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SUMMARY

This dissertation is devoted to investigations by the finite ele-
ment method of the dynamic characteristics of nonlinear soil-structure
interaction systems and of the dynamic stability of structures.

A general method is proposed to analyze nonlinear soil-structure
interaction which considers the sliding and separation phenomena at the
inter faces between the soil and structure, and the nonlinear behavior of
soil. The joint element has been used to model the contact surface and
its constitutive relationships are determined from a variety of simple
shear tests of various construction materials and soils. A joint element
which is three-dimensional was developed to investigate the dynamic
characteristics of three-dimensional nonlinear systems and to provide
comparisons with two-dimensional systems.

The stability against sliding of a massive structure was analyzed
by classical methods and that proposed here. Dynamic characteristics
such as the frictional resistance of pile surfaces and the lateral group
efficiency of a group of piles are clarified. The dynamic stability of
an existing slope is discussed. The effects of ground water on the sta-
bility are taken into consideration. Finally, a procedure to take into
account the effects of hydrodynamic pressure on nonlinear soil-structure
interaction systems is presented, and the dynamic stability of a revet-

ment structure under such pressure is measured.
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INTRODUCTION

1. General Remarks

The Japanese archipelago is located in the Circum Pacific Seismic
Zone and it has frequently been affected by serious earthquakes. 1In the
design of almost all structures, therefore, it is normal practice to
take into account the effect of earthquakes, an important environmental
factor.

In recent decades, the dynamic interaction between the soil and
structures has been regarded with growing interest by workers in the
field of earthquake-resistant design as man-made structures have been
built on a larger and larger scale. Dynamic response analyses of soil-
structure interaction systems are necessary in order to grasp the
dynamic characteristics of structures and to enable the design of struc-
tures which can satisfactorilv resist the force of earthquakes.

Soil-structure interaction is defined as the transmission of kine-
matic energy through the interface of the soil and structure. This in-
teraction is affected not only by the mechanical properties of the cdn-
stituents but also by the geometrical form and condition of the
interface. Accordingly, there is no one universal method to analyze
dynamic interaction, although various methods such as the elastic wave
propagation method, the finite element method and the spring-dashpot re-
placement of the interface effect are generally used. Most studies con-
cerned with soil-structure interaction assume a perfect bonding on the
contact surface between the soil and structure, but static normal stress
due to the surcharge along the contact surface is not generally

considered. The practical application of these assumptions inevitably



imply tensile stress on the contact surface. In the actual system, sep-
aration phenomenon may occur at the interface where tensile stress is
generated, and seismic force is transmitted through the decreased con-
tact area which then result in an increase in contact stress. As the
stress-strain relationships of soil depends on the intensity of confin-
ing pressure, strong nonlinear behavior will appear in the case where
there are variations in the interface's areas. Moreover, sliding phe-
nomena may occur during strong earthquakes, and then the response of the
soil-structure system will be greatly different from the response when
perfect bonding at the interface is assumed.

There have been many attempts by researchers in the fields of soil
and rock mechanics to clarify discontinuous plane mechanisms in con-
tinuous material and many models to express this discontinuity have been
proposed. Anderson et al.l proposed a "pin-ended element"” and Goodman

et al.z'3

a "joint element". They applied their models to the discon-
tinuous 1line in continuous rock. Zienkiewicz et al.* also proposed a
"joint element" in which the stiffness matrix is derived differently
from that proposed by Goodman et al. Ngo et al.’ suggested a "linkage
element” and adopted it in an examination of the bondage strength be-
tween the reinforcement and the concrete of reinforced concrete.

® outlined a detailed procedure to analyze contact problems with

Herrmann
the aid of a "bond link element". Bazant et al.’ examined crack propa-
gation by introducing "sharp inter-element cracks" and "blunt crack
bands" in finite element mesh. All of the above however, fall into the
category of static problems.

Some analvtical research has concerned separation and sliding be-
tween the soil and structures during seismic excitation. A series of

1‘8—1 1

analyses have made by Wolf et a to examine the dynamic character-

istics of a nuclear reactor building when a partial 1lifting-off has
taken place. Uchida et al.!?, Kennedy et all® and Takemori et a1.t®

used nonlinear rocking springs to examine the seismic response charac-



teristics of a nuclear reactor building with the partial lifting-off as
one factor. Yim et a1lé proposed methods to analyze dynamic stability
against the overturning of a rigid structure. The dynamic sliding sta-
bility of a structure has been discussed by Sasaki et a1.17, Kausel et
al.18 and Becker et al.19 Although each of these methods is a means to
analyze individual phenomena, none is complete because they cannot an-
alyze both phenomena at the same time and because it is very difficult
to expand any of them to an analysis of an embedded structure when both
phenomena are to be taken into account. A general method which can an-

alyze both separation and sliding phenomena simultaneously is necessary.

2. An Outline of the Dissertation

This dissertation presents a method which can effectively analyze
nonlinear dynamic interaction, including tﬁe material nonlinearity of
soil and the phenomena of separation and sliding, by arranging joint
elements along the contact surface between the soil and structure. The
applications of such a method are also detailed.

Strength parameters such as the angle of friction or interface
cohesion can be expected to play important roles in any analysis of non-
linear dynamic responses. Numerous simple shear tests have been per-
formed (chapter 1) in order to clarify the constitutive relationships of
the interface that exist between various structural materials and
soils. The results obtained from these tests have then been used in
analyses.

Chapter 2 describes an effective procedure to analyze dynamic
soil-structure interaction consi@ering not only phenomena of sliding and
separation but also the nonlinear behavior of soil. This method is based
on the application of the joint element, developed by static rock me-
chanics, to the dynamic problem of interaction. The soil is assumed to
be an elasto-perfect plastic material. The seismic responses of two

soil-structure models are dealt with in order to illustrate the method's



applicability to actual soil-structure interaction systems as well as
clarify the effects of the phenomena on the system's dynamic responses.

In chapter 3, a three-dimensional joint element is developed by an
expansion of the two-dimensional joint element, and its applicability to
the interaction is discussed. The structure's dynamic stability against
sliding is demonstrated by comparing the results obtained by the pro-
posed method with those of classical static methods and two-dimensional
analyses.

In chapter 4, responses of pile foundation structures are analyzed
in order: (i) to show the effects of embedding the footing on structural
responses, (ii) to estimate quantitatively the frictional resistance of
the pile surface and (iii) to account for the dynamic lateral group ef-
ficiency of piles. In this regard, the present method is employed in
order to estimate static and dynamic stresses as well as to account for
separation and sliding at the contact surface between the soil and pile
foundation.

Chapter 5 investigates in detail the qualitative stability of the
existing slope by applying both static and various dynamic forces. Slope
stability 1is compared to the commonly-used estimates. The effects of
ground water on slope stability are also examined by a simple model of
the pore water pressure buildup. Furthermore, the assessment has been
performed when the slope is reinforced by sheetpiles. Joint elements
model all of the interfaces between soil elements which in turn are mod-
eled by the ordinal isoparametric element. This makes it possible to
estimate dynamic stability against sliding along arbitrary sliding sur-
faces formed by a series of joint elements, as well as to investigate
the progressive failure of the slope.

Linear and nonlinear seismic response analyses are performed on the
water-soil-structure interaction system (chapter 6) to determine the
effects of hydrodynamic pressure on the response and on the structure's

dynamic stability. In principle, the dynamic analysis of this inter-



action must be performed in the frequency domain because of the hydrody-
namic pressure's frequency dependence. Therefore, the virtual mass equi-
valent to hydrodynamic pressure is shown to be nearly independent of
frequency as long as the water depth is low. A procedure which accounts
for the effects of hydrodynamic pressure is described and some results
are listed.

The major results are reviewed in the chapter entitled "Concluding

Remarks" and proposals are made for future studies.
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A METHOD TO ANALYZE THE PROBLEMS OF NONLINEAR INTERACTION

CAUSED BY SEISMIC EXCITATION

1. Dynamic Properties of the Contact Surface between

the Soil and Structures

1.1 General remarks

There is the possibility that sliding and/or separation will occur
at the contact surface between the soil and structure during strong

l js suitable to

earthquake motion. The joint element proposed by Goodman
express these mechanisms and therefore, has been employed.

Strength parameters such as the angle of friction or cohesion have
a congiderable effect on the nonlinear dynamic responses. This makes it
necessary to investigate the nonlinear constitutive relationships of the
contact surface between various structural materials and soils and to
establish what would be reasonable in the case of the joint element.

