
erties for lateral and vertical extent, resting on horizontal bedrock. The
sand stratum is assumed to be shaken by horizontal shear waves. The sand
stratum of 30m is divided into 10 layers. The water level under the ground
is assumed to be GL-1.5m and GL-4.5m. As for the constants used in this
analysis, it is assumed that the coefficient of earth pressure at rest, kg,
equals 0.5, and that the coefficient of pore pressure for the ascending curve
by Seed, o, equals 0.7. The properties of sands are shown in Table 1 for
Case-A, and Case-B, where the parameters are obtained from the laboratory
tests by Tanimoto'“’. The differential equation of motion is written as

[Mil{%i} + [Cil{ki} + [kil{xi} = - [Milug(t) (8)

in which [Mi] is the diagonal mass matrix, [Ci] the viscous damping matrix,
lg(t) the earthquake acceleration at the base of the layer. {xi}, {xi}, and
{%i} are displacement, velocity, acceleration of the mass [Mi] relative to
the base, respectively, the viscous damping being propotional to the initial
shear modulus equivalent to 5% of critical damping in this analysis. The
input earthquake recorded at Kobe Port Island (P.I.) in Japan, Taft, and El-
Centro of different maximum amplitudes are used. Eq.0 is integrated by the
Runge Kutta's Method, where time step is 0.01 sec.

Results and Discussions

The natural periods of the analyzed soil deposits for the initial shear
modulus are 0.47 sec. for Case-A, 0.52 sec. for Case-B. The distributions
of pore pressure response with depth are shown in Figs. 5(a) ~ 5(d), in
which, the pore pressure is divided by the initial vertical effective stress,
and presented by vy. If vy equals to 1.0, liquefaction occurs in the respec-
tive layer. In all of the analyzed cases, the layers liquefied were from
GL-6.0m to GL-12.0m, and it becomes clear that at several meters below the
water table, liquefaction occurred most easily, because the ratio t/oy, be-
comes larger, while in the layers under the depth of GL-15.0m, liquefaction
did not occur. In the following, the effects of the combination of para-
meters used in this analysis are discussed.

First, the effect of input acceleration is discussed. As shown in Fig.
5(a) liquefaction occurs at t=6.0 sec. for the input acc. of P.I. wave whose
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max. is 100 gal., but as shown in Fig. 5(b) it occurs at t=14.5 sec. for
the input acc. of Taft wave whose max. is 200 gal. For the input accelera-
tion of Taft whose max. is 100 gal., liquefaction doesn't occur. Then, it
is stated that possibility of liquefaction depends on the characteristics
of the earthquake wave.

Second, the effect of soil deposit is discussed. As shown in Fig. 5(a)
and Fig. 5(b), liquefaction occurs at t=6.0 sec. for Case A and at t=4.0 sec.
for Case-B, this mainly reflects the S-N curves (Fig. 4).

Finally, the effect of the depth of the water level is discussed. As
shown in Figs. 5(a) and (d), liquefaction occurs in the case of the water
level of GL-1.5m, but it doesn't occur in the case of the water level of
GL-4.5m. The relation of force vs. displacement on GL-9.0m in Fig. 5(a) is
shown in Fig. 6, where the input acceleration is P.I. wave, whose max. is
100 gal. In Fig. 6, (a) denotes the case of neglecting liquefaction, and
(b) denotes the case of considering it. Figs. 8 and 9 show the responses of
shear stress and shear strain, respectively, for P.I. wave, whose max. is
100 gal. After the moment of liquefaction, the shear stress was not trans-
mitted upward, and the shear strain became larger and drifted on one side.
Fig. 10 shows the acceleration response on the ground surface. In Fig. 10,
the solid line is for the case of considering liquefaction, while the dotted
line is for the case of neglecting liquefaction. Comparing the solid line
with the dotted one, one notices that the amplitude of response acceleration
is small before and after the liquefaction, and that the periodic character-
istics is changed after liquefaction.

EARTHQUAKE RESPONSE ANALYSIS OF SOIL-PILE SYSTEM

Method of Analysis
The method of dynamic response analysis follows the Penzien's procedure
(5), which may be one of general and basic procedures for the dynamic prob-
lem of lumped-mass soil—pile systems. The differential equation of motion
of the soil-pile system is,
[MiP1{Xi} + [Cljp]{X1} + [KijP1{xi} + [Mi®I{Xi - xi}

+ [Ci€l{Xi - %i} + [kiel{xi - xi} = -[Mlpjug(t) (7)
in which, [MiP], [€ijP] and [KijP] are the mass matrix, the viscous damping
matrix, the stiffness matrix of pile, respectively; [Mi®], [Ci®] and [Ki®]
are the effective mass matrix, the effective viscous damping matrix, the
effective horizontal spring matrix of soil-pile interaction, respectively;
{xi}, {Xi} and {Xi} are displacement, velocity, acceleration of the pile,
respectively, and {xi}, {%i}, and {%Xi} are displacement, velocity, accelera-
tion of the soil determined by Eq.6. In Eq.7, the horizontal spring, the
effective mass of the soil are calculated after Mindlin. In this study, the
single pile with mass on its head is analyzed. The pile is a steel pipe
pile of 10mm thick and 600mm in diameter, the mass on the pile head is taken
to be five times as large as that of the pile, the length of the pile is 21
meters, and the pile is divided into seven lumped masses. As for the bound-
ary condition of the pile, it is assumed that the pile head is slidingly
fixed and the pile tip is fixed. For considering the nonlinearity of soil,
the horizontal spring constants are calculated for three cases shown in
Table 2. The values of the horizontal spring constant per unit length and
the effective mass used in this analysis are shown in Fig. 13 and 14. The
horizontal spring constants are considered to be propotional to reduction of
soil stiffness. The input earthquake acceleration is that of P.I. wave
whose max. is 100 gal. as before, and the differential equation, Eq.7, is
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integrated by the Runge Kutta's method where time step is 0.0l sec.

Results and Discussions

The excess pore water pressure response is shown in Fig. 15. As shown
in Fig. 15, only the 6th layer liquefied at t55.5 sec. In Fig. 16, the solid
line shows the displacement responses at the pile head, and the dotted line
shows that on the surface of soil. It is noticed from Fig. 16, that the
displacement of pile head is almost the same as that of soil, because of re-
straint of the upper soil layer near the surface whose stiffness is not so
much reduced. The shape of the displacement response of the pile and the
soil is shown in Fig. 17 with 2.0 sec. interval where the solid line is that
of the pile and the dotted one is that of the soil. The pile is forced to
displace larger on 4th and 5th layers than on others. Further, the maximum
bending moments appeared in the analysis for three cases are shown in Fig.
18. As for Case-1, where the horizontal spring constant is not so large as
those of the others, it is not so clear, but as for Case-2 and Case-3, it is
clear that the bending moment of the pile becomes larger in the liquefied
sandy layer than that in the other layers. The acceleration response of the
pile head is shown in Fig. 19, where (a) denotes neglecting liquefaction and
(b) denotes considering liquefaction. It is recognized from Fig. 19 that
the higher frequency predominates in the process of soil liquefaction, par-
ticularly after the soil liquefaction. It seems that predominant higher
frequency components in the acceleration response is caused by the phase lag
between the input acceleration and the response acceleration of the soil
transmitted through the effective mass of soil, and the difference of dis-
placement between the pile and the soil transmitted through the horizontal
spring. Fig. 20 shows the relation between the shear force of the pile,
[KPij1{Xi}, and the relative displacement of soil and pile, {Xi - xi}, at
the pile top for the earthquake response analysis in Case 1.of Table 2. It
is recognized in Fig. 20 that the shear force of the pile at the top increases
catastrophically at the beginning of-liquefaction and after that the shear
force displacement curve varies complicatedly, and the shear force decreases.
The horizontal spring constants at the pile top before liquefaction are about
18.5v34.0 t/cm for Case 1 (Go/10) v Case 3 (Gy/2) and these values do not
change so much after liquefaction. This may be because the liquefied por-
tion is limited in narrow range, compared with the total length of the pile,
and it does not influence so much on the horizontal spring constant at the
pile top.