Potyondy2 performed a large number of experiments on the frictional
strength of the contact surface between various structural materials in-
cluding wood, concrete and steel and soils such as clay, sand and cohe-

sive granular soil. Kishida and Yoshimi et a1.27®

investigated the fric-
tion resistance at the surface between metal and sand using a ring
torsional shearing apparatus by which the grain behavior of the soil
specimen can be observed in a greatly deformed state by x-ray. Ishido et

7-
a1.’7?®

investigated the frictional strength between different construc-
tion materials and sand and applied the results to that between concrete
walls and soil. Miyamoto et all? examined the frictional characteristics

of concrete and sand and quantified the roughness of the surface of con-

-8-



crete which had not been specifically quantified previously.

Most of the research, however, has paid attention only to peak
strength, but éhis is not sufficient information to characterize the be-
havior of the contact surface. For this reason, experiments performed
here have been designed to fully clarify the frictional characteristics

of a surface.

1.2 A description of the experiments

(1) Test and measuring apparatus

Two kinds of tests have generally been used to determine the soil
strength - the triaxial compression test and the direct shear test. One
kind of direct shear test, the single-plane shear test, is suited to an
investigation of the strength between construction materials and soils
because it can control the shearing plane. It has been used in this
study.

The shear box has a shearing area of 19.63 cm? (5.0 cm in diameter).
The deflection of the load guage and deformations of the specimen are
all measured on dial guages and plotted through an amplifier by multi-

penrecorder.

(2) Specimens

As frictional strengths between construction materials and soils
were compared with the latter's shear strength, two specimen types were
necessary for each soil test. One was of construction material and soil
and the other was made up of soil only. The former is hereafter referred
to as the "compound specimen" and the latter as the "simple specimen”.
The size of a specimen was 5.0 cm in diameter and 2.0 cm in height. The
construction material and the soil in the compound specimens were both

1.0 cm in height.

(3) Test soils and construction materials

In choosing construction materials for the test, consideration must

—-9-



be given to the application of the results in the field of civil engi-
neering. At the present time, the major construction materials are steel
and concrete, and mortar is the primary material discussed here. Glass
and stone with rough surface finishes as well as mortar indicate the
effects of surface roughness on frictional strength.

Three types of soil, sand, clav and an intermediate soil mixture of
sand and clay, and soft rock were used as ground materials. Their ma-
terial properties are described below.

(a) Soils

The two types of sand were Toyoura sand and river sand, which has a
large grain size. Table 1-1 lists their material properties and Fig. 1-1
shows the grain size accumulation curves. The properties of the
Fujinomori clay used are listed in Table 1-2. To obtain a cohesive
granular soil (an intermediate soil), clay was mixed with sand by two

different weight ratios, as follows:

Clay : Sand

(1-1)
Clay : Sand

0o
o
R

——

Table 1-1 Material properties 100
of sand.
32 80
Gs D10 = Toyoura
Toyoura sand | 2.65 | 0.16 §, 60 b sand
River sand 2.64 | 0.32 +
8 40
]
a River
20 r sand
Table 1-2 Material properties =~ il ,

0 A
of clay. 0.03 0.1 1.0 3.0

Grain size (mm)

Gs | L.L.(%) | P.L.(%)

2.61| 48.5 26.7 Fig. 1-1 Grain size accumulation curves
of Toyoura and river sand.
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(b) Construction materials

The roughness of the surface of mortar has been estimated by Rpay
according to JIS B 0601~1970. Rumax is defined by the difference between
the highest and lowest points on the cross section of the surface whose
lenath is 2.5 mm (Fig. 1-2), Soft rock (tuff) was used both as the
ground material and as the construction material. When it was used as
the construction material, indentations were made artificially on its

surface. The average values of Rmax are:

Mortar Rmax= 0.10 mm
_ Soft rock Rmax= 1.35 mm (1-2)
Rmax
Glass has also been tested as a con-
struction material under the
L=2.5(mm)

supposition of the extreme case in
Fig. 1-2 Surface roughness estimation
(Rpax»> JIS B 0601-1970). which the construction material's

surface is perfectly smooth.

(4) Test conditions

As the purpose of this study is to clarify shearing characteristics
and to establish the surface's soil-structure constitutive relationships
during earthquakes, tests have been performed with a high rate of shear-

ing. The shearing rates were:

24.9 mm/min, 2.27 mm/min for sand }
(1-3)

49.0 mm/min, 2.27 mm/min for clayey soil

~As a normal shearing rate is about 1.0 mm/min, the shearing rate is
nearly fifty times faster than normal one when it is 49 mm/min.

The structures under consideration, e.q. a massive structure or a
foundation of a bridge with wide spans are extremely large and heavy and
thus, the normal pressure at the contact surface is very great. Pres-
sures up to 8.0 kgf/cm’® are charged onto the specimen, whereas in past

tests, normal pressure has been no greater than 1.5 kgf/cm?.
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1.3 Analyses of experimental results

(1) Relationships between shear stress and horizontal displacement

(a) Sand

The relationships between shear stress 1 and horizontal dis-
placement & are shown in Fig. 1-3(a) when the normal stress is
2.0 kgf/cmz. In the figure, the solid circles indicate the compound
specimen and the open circles the simole specimen. Fig. 1-3(b) shows the
relationships between normal displacement AH, which corresponds to the
volumetric change, and horizontal displacement §.

As can be seen from Fig.l-3(a) there was no drop in stress in the
compound specimen after the yield but there was a remarkable drop in the
case of the simple specimen. The shear strength (frictional strength) of
the compound specimen was lower than that of the simple specimen. From
Fig. 1-3(b), The volume change A#H was found to be positive, in other
words, positive dilatancy occurs during the test, and is of smaller
magnitude in the compound specimen than in the simple specimen. These
tendencies have been observed in all other tests where the levels of
normal stress have been changed.

The effects of shearing rate were then investigated. The resultant
1—¢8 relationships for Tovoura and river sands, respectively, are shown
in Figs. 1-4(a) and (b). The oven circles and triangles are the results
at low shearing rates (2.27 mm/min) and the solid circles and triangles
are at high shearing rates (24.9 mm/min). The effects of the shearing
rate on the 1-8 relationships and on shear strength were negligible.

(b) Clay

Fig. 1-5(a) shows the T-6 relationships in the case of clay. Here,
the normal stress ,0,, is as the same as the consolidation stress, p.
The curves are similar to the curves for sand, in other words, there was
no stress drop in the compound specimen, but a slight drop in the simple

specimen.

—12-



2.0 — Normal Stress=2.0 {kgf/cm?)

N

,p Q
~ 4 koY
5 ] ~ o0
S5 ‘:\¥ C0-0g-O
Y- . I~ 1
2 K Simple specimen
v

1%
$ 1.0 \——Compound specimen
&
~
[s=}
Q
& 0.5
L l ! ! |
0 2 4 6 8 10

Horizontal Displacement & (mm)

Fig. 1-3(a) The relationship between shear stress, T, and horizontal
displacement, §, in the case of sand.

0.8
E
— Normal Stress=2.0 (kgf/cm?)
po 4
< 0.6 |
= o
é D’O '0"00-0-0
S o4 o
= / xsmp]e specimen
: ¢
E 0.2 b ( Compound specimen
°
b
2
0 L L |
oS 2 4 6 8§ 10
Horizontal Displacement & (mm)
-0.2%-

Fig. 1-3(b) The relationship between the volumetric change, AH, and
horizontal displacement, §, in the case of sand.
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1.0 2.0

On
1.6 — -
2.27 qig| o= [ &=0

2.9 M| o o | a—a

Shear stress t (kgf/cm?)

1 1 1 1 J

0 2 q 6 8 10
Horizontal displacement & (mm)

(a) Toyoura sand

8 - 9| 4.0 8.0
mm_

o 2.27 qin| =0 | &—
't E

L 6}k 2.9 M| o o | &A—a

Y- min

o

= P .

w

Shear stress
N

i L 1 A i

0 2 4 6 8 10
Horizontal displacement & (mm)

(b) River sand

Fig. 1-4 The effects of shearing rate on the T-§ relationship.
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1.0
!— P = 2.0 kgf/cm?
an= 2.0 kgf/cm?
L 08
Q
~
k=)
X Compound specimen
w 0.6 O'OQO
« <1<>(><><}<}1}‘3<}<}<3<>43
2 Simple specimen
0.4
p
<
8
=
w
0.2
1 1 ) 1 i i 1 1
0 2 4 . 6 8

Horizontal displacement & (mm)

Fig. 1-5(a) The relationship between shear stress, T, and horizontal
displacement, §, in the case of clay.

Horizontal displacement (mm)

0 2 4 6 8
T ] l 1 ] 1
. Compound specimen
E
NE -2F oy
o Simple specimen ~o.
% af .
= p=2.0 (kgf/cm2) Ca
4L
052.0 (kgf/cm?) °
5L '

Fig. 1-5(b) The relationship between the volumetric change, AH, and
horizontal displacement, &, in the case of clay.
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As concerns magnitude, however, the shear strength of the compound
specimen is larger than the simple specimen.

Figure 1~5(b) shows the AH~§ relationships. Clay gave opposite re-
sults to those of sand. The volume decreased during the test, i.e.,
negative dilatancy occured, but of a smaller magnitude in the compound
specimen.

The effects of shearing rate on the 1-8 relationships obtained from
two different shearing rates were compared (Fig. 1-6) and the effects

were negligible. For cohesive granular soil, similar tendencies to those

of clay were found.

1.0 F p = 2.0 kgf/cm?
on= 2.0 kgf/cm?

48.0 mm/min

2.27 mm/min

0.4

Shear stress t (kgf/cm?)

0.2

Horizontal displacement & (mm)

Fig. 1-6 The effects of the shearing rate on the T- ¢ relationship.

(2) Comparisons of the frictional strength of the contact surface
and the shear strength of soil

(a) Sand

—16-



Figure 1-7 compares the frictional strength of the compound
specimen and the shear strength of the simple specimen. The test numbers
from the figure and corresponding test conditions have been tabulated in
Table 1-3. From the results, shearing rate, relative density and grain
size of sand had little effect on the ratio of the strengths. The ratios

all were in the range of 0,70V 0.75.

10 o0 55-1,55M-1 /
< @ 55-2,55M-2 ,
§ g L o0 55-2,55M-3 /
~
=3 &4 (S-1,G5M-1 . ,
E | sacsaesmz S /,/,,
£ 61 iy 44
o e ,/
o //
o / T
-:;: 4 '_ ‘ ,//
O ’
5 2r
s /
E .
| 1 | 1 ]
0 2 4 6 8 10

Shear strength (kgf/cm?)

Fig. 1-7 The relationship between the frictional strength of the
contact surface and the shear strength of sand.

Table 1-3 Test numbers for simple and compound sand specimens.

. Shearing

Specimen | Void ratio rate(mm/min) | Test No.

Simple 0.793 2.27 $S-1
Toyoura | specimen | 0.684 2.27 Ss-2
sand

Compound | 0.787 2.27 SSM-1

specimen | 0.703 2.27 SSM-2

0.680 24.9 SSM-3

Simpte 0.704 2.27 GS-1
River specimen
sand

Compound | 0.695 2.27 GSM-1

specimen | 0.696 24.9 GSM-2
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(b) Clay and cohesive granular soil

Figqure 1-8 compares the frictional strength and the shear strength
of clayey soils. Frictional strength is approximately 1.2 times greater
than the shear strength.

Inverse results for sand and clayey soil were obtained in the case
of the magnitude of frictional strength and shear strength. That |is,
sand frictional strength was 25730 % less than shear strength but
clayey soil shear strength was 20 % less.

Positive dilatancy occured during sand tests, at a lower magnitude
in the compound specimen than in the simple specimen (Fig. 1—3(b)),
indicating that negative pore water pressure was lower in the former. In
other words, effective stress is less in the compound specimen and
therefore, its frictional strength is less. On the other hand, in clayey
soils, negative dilatancy occurred (Fig.l-5(b)). As the magnitude is
lower in the compound specimen, smaller levels of possitive pore water
pressure have built up. Accordingly, the effective normal stress in the
compound specimen 1is greater, giving rise to its dreater frictional

strength.

=3

o---@ clay:sand=1:1 ,/
a—a clay:sand=2:1 ’/

- o——o0 clay //

strength (kgf/cm?)
(9%

Frictional

1 L L _
Q 1 2 3 4

Shear strength (kgf/cm?)

Fig. 1-8 The relationship between the frictional strength of the
contact surface and the shear strength of clayey soil.
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(3) The effects of the surface roughness of structural materials
on the shear strength of the contact surface

Shearing characteristics of various compound specimens have been
compared to those of simple specimens. The 1 -8 relationships are shown
in Fig. 1-9 when the soil is Toyoura sand. When the materials are glass
or mortar, the shear strength of the compound specimen was approximately
30 % less than that of the simple specimen because, in both cases, sur-
face roughness are smaller than sand grain size. For rock which has a
very rough surface, the shearing characteristics of both specimens were

similar and their shear strengths were identical.

2.0 F
o= 2.0 kgf/cm?

specimen

Shear stress 1 (kgf/cm?)

—

1 1 1 1 I I 1

0 2 4 6 8
Horizontal displacement & (mm)

Fig. 1-9 The effects of surface roughness of different construction
materials on shearing characteristics (sand).

Figure 1-10 shows the 1-§ relationships when the soil material is
clay. The shear strength of glass with its perfectly smooth surface is
approximately 15 % less than that of the simple specimen. Mortar and
soft rock have surfaces rougher than clay grain size and the shear

strengths in compound specimens are approximately 10~ 15 % greater. The
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results imply that the shear strength at the contact surface depends on
roughness of the construction material's surface, relative to the soil
grain size, or, when the contact surface of the construction material is
rougher than the grain size of the soil, shear strength is identical to
or greater than that of the soil, but when the surface is smoother, the

situation is reversed.

2.0 p = 4.0 kgf/cm?
on= 4.0 kgf/cm?
ég 1.6 | Mortar Soft rock
=
= yigiliN
> N ) .
e 1-2 | 4 A.&ZSmple specimen
: ° et teoaRReR
] \ boo-qtoo-o--o'o
E 0.8 Glass
S
<
[}
=
[72]
0.4
I L 1 1 1 1 1 |
0 2 4 6 8

Horizontal displacement & (mm)

Fig. 1-10 The effects of surface roughness of different construction
materials on shearing characteristics (clay).

1.4 The application of experimental results to the constitutive

relationships of the joint element

No stress drop occurring after yield shear stress is reached in1-3§
curves regardless of the soil material suggests that the joint element
has an elasto-perfect plastic relationship.

The relationships between yield shear stress, T, and normal
stress, 0,, are proportional for sand up to as high a normal stress as

8.0 kgf/cm?. The ratios of the shear strength of the contact surface and
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that of the sand are in the range of 0.70n 0.75, thus, the relationships
between the friction angle of the contact surface, ¥, and the internal

friction angle of sand, ¢, are

Yy = ¢,= (0.75v0.85)¢ (1-4)

where, ¢; is the friction angle of the joint element.

For clay and cohesive granular soils, proportional relationships
were obtained between the yield shear stress, 71,, and consolidation
stress, p. In the case of cohesive soils, yield shear stress corresponds

to cohesion, ¢. The relationships between C and p were:

Ty = ¢ = 0.31p (clay)
= 0.31p (clay : sand = 2 1) (1-5)
= 0.35p (clay : sand = 1 1)

In addition, the ratios of the yield shear stress at the contact
surface, ¢', and that of cohesive soils, ¢, are all approximately 1.2.

Namely,
c' =c,=1l.2¢c (1-6)

where, ¢;is the cohesion of the joint element. The results indicate that
strength parameters,$;and C;, of the contact surface can be calculated
simply from the ¢ of sand or from the C of clay by Eq.l1l-1 or Eq.l1l-3, bor
from p by Eq.1-2 and Eq.1-3, if the ¢ or ¢ of soil are available.

In practice, it is necessary to determine the shear strength of the
contact surface between a structure with various surface roughnesses and
soil with various grain sizes. The results in section 1.3 suggest a
method to obtain strength parameters based on the relationships between
the surface roughness and soil grain size. When the surface roughness of
the structure is greater than the soil grain size, soil shear strength
is the shear strength of the contact surface, and if surface roughness

is less, soil shear strength should be multiplied by 0.70~ 0.75. The an-
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gle of internal friction is the strength parameter of sandy soil and the

cohesion is the parameter of cohesive soil.

1.5 Conclusions

In order to obtain rational nonlinear constitutive relationships of
the joint element which model the contact surface, a series of single-
plane shear tests were performed. The results can be summarized as
follows:

(1) The shearing characteristics of the joint element are of the
elasto-perfect plastic type.

(2) The shear strength of the contact surface 1is not seriously
affected by the shearing rate.