EXPERIMENTAL VALUES OF LATERAL RESISTANCE UNDER ACTUAL CONDITIONS

In this section, the horizontal spring constant at the pile top calcu-
lated in the earthquake response analysis in last section is compared with
that obtained in the experiment under actual construction conditions of piles
in the reclaimed sandy layer. Under actual construction conditions in the
reclaimed area, an earth auger is used in order to reduce the number of blows
and to remove obstacles in the soil, and also, the reduced negative skin
friction piles are often used, where the pile with enlarged point is effec-
tive in order to prevent the slip layer torn off and to increase the point
bearing capacity. In both uses of the enlarged point and the earth auger,
the clearance appears between the pile and soil, or the surrounding soil get
loosen, and the lateral resistance properties of piles become worse compared
with the usual cases.

Then, the authors conducted the following experiment in four sites in
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the reclaimed area as shown in Fig. 21. Properties and dimensions of the
piles used in the experiment are shown in Table 3 and Fig. 21. The test
procedures are drawm in Fig. 22. As for piles Ty, Ty and T3, after driving
without earth auger the clearance of about Scm between the pile and soil was
filled up with the site soil (for Tj) or cement milk (for Ty and T3). Before
and after filling up the clearance, the static lateral loading tests and
both the free and the forced vibration tests were conducted. For pile Pj
driven after boring 1llm in depth by the earth auger of 700mm in diameter,
the clearance of about 5cm was filled up with sand after driving. Pile S3
was driven after excavation and boring 4m in depth by the earth auger of
700mm in diameter without filling up. Piles Tu and Ts5 were driven after
boring 4m in depth by the earth auger of A00mm in diameter. As for pile Ty
after pile driving the clearance of about 5cm between the pile and soil was
filled with sand, while as for pile T5 the clearance was filled with sand
during pile driving.

In the static lateral loading test, the horizontal force and displace-
ment at the pile top were measured, and the horizontal spring constant, Kp,
at the pile top was calculated. These results have been plotted in Figs.
23(a) and (b). Also, the lateral resistance factor, Kh, was calculated by
Chang's formula and plotted against the displacement at the pile top in Fig.
24. In the free vibration test, the natural frequency and the damping fac-
tor were read from the displacement amplitude obtained by double integration
of the record of the accelerometer. In the forced vibration test, a vibra-
tion generator set up on the rigid mass of concrete of 1.20 x 1.20 x 1.00m
fixed on the pile head was operated by changing the frequency continuously
from 0 to 12 Hz. The displacement of the rigid mass obtained by double in-
tegration of the record of the accelerometer set up on the rigid mass was
plotted against the frequency and the resonance frequency and the damping
factor were read out. The results of the free and the forced vibration tests
are shown in Table 4. From Figs. 23 and 24 and Table 4, the following have
been mentioned: The lateral resistance factor increases very much by filling
up the clesrance between the pile and soil. The largest increase of the
lateral resistance can be obtained by filling with selected sand after pile
driving (Ty), and the smallest one is obtained by filling with site soil
after pile driving (T1). The intermediate one is obtained by filling with
cement milk after pile driving (T2, T3) as well as with selected sand during
pile driving (Tg). The natural frequencies in the free vibration tests are
well correlated to the lateral resistant factor in the static test near the
displacement of 2mm for piles To and T3 by the Chang's assumption.

CONCLUSIONS

The following are concluded in the above-mentioned study:

(1) Liquefaction tends to occur most easily at several meters deep under the
water table, and the possibility of liquefaction depends on the character-
istics of the input earthquake acceleration and it becomes lower as the
water level becomes deeper.

(2) As for the response of soil, on the ground surface, the displacement
becomes larger, the acceleration amplitude decreases, and the frequency
characteristics is changed due to liquefaction of the middle layer.

(3) As for the response of the soil-Pile system, the bending moment of the
pile becomes larger in the liquefied layer, and in the acceleration response
of the pile the higher frequency predominates after liquefaction. The shear
force of the pile at the top increases catastrophically at the beginning of
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liquefaction and after that the shear force displacement curve at the pile
top varies complicatedly. The horizontal spring constant at the pile top
does not change so much before and after liquefaction.

(1) The effect of filling up the clearance between the pile and soil on the
lateral resistance of the pile increases in the following order: Site soil
after pile driving < Cement milk after pile driving < Selected sand during
pile driving < Selected sand after pile driving. - '

(5) The horizontal spring constants of 18.5 t/cm v 34 t/cm obtained in the
earthquake response analysis drop in the range of those obtained in the ex-
periment for the same amount of displacement.
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Tadle-3

Properties and Dimensions of Pile
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