(3) The shear strength of the contact surface strongly depends on
the magnitude of the construction material's surface roughness relative
to the_grain size of soil which comes in contact with it. That is, when
the surface roughness of the structure is greater than the grain size of
the so0il, the shear strength of the soil is the shear strength of the
contact surface. On the other hand, when the surface roughness is less,
soil shear strength must be multiplied by 0.70~v 0.75. 1In this case, the
angle of internal friction becomes the strength parameter of sandy soil

and cohesion the parameter of cohesive soil.
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2. Separation and Sliding between Soil and Structure

during Strong Ground Motion

2.1 General Remarks

There have been a number of studies dealing with the partial
lifting-off of the base mat of nuclear reactor building. Uchida et al.!
introduced the bilinear rocking-spring characteristic determined for
static 1load using a three-dimensional finite element representation of
the elastic half space. Kennedy et al.? and Takemori et al.3 have also
used this concept, but they approximated rocking-spring by the linear
elastic theory of half space. In these works, however, the coupling of
the vertical and rocking motion and also sliding phenomena were omitted.
Wolf " detailed a rigorous procedure to determine the nonlinear impedance
function of a rigid plate partially in contact with elastic half space,
and to take partial sliding into consideration. Furthermore, Wolf and
Skrikerud® examined the effects of the base mat lifting-off on the re-
sponse of nuclear reactor building by using several approximate methods.
However, Wolf's method is very complicated and is difficult to apply to
the response analysis of structure embedded in subsoil. Tsuboi et al.®
examined the possibilityv of the overturning of a tall building with the
finite element method, taking separation at the contact surface into
account but did not sliding.

The yielding of soil at the base of the structure may precede slid-
ing or separation at the contact surface or may occur simultaneously
with them. The introduction of nonlinear characteristics of soil into a
dynamic analysis is therefore required. However, the nonlinearity has
not been taken into account in any of the above methods.

The purpose of this chapter is to present a general analysis pro-
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cedure of the dynamic soil-structure interaction problem including the
possibilities of separation and sliding as well as the vielding of soil.
Here, joint elements’ are set along the contact surface.

Soil was assumed to be an elasto-perfect plastic material. First,
the analytical procedures and problems in employing the joint element in
a dynamic response analysis are outlined. Then, the effects of soil non-
linearity on the response of the system are examined and the stability
of the structure against sliding is compared, using the levels of safety

of the present and past methods.

2.2 A procedure to analyze nonlinear dynamic soil-structure

interaction

(1) Interface modeling by the joint element
(a) The stiffness matrix of the joint element
Fiqure 2-1 shows a Jjoint element constructed from four nodal
points, I, J, K and L. Two pairs of nodal points, I-L and J-K, are as-
sumed to occupy the same coordinates at the initial state, that is, when
surfaces I-J and K-L are in contact. Behavior is expressed by the rela-
tive motion of both surfaces of the joint element. This is classified as
follows:
(i) parallel motion with the joint
wall - sliding,
(ii) perpendicular motion to the
joint wall - separation and contact,
(iii) rotational motion around the
center of the element.

The deformation characteristics of

the joint are determined by the stiffness
Fig. 2-1 The joint element J € Y

configuration. of the shear direction, x,, the normal
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direction, k, and the rotational component, k,. Since k, is expressed in
terms of k,, the constitutive relationships of the joint element is ex-
pressed by two parameters, kg and k,. The joint 'strain' defined at the

center is:

Yo ug tuy, up tu,

2 2
€g b = VK+VL_ vy tvy L

2 2 (2-1)
w Yk~ Ve Vo ~ Vg

where, Y, is the shear strain, ¢,, the normal strain, w, the relative
counterclockwise rotational angle of the joint wall, X-L to I-J, and u;
and v;, the total displacement of node i in directions s and n, res-
pectively.

The stress in the joint element is defined on the assumption that

the nodal force is transmitted uniformly through the joint wall:

Tt =(r +F, )/

s,K

0 =(F, x *Pp,,)/1 (2-2)

My =(Fn,K +Fn,L)Z/2

where 71 is shear stress, 0, the normal stress, M, , the moment caused by
nodal point forces around the center of the joint, Fg,; the nodal force
component of s direction at nodal point i and F,,;, the nodal force com-
ponent of n at i.

Joint stress and strain are linked through the stiffness properties

of the joint system:

T ks 0 O Yo
g = 0 kn 0 €o

Z3 (2"‘3)
Mo 0 0] —q*kn w
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The stiffness matrix defining the relationship between nodal force
and nodal displacement is easily obtained from Egs. 2-1 and 2-3 and the

relation F;=-F, and F;=-Fg :
J
{F}s,n=[k]s,n{”}s,n (2-4)

where, {F};,, and {u}s,nare nodal force and displacement. They are written

as:

T
{F}s,n={Fs,I Fa,r Fs,5 Fn,s Fs,x Fn,xFs,L Fn,L} (2-5)

T
{U}SJF{HI Vr Uy Vg Ug Vg Ug vy} (2-6)

The stiffness matrix [X]i,nis given by:
0 -ks O -k; O

2k, 0 0 0 0 0 -2k
ks 0 -ks 0 -ks 0

J A 2kn 0 -2k, O 0
K = —
[k, , 1 k. 0 ks O (2=7)
2kn O 0
Symmetric ks 0
2kn

The stiffness matrix [K]inis defined by the local coordinates (s,n), and
when actually used, should be transformed to the global coordinate sys-
tem.

(b) The constitutive relationships of the joint element

Based on the experimental results in chapter 1, stress-strain char-
acteristics of the joint element are assumed to be those in Figs. 2-2(a)
and (b) for normal and tangential components, respectively. Normal
stress is not transmitted for €,> 0 (separation) and a linear relation
based on stiffness, kp, is valid for ¢ 20 . Sliding will take place when

the absolute value of shear stress reaches yield shear stress, Ty and
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the linear shear stress-strain relation remains below this level. When

separation occurs, the shear stress is not transmitted through the joint

wall.
OM
Normal T
stress Shear
stress. | _ _
Tension y
Eo
| 0 S "
* Normal strain 0/ Yo
Compression Shear strain
Kn
] — —
—"['y
Contact==—T—™ Separation

(a) Normal direction (b) Tangential direction

Fig. 2-2 The constitutive relationship of the joint element.

Yield shear stress, t,,1is determined as a function of normal stress

according to the Mohr-Coulomb failure law:

T, = Cy—- o,tan ¢, ops 0: compression
(2-8)

Ty= 0 on>0: extension

Spring coefficients, kg and k,, are related to the fictitious rela-
tive displacement at the soil-structure contact surface, which actually
would not occur. Therefore, the influence of fictitious relative dis-
placement on the response of the system cannot be overlooked when spring
coefficients are small. Joint element deformation must be very small
compared with solid element deformations. With this in mind, coef-
ficients of adequate magnitude (Appendix 2-I) are:

For a shear spring coefficient;

ks>—2—-a (2-9)
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For a normal spring coefficient;

kn > —ZL;—Lb (2-10)
where, u and XA are the Lamé's constants and h, the height of the solid
element. Arbitrary constants, a and b, prescribe the deformation of the
joint element relative to that of the solid element. In general, the
larger these constants are, the greater is the accuracy. However, an ex-
tremely large number is not efficient because the necessary time inter-
val At decreases to a very small duration as the constants increase. In
a soil-structure system, for example, good accuracy can be obtained when
they are greater than 1~ 2 for the structure element. Further concrete

details concerning accuracy follow in section 2.3 (1).

(2) The constitutive relationships of soil

There are several constitutive relationships which are commonly
used in soil mechanics, such as (i) the rigid-perfect plastic body &,
(ii) the elasto-perfect plastic body ® and (iii) the strain-hardening
bodylo_l% Considering the simplicity of the treatment in the numerical
analysis and the conformity with the constitutive relationships of the
joint element, soil is regarded as an elasto-perfect plastic body here.

The Mohr-Coulomb failure law is adopted as the yield criterion. This re-

lationship is given by the following equations 2-11 and in Fig. 2-3.

T,= Ccosd -0npsin¢

Failure line T v -
_ 01 03 (2-11)
Om= 5
1
5{0-0, y
2 \ c
@\\ 5. )G 0. o where, Ty is the yield shear stress, C
S and ¢ are the cohesion and the inter-
S~ "
/////// S(0:+0;) Ceot®P nal friction angle, and ¢,and 0, are
the maximum and the minimum principal
Fig. 2-3 The Mohr-Coulomb failure law. stresses, respectively.

- 29—



(3) The initial stress state

When vyielding of soil or separation and sliding phenomena at the
contact surface are included in a dynamic response analysis, the initial
stress due to the gravity force must be taken into consideration as ini-
tial conditions. 1Initial stresses are obtained by solving the static
problem, in which the external forces, {f;}, is equivalent to the weight

of the system, calculated from Eq. 2-121%,

{£0} =fvtzv]T{p}dv (2-12)

where, {p}={0 _pg}T and pis mass density, g is the acceleration of
gravity and [v] is the shape function matrix. The superscript, T, indi-
cates the transposition of a matrix and L,dV, the volumetric integral of

the element.

(4) Numerical method for iterative solution
Constantpoulos et al.!* have shown that the iterative scheme

15 gives reasonable approxima-

originally suggested by Seed and Idress
tions of a rigorous nonlinear solution in the time domain for one-
dimensional wave propagation problems, while the frequency domain
algorithm of seismic response analysis restricts the solutions to linear
ones. This scheme is a kind of the equivalent linearization method 16718,
An alternative approximate method, known as the equivalent temporal
damping method, has been implemented in a finite element digital com-
puter codelg, which results in a piece-wise linear solution with time-
varing damping and shear modulus properties determined by iteration for
each element and each half cycle of response. Bieber and Hovland?? have
assessed the relative accuracv of two approximate methods by comparisons
with exact numerical solutions.

A rigorous nonlinear dynamic analysis in the time domain, however,
must be performed when a system is so strongly nonlinear as to exhibit

separation and sliding at the contact surface and/or material non-

linearity of soil. Consequently, equation of motion governing the be-
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havior of the system was integrated directly. The required interval of
each step is of the order of 0.001 seconds.

The load transfer method analyzes nonlinear dynamic response. Since
the method is iterative, it uses a constant stiffness matrix throughout
the analysis, and CPU time is greatly reduced compared to other non-
linear analytical techniques, such as the Newton-Raphson method.

(a) Numerical computation by the load transfer method

The essential steps of the load transfer method are described
below:

(i) Analyse the problem as an elastic one and compute the stresses
in each element (both the joint and solid elements), to which the ini-
tial stresses present before the loading operation began are added.

(ii) At the end of step (i) it will be found that certain elements
have yielded. As the system is nonlinear, the excess stress (the mobili-
zed stresses minus the yield stresses) are eliminated without, however,
permitting any point in the system to displace. In order to maintain an
equilibrium "restraining forces" have to be temporarily applied to the
system at this stage. In terms of finite element analysis such forces
are evaluated element by element in the manner to be indicated.

(iii) As the restraining forces do not in fact exist, their effects
have to be removed from the system by superposition of equal but op-
posite nodal forces. The system is now reanalyzed for the effect of such
forces and the stresses computed are added to those pertaining at the
end of step (ii) (when the excess stresses have been eliminated).

During the application of "de-restraining forces" the system be-
havior is again assumed to be elastic and when the stresses are com-
puted, it will be found that the excess stresses may still develop. They
will, however, be much reduced compared with the previous step.

(iv) If at the end of step (iii) the excess stresses are still ex-
ist, steps (ii) and (iii) are repeated until the excess stresses are re-

duced to be a negligible figure.
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Figure 2-4 gives a schematic representation of this procedure. The
modified external forces, the summation of the seismic external force
and the de-restraining force, are the "quasi-external force", denoted by
Py j at the end of j-th iteration at time t;, The quasi-external force is
an external force to the system using the constant stiffness matrix.

(i) The displacement and the quasi-external force are converged to
uj_3,cand P;_; .at timet;_jas shown in Fig. 2-4.

(ii) The first iterative approximation of the quasi-external force

at time t; is calculated as:

= +AF,
i Fi-1c .

(2-13)
AF; =F; = Fj_;

where, F; is the seismic external force at time, t;. The corresponding

displacement is u;, ;.

(iii}) From the displacement,
P
hhe u;, j, the de-restraining force, f; ;.
Y is calculated in the manner explained
1
Pl -1 below.
o F AE (iv) The quasi-external force in
Q [}
< f; . . . : ‘es
o %iﬁndﬁ .- -Jﬂ : ﬂl the (j+l)th iteration is modified to
) ! J
Fia b ! P; j+1= P;,;¥f; ; and the displacement
] 1
Vo : in the (j+l)th iterationu, ,,;is ob-
g
EH,: tained from the equation of motion.
0 UH@'*JULZ Ui ¢ As a result, the quasi-external force
Displacement at time, t;, is:
Fig. 2-4 The iterative process for F AP+ E
load transfer method. Py, Pi-1,c Fy G Aed (2-14)

(b) The treatment of joint element nonlinearitv
(i) The joint element is assumed to be a linear elastic system and
nodal displacements at time t = t; are obtained from the equations of mo-

tion.
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(ii) The nodal forces equivalent to the displacement-caused
stresses are obtained from stiffness matrix.

(iii) Whether or not the prescribed constitutive relationships are
satisfied is examined.

Sliding is taking place when

lty<lcy-loptang, (2-15)

is satisfied. The de-restraining forces are obtained by subtracting the
right term from the left term.

Separation is taking place when
1 0,>0 (2-16)

is satisfied. The de-restraining forces are equal to 7 g,.

(c) The treatment of material nonlinearity of soil

(i) Assume the soil-structure system as a linear elastic system and
obtain nodal displacements at time t = t; from the equations of motion.
The stresses, Oy, Oy and T4y, for each element are calculated from the
nodal displacements.

(ii) The maximum shear stress, Tpax, 1S estimated for each element

by the equations:

Tmax=4lL§35L (2-17)
and

{0'1 = ox + Uyt[(ox‘ 09)2_}..[)“)2

s 2 2 (2-18)

(iii) This maximum shear stress, Tghaxr 1S compared to the vyield
shear stress, 1y, obtained from Eq. 2-11. Elements for which |7y| < |Tnax
are undergoing yielding. In this case, two kinds of failure modes can be
considered, depending on the magnitude of the mean stress Op, as shown in

Fig. 2-5. That is,
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T (a) omgccot ¢ : shear failure
(2-19)
(b) op>ccot ¢ : tensile failure

Failure
line

(b) Tensile

(a) Shear failure When an element exhibits shear
failure
failure, the de-restraining force, an
0~ 0 O O s ;
#&qu additional external force making the
Fig. 2-5 Failure modes of soil. linear and nonlinear systems equeva-

lent, may be obtained as follows.

The stress state expressed by the Mohr's circle A in Fig. 2-6 in
the case of a linear elastic soil must be reduced to keep it in contact
with the failure line in the case of a nonlinear soil. Assuming that the
mean stress, on, and the direction, 6, of the principal stress remain un-
altered, the resulting Mohr's circle becomes circle B in Fig. 2-6.

Stress changes, {Ac} , associated with

T
. ) the reduction of Mohr's circle from A
Failure line
A b to B are determined by:
‘r"]7 8 Tror,
, C
Aoy -AT cos 26
.G P
Glg, |O 26 .50 o {ag} =y Aoy } =§ AT cos 26 (2-20)
Atyy ~AT sin 26
At= 1 -T
Fig. 2-6 Modificaticon of Mohr's circle max= ¥ (2-21)

for shear failure.

The de~restraining forces, { f} , are given by the nodal forces which are
equivalent in magnitude but have opposite sings to the stress changes

given by Eq. 2-20, Namely,

{£} == [ [8]"{Ac}av (2-22)

where, [B] is the strain shape function matrix.
In case of element tensile failure, Mohr's circle A must be reduced
to point P in Fig. 2-7. 1In this case stress chages, {Ac}, are given by

Eq. 2-23.
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Aox ccot ¢ - 0x

T {ac} ={ Aoy = {Cccot ¢ -ay (2-23)
¢\RC /_\ A’[‘x _'[_'xy
Failure ™
line \\
0 5 U,zlgs’; & - The de-restraining forces, {f}, are
obtained as above, but with Eq. 2-23
Ccot® replacing Eq. 2-20. Once the {f} are

calculated, they are added to the ex-
Fig. 2-7 Modification of Mohr's circle

for tensile failure. ternal forces, {r}, and the compu-
tation proceeds by returning to step

(i).
If the above method is used, systems with nonlinear constitutive
relationships can bhe treated as linear systems with constant stiffness
excited by dquasi-external forces. The computation of the inverse

stiffness matrix is required only at the first step of the response

analysis and computation time is thus greatly reduced.

2.3 Dynamic response characteristics of the structure

when either separation or sliding takes place

(1) Models and excitations

Figure 2-8(a) shows Model I, a structure resting on the ground sur-
face. Model I is a typical reactor building of a nuclear power station
in Japan. Three models make up Model I. 1In the first model, Model I-1,
the so0il is linear elastic and the joint elements have nonlinear con-
stitutive relationships. In the second model, Model I-2, the soil is
nonlinear and the joint elements again have nonlinear constitutive re-
lationships. 1In the third case, Model I-LI, the soil is linear elastic
but it has no joint elements, and is the ordinary linear model. The
finite element mesh of Model I is shown in Fig. 2-8(b). Three joint ele-

ments are arranged along the contact surface between the structure
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Fig. 2-8(a) Model I - A general view of soil-structure system.

Fig. 2-8(b) Finite element mesh of Model I.

Teble 2-1 Material properties of Model I.

Unit weight | Shear wave Poisson's Damping Cohesion | Friction
velocit, ratio factor angle
(tf/md ) | ( m/sec{ (tfm2 )| (°)
Ground Y:=1.8 €,=500 v,=0.4 h=0.2 10.0 30.0
¥,=0.75 €,=1720 v,=0.17
Structure Y,=1.7 C3=1600 v3=0.17 h=0.05 _ —_—
Yq=2.4 Cq=]600 Vq=0.17
Joint Shear spring const. Ks=3.0x10: tf/m3 5.0 30.0
element Normal spring const. K,=3.0x10> tf/m3 : :
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~ Contact
Surface
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Fig. 2-9(a) Model T

8 joint elements

- A general view of soil-structure system.

Fig. 2-9(b) Finite element mesh of Model II.

Table 2-2 Material properties of Model II.

Friction angle

;=03 30°

Unit weight | Shear wave Poisson's Damping
velocity ratio factor
( tf/m3 ) { m/sec )

Y1=].8 C1=]80 \)1'_'0.4 -
Ground Y2=1.8 C2=360 V2=0_4 h=0.2
Structure | Y3=2.4 €4=1600 v,=0.17 h=0.05

Shear spring const. Kg=2.0x105 tf/m?
Joint Normal spring const. Kp=2.0x 105 tf/md
element Cohesion Cy=10, 20 tf/m2
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and the ground. Model II, shown in Fig. 2-9(a), is a pier foundation of
a long span bridge in which eight joint elements are arranged along the
contact surface. The finite element mesh of Model II is shown in
Fig. 2-9(b). The parameters of Model I are listed in Table 2-1 and of
Model II in Table 2-2. The damping factor is 20 % of critical. While the
damping factor of soil is usually assumed to be approximately 0.1, h=0.2
was adopted to include radiation damping. Although radiation damping is
frequency-dependent, here it was assumed to be independent of frequency
because step-by-step integration in the time domain is required.

As for mesh size, it has been ascertained that when the element
length, 1, in the direction of wave propagation is smaller than 1/8 of
the wave length, L, it is sufficiently accurate?!. When the element
width, », which is perpendicular is smaller than I/2 good results are

also obtained??. Namely,

L \%
S == -
L2g=% (2-24a)
L _ v
bs5=5% (2-24b)
where, Vv is the wave velocity and f, the frequency. The predominant

ground motion is due to the shear wave which propagates upward and down-
ward in the ground of model. Taking Model I as the example and sub-
stituting v =500 m/sec and the maximum mesh size of the ground element
7=10 m and »=40 m into the above relations, one can obtain f=6.25 Hz, or
this mesh is accurate to a frequency of 6.25 Hz, covering the predomi-
nant frequency of the system and major portion of the range
(1.0 ~5,0 Hz) in the analysis (Fig.2-23). 1In the same way, the finite
element mesh of Model II is accurate to 4.0 Hz. The fundamental natural
frequency of Model II is 1.20 Hz.

These models are subjected to simultaneous excitation of NS and UD
components of the El Centro (1940) accelerograms as well as to sin-

usoidal excitation. Sinusoidal input acceleration is multiplied by the
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envelope function E(t) given by:

E(t)=t for 0 £¢2 1.0 sec
(2-25)

=1.0 for ¢ >1.0 sec

That is, 1input reaches the specified amplitude 1.0 sec after the analy-
sis begins. A rigid base is assumed beneath the ground surface layer and
it is the source of the ground excitation.

Spring constants of 3.0X105tf/m3 have generally been used.
Fictitious relative displacement at the contact surface resulted 1in
increases of 1less than 2.4 % maximum response acceleration, 3.0 %
velocity and 3.3 % displacement, at the center of gravity of the struc-
ture, when Model I-LI and a check model with joint elements in linear
constitutive relationships and linear elastic ground were subjected to
the El1 Centro accelerograms. The value, 3.0x105tf/m3, corresponds to 4.8
of a in Eq. 2-9 and 1.9 of » in Eq. 2-10 for the structure element where
h=10 m, u=6.27x10°tf/m* and A=3.14x10°tf/m*> and to 69.1 of a and 11.5 of
b for the ground element where h=10 m, u=4.34x10“tf/m2, and A=1,73x10°
tf/mz. The time interval of computation At is 0.002 sec.

To verify the effectiveness of the load transfer method for a non-
linear dynamic response analysis, numerical computations of the three
models, Model I-LI, Model I-1 and Model I-2, were carried out on a FACOM
M-200 computer system (GIBSON-0.106 micro seconds). CPU times were about
400 seconds. The duration of these analyses was 10 seconds (5,000
steps). Convergence was obtained after a few iterations. By comparison,
it takes 1.69 seconds to form the stiffness, damping and mass matrices,
to add these matrices and to solve the inverse matrix of the added ma-
trix. As a result, about 8,500 seconds are necessary to carry out the
5,000 analysis steps by the step by step method, such as the Newton-
Raphson method, 1in which it is necessary to reform the stiffness matrix
and to solve the inverse matrix at each time step. Consequently, the

load transfer method is extremely efficient to analyze nonlinear dynamic
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response.

(2) Response to sinusoidal excitation

(a) A response analysis of Model I-1

Figure 2-10 shows the amount of sliding at the contact surface and
displacement at the center of gravity (CG) of the structure for the case
of ¢;=0° and the horizontal sinusoidal excitation of 200 gal. The dis-
placement at the CG of the linear system without the joint element is
denoted by the smooth curve. The symbols @ and O correspond to sliding
and displacement at the CG, respectively. Both the magnitudes of sliding
and displacement decrease with increasing frequency and the difference
between them is kept almost constant when frequency varies. This implies
that sliding will occur when the structure is inclined at a specific an-
gle, whereas rocking motion is predominant in the linear system. Sliding
disappears beyond a specified frequency for a given excitation level. To
clarify the effect of excitation level on sliding, the relationship be-
tween the sliding magnitude and acceleration amplitude is examined 1in
Fig. 2-11. The excitation is sinusoidal at a frequency of 5 Hz. It is

obvious that the relative displacement at the CG is almost proportional

Disp.at C.G.

Displacement (cm)
g

- T *—
7

Frequency (Hz)

Fig. 2-10 Frequency dependence of displacement at the center of gravity,
and sliding at the interface due to horizontal sinusoidal
excitation (¢y=0°, excitation amplitude: 100 gal).
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Fig. 2-11 Dispalcement at the center of gravity and sliding at the
interface due to sinusoidal excitation (Frequency: 5 Hz).

to the excitation level. S1liding does not occur up to an excitation
amplitude of 150 gal and sliding magnitude is proportional to the incre-
ment of excitation amplitude above the critical value. This implies that
sliding will occur when the excitation force exceeds a certain
threshold. Table 2-3 lists the maximum response of acceleration and dis-
placement at the CG, the occurrence of sliding or lifting off and the
maximum and minimum compressive stresses at point F in Fig. 2-8(a) for
various excitation levels with fixed frequency of 5 Hz, in the case of
$;=30°. S1iding of the whole structure with respect to the ground d4id not
take place, and local sliding has occured only because the shear stress
generated at the contact surface reached the local yield shear stress
which depends strongly on the position.

Lifting off and overturning stability were also examined. Lifting
off begins when the normal stress at the structure base vanishes. It
does not appear, however, even at an input excitation of 400 gal, at
which normal stress would still be compressive. In addition, the same
investigation carried out at an excitation level of 300 gal and a

frequency of 3 Hz resulted in no lifting off or sliding at all.
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Table 2-3 Responses to sinusoidal excitation (Model I-1, ¢5=30°, frequency: S5Hz).

Excitation

amplitude (gal) 300 350 400
Maximum acceleration at the

center of gravity (gal) 358 434 611
Maximum displacement at the

center of gravity (gal) 4.6 5.4 6.1
Sliding at the contact Partially Partially

surface No occurrence occurred occurred
Lifting off No occurrence | No occurrence | No occurrence
Pressure .

T T

( tf/m2 ) U . . .

(b) A response analysis of Model II

Figure 2-12 compares the displacement at the top of the structure

{(point A in Fig. 2-9(a)) for the case of $;=30° and a 300 gal excitation

level. The response of the nonlinear system is greater than that of the

linear system for frequencies less than 6 Hz because there is sliding

49

Displacement (cm)
N
1

0 2 4 6
Frequency (Hz)
Fig. 2-12
The displacement of a structure
at point A due to horizontal
sinusoidal excitation (¢7=30°,
excitation amplitude: 300 gal).

between the side wall of the structure and
the soil. Separation between the side wall
and the so0oil near the ground surface
occurs at 2 Hz, and then displacement
increases to a level 30 % greater than
that of the linear system. In the 1linear
system, structural motion is so strongly
restrained by the surrounding soil that
the response is less than that of a non-
linear system with joint elements, es-

pecially in the low frequency range.

The results of the nonlinear response analysis are 1listed in

Table 2-4. The frequency of excitation is 2 Hz and the amplitude varies.

The number in parentheses are

the maximum acceleration and displacement

of the linear system at point A and their percentages with respect to

the nonlinear case. As the input level increases, the linear analysis
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increasingly under estimates the svstem's response. The ratio of the
linear case to the nonlinear case is not significantly affected by the
input 1level or by the amount of separation at point B. Therefore, the
structural responses become markedly nonlinear when sliding between the

structure wall and soil takes place.

Table 2-k Response to sinusoidal excitation (Model o, ¢J=3O°,
frequency: 2 Hz).

Excitation
amplitude (gal) 200 300 400
Maximum acceleration 319 478 637
at point A (gal) 378 (g4.3) | 576 (g3.g) | 793(gg.4)
Maximum displacement 2.09 3.13 4.17
at point A (cm) 2.83(gq ) | 3:78(g3 7) | 5-19(g 4)
Sliding at point B (mm) 1.2 2.1 5.6
Separation at point B (mm) | O 0.15 1.39

(3) Responses to seismic excitation

(a) A seismic response analysis of Model I-1

Figure 2-13 shows the horizontal displacement at point Q (Figqg.
2-8(b)), where both sides of the structure and the soil share the same
point before shaking begins. The solid line indicates the displacement
of the side of the structure, and the broken line that of the soil. The
relative displacement between the soil and structure increases from 1.7
to 2.5 sec, and after this period the structure vibrates at a constant
residual deformation. In the figure, the displacement of the linear sys-
tem is shown by the irregular broken line. While structural displacement
increases with sliding, the soil displacement is almost identical to
that in the linear system. This figure shows that the values adopted as
the spring constants of the joint element are adequate to maintain
sufficient accuracy because nonlinear and linear analyses are almost
coincidental before sliding occurs.

Figure 2-14 illustrates the hysteresis loop for shear direction at

point F. Point S denotes the start and E, the end of the analysis. At
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the contact surface,

the stress-strain relation is linear until 1.71 sec

and sliding in the positive direction continues until 1.94 sec. Sliding

o
~N- Structure
E Q
~— (@) 7 2
it Cs=10tf/m
o /Ca ¢ /
o ¢,=0
g O
] o
(8]
©
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w —
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Fig. 2-13 Horizontal displacement at point Q
due to E1l Centro accelerograms.
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Fig. 2-14 A hysteresis loop of shear direction at point F.
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in the inverse direction takes place at 2.04 sec, after which it
gradually increases in the negative direction. The residual relative
displacement is 11 mm.

Although the results calculated in the case where ¢;=30° and
c7=10 tf/m2 is not shown, neither sliding and lifting-off occurs. The
minimum normal stress of 38.6 tf/m2 at the structure base (point F) is
generated at 2.2 sec, and the shear stress is 19.0 tf/mz. Therefore, if
the internal friction angle is less than l3.f), local sliding may take
place but only in the vicinity of point F.

(b) A seismic response analysis of Model II

The hysteresis loop at point B of Model II is shown in Fig.2-15
when ¢J=O°. Figure 2-15(a) is for the tangential direction and (b) the
normal direction. Separation occurs at 2.19 sec and shear stress sudden-
ly falls to zero (the vertical straight line in Fig. 2-15(a)). It con-
tinues until 2.37 sec, under zero shear stréss. During this period,
relative displacement between soil and structure is great in the verti-
cal direction. Separation at point C (opposite B) occurs from 1.86 to
2.09 sec and from 2.70 to 2.79 sec. The contact surface between the
structural wall and the soil separates repeadedly from 1.86 to 2.79 sec
due to the rocking motion of the structure.

Figure 2-16 is the hysteresis loop at point C of Model II when
¢J=30°. Separation at this point takes place from 1.88 to 2.02 sec and
the amount of sliding is remarkable during this period. The slope of the
hysteresis curve of shear direction varies within the period between
2.14 and 2.24 sec, because fluctuations in normal stress over time re-
sult in changes yield shear stress of the contact surface. Separation
and sliding between the structural base and the soil did not occur when
$;=0° or 30°,

The horizontal displacement at the top of the structure of Model II
(point A in Fig. 2-9(a)) is shown in Fig. 2-17. The solid line is the

linear case, the irreqular broken line is the case where ¢J=0° and the
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Fig. 2-15 A hysteresis loop at point B (Model I , ¢J=O°).
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Fig. 2-16 A hysteresis loop at point C (Model I, ¢;=30°).
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broken line when ¢J=30°. The displacement when ¢;=0° is 15~ 30 % greater
at each peak than that of the linear case, and the same is true for re-
sponse acceleration. This means that an analysis assuming perfect bond-
ing at the contact surface between the structure and soil does not
correctly estimate the magnitude of structural responses, because the

subsoil restricts structural movement too much.

b 5=0°

- 9 J

s €7 A ﬁf——¢q=3o°

] A \ Linear

E’ ,\

3 v

= o i

= . Y

o © T T -
00 25 50 75

Time (sec)

Fig. 2-17 Horizontal displacement at the top of structure
(Model I , point A).

2.4 Seismic response analyses which include soil material

nonlinearity

(1) The influence of soil nonlinearity on system's responses

(a) Yielding of soil due to structural motion

The shaded areas in Fig. 2-18 show the elements which yielded
during the time period indicated in the upper-left-hand corner of each
figure when Model I-2 is subjected to the El1 Centro accelerograms. It is
clear that the yield zone is apt to extend obliquely downward from the
bottom edges of the structure, and that the soil beneath the structure
is relatively stable. This yield zone almost coincides with the area
where the initial shear stress is large due to the gravity force.
Figure 2-18(c) compares yield zones in the case of a model from which

the structure has been removed.

—47 -



1.602-1.832 sec

(c)

Fig. 2-18 The failure zone of the ground.

(b) Sliding of the structure and ground strain

Figqure 2-19 shows hysteresis curves of the shear stress and rela-
tive displacement at the contact surface of joint element M,
(Fig. 2-8(b)). Figure 2-19(a) is for Model I-1 and (b) for Model I-2.
Point S designates the start and E, the end of the analysis.’ Hysteresis
curves which are not parallel to the straight line that crosses S, rep-
resent the period when sliding occurs. The slope of these portions
changes with variations in yield shear stress, Ty, which in turn depends
on normal stress, On. Sliding is dominant from 2.2 to 2.3 sec (@@ in
Figs. 2-19(a) and (b)) in both models. The structure slid 13 mm relative
to the ground in Model I-1 and 2.6 mm in Model I-2, the total of local
sliding plus sliding of the whole structure. The magnitude of the latter
is approximately 11 mm in Model I-1 and 1.2 mm in Model I-2. That is,
the magnitude of sliding in linear elastic ground is nearly ten times
greater than that in nonlinear ground, when other properties and
variables of the model and the excitation are kept constant.

Figqures 2-20(a) and (b) show the maximum amplitude of shear stress,
Tyyr and shear strain, Yyy, beneath the structure (elements A, B, C, D and
E in Fig. 2-8(b)) of the three models. The magnitude of stress in
Model I-2, where the ground is assumed to be of a nonlinear material, is
smaller than that in Model I-1. On the other hand, the magnitude of

strain of Model I-2 is greater than that of Model I-1, as would be ex-
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pected. The same tendencies are found for stresses,o,,ogy, and strain, e,.
However, the magnitude of strain, €y, in Model I-2 is twice as large as
that in Model I-l1. This large strain amplitude is probably caused by the
yielding of the ground. Figqure 2-21 is the hysteresis loop of T,y and y,y
of soil element C of Model I-2. The ductility factors of elements AVE,

tabulated in Table 2-5, are obtained from these loops.
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Fig. 2-19 A hysteresis loop of shear component of jJoint element M.
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Table 2-5 Ductility factors of the ground
beneath the structure (Model I-2).

Element A B C D E
Ductility
factor 3.4 1.7 ] 2.0 2.5 | 3.0
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{(c) Maximum responses of the ground and structure

Table 2-6 1lists the absolute maximum values of the ground surface
(point S in Fig. 2-8(b)), the center of gravity of the structure (point
G) and the top of the structure (point R). The horizontal displacements
are almost the same at individual points of observation regardless of
the model used. However, the vertical displacements of Model I-2 are

greater than those of the other two models at each point.

Table 2-6 Maximum response of the ground and structure.

Point Model Displacement {cm) Velocity (cm/sec) Acceleration (gal)
horizontal |vertical horizontal | vertical horizontal | vertical
Model I-LI 3.92 0.19 42.2 4.0 576 185
S Model I-1 3.92 0.18 42.8 4.0 577 185
Model 1-2 3.95 0.25 37.0 4.0 542 186
Model I-LI 6.79 0.57 70.5 7.6 811 179
G Model I-1 7.00 0.53 63.0 7.6 683 178
Model I-2 6.70 0.79 56.0 7.8 663 178
Model I-LI 9.36 1.25 103.2 16.9 1105 293
R Model I-1 9.33 1.12 91.2 15.6 957 262
Model 1-2 9.13 1.46 83.4 15.5 855 259

At the ground surface (point S), horizontal velocity and acceler-
ation of Model I-2 are less than the corresponding values of Model I-1
and Model I-LI. At both points G and R, the response values are reduced
as the model changes from LI to 1 to 2., On the other hand, vertical
velocity and acceleration are almost identical for all three models, al-
though the response of Model I-LI at point R is somewhat greater than
those of the other models. The 683 gal maximum response acceleration in
Model I-1 corresponds to Model I-LI, the linear model, when h=0.26. This
implies that the energy dissipated during sliding at the contact surface
was the cause of the increase of the damping factor by 0.06. The 663 gal
maximum acceleration in Model I-2 corresponds to the linear model when
h=0.27. The 0.07 increment in damping factor is due to the energy dis-
sipation caused by the sliding at the contact surface and the vielding

of soil. Most of the energy dissipated is caused by hysteresis damping
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because sliding magnitude is verv small when compared to the degree in
Model I-1.

Figures 2-22(a) and (b) are the horizontal and vertical response
displacement curves, respectively, of the ground at péint P of Model
I-2. In the figures, a residual displacement arose at approximately
2.0 2.5 sec. Considering the direction of this displacement, it follows
that from this point plastic deformation of the ground takes place to-
wards the left and downward. At the opposite site, point Q, plastic de-
formation takes place towards the right.

When residual displacement of the ground just beneath the structure

is considered, the structurally induced settlement is about 3 mm.
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Fig. 2-22 Displacement at point P of Model I-2.

Figure 2-23 shows the instructure response spectrum?® (IRS) at

point R, where the damping factor is assumed to be 2 % of critical. The
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irregular broken line is of Model I-1 and the solid line Model I-2, 1In
general, the IRS of Model I-2 gives the lowest response value, a tenden-
cy remarkable when the period is short. Comparing the IRSs of Model I-1
and Model I-LI, both have almost the same response values in the 1long
and middle period ranges, but in the short less than 0.22 sec, the IRS
of Model I-1, in which sliding occurs, 1is greater than that of Model
I-LI. This tendency is in accordance with what Wolf et al.?* and Kennedy
et al.?’ found when applying their own techniques to analyses of a

nuclear reactor building, which consider sliding and "lifting-off".
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Fig. 2-23 The instructure response spectrum at point R.

2.5 Safety of the structure against sliding

(1) A definition of safety against sliding

Safety of the whole structure against sliding is usually checked by
applying a static seismic force to the structure's center of gravity. In
this case, the safety factor is given by the ratio of the static vyield
shear force Fys to the static shear force Fgy Fys/Fg. This ratio is re-

ferred to as static safety factor (SSF) and is given by the following
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equation.

Cyptwtanés
w2
g

SSF = (2-26)
where, w is the weight of the structure, B, the width of the structure
base and g, the acceleration of gravity. c¢; and ¢, are the cohesion and
friction angle of the joint element, respectively. o, the maximum hori-
zontal response acceleration at the center of gravity of the structure,
obtained from a dynamic analysis of a linear model.

Safety of the whole structure against sliding under the dynamic ex-
citation is defined as the ratio of yield shear force F; to mobilized
shear force r, Fy/F, along the contact (sliding) surface under consid-

eration. Safety against sliding is discussed in terms of this ratio,

which is referred to as the total safety factor (TSF)?% Namely,
DI A
TSF = 522 (2-27)
¥ v.7. |min.T
j=1 33

where, Tyj, T; and 1, are the yield shear stress, the mobilized shear
stress and the length of joint element j, respectively. min.T means the

minimum value of the absolute value with respect to analyzed time.

(2) Dynamic stability of the structure against sliding

In order to investigate the dynamic stability of the structure
against sliding, Model I-2 was subjected to the simultaneous horizontal
and vertical excitations of three different accelerograms, the El1 Centro
NS and UD components (Imperial Vallev Earthq., 1940), the Jet Propulsion
Laboratory (J.P.L.) S82E and UD components (San Fernando Earthg., 1971)
and the Hachinohe EW and UD components (1968 tokachi-oki Earthg., 1968).
Table 2-~7 lists the maximum amplitudes and predominant frequency of the
original accelerograms. The amplitudes have been modified for use in

seismic response analyses.
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Table 2-7 Maximum acceleration and predominant frequency
of excitation accelerograms.

E1 Centro J.P.L Hachinohe
NS up S82E ub EW ub

Maximum
acceleration 342 206 208 126 203 96

(gal)
Predominant
frequency 1.15 8.55 2.88 2.95 0.83 1.25

(Hz)

Based on the <chapter 1 the strength parameters for soil are
c=0.0 tf/m2 and ¢=40° and for the joint element CJ=O.0tf/m2 and ¢,=30°,
respectively. Fiqure 2-24 shows the relation between TSF and the maximum
horizontal response acceleration at the center of gravity of the struc-
ture. The static safety factor is a hyperbola with respect to the re-
sponse acceleration. It is shown in Fig. 2-24 as a solid 1line. The
symbols * are the response accelerations where the whole structure slid,

i.e., TSF=1.0. TSF and SSF are exactly alike. This means that the safety

10
e E1 Centro
x J.P.L. :}T SF

8 o Hachinohe

— SSF

Safety factor
s

1 1 1

1 i }
0 100 200 300 400 500 600

Horizontal response acceleration at the center
of the gravity of the structure (gal)

Fig. 2-24 The relationship between safety factors against sliding,

and the maximum response acceleration at the center of
gravity of the structure.
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against sliding can be estimated by the static method as long as maximum
response acceleration can be accurately obtained. This also indicates
that effects of vertical excitation on safety can be disregarded because
TSFs are obtained by applying both horizontal and vertical excitation,
while SSF is calculated from only horizontal acceleration. Figure 2-24,
however, does not imply that the factors are identical for the same ex-
citation. 1Instead, they differ from each others as the level of exci-
tation increases because SSF is calculated from a linear model whereas
TSF is affected by soil nonlinearity and by local sliding. For practical
purposes, it is very important to clarify the differences between them.
For this purpose, Fig.2-25 plots the SSF:TSF ratio against input accel-
eration amplitude. As the latter increases, the ratio decreases. Over-
estimation of response acceleration in the linear model results in lower
safety factors than there actually must be. The symbols W indicate

amplitudes at which TSF=1.0, below which SSF, however, is less than 1.0.

1.0 - ® E1 Centro
X J.P.L.
o Hachinohe
I e e T o
5 ¥ex |
B o ™ “ x
P o e
w
W 0.9
0.8 I | 1 1 |
0 100 200 300 400 500

Amplitude of input horizontal acceleration (gal)

Fig. 2-25 The relationship between total and static safety factors.

Amplitude of input acceleration where SSF=1.0 are 245 gal, 257 gal
and 468 gal for the El Centro, the Hachinohe and the J.P.L. acceler-

ograms, respectively. For these amplitudes, the structure is still

stable and TSFs are:

56—



TSF=1.07 for E1 Centro
=1.04 J.P.L.
=1.06 Hachinohe

(2-28)

In conclusion the safety of a structure against sliding is apt to
be 1low when estimated statically by the seismic force obtained from a
linear model. However, SSF and TSF differ less than 10 % and SSF is
accurate enough to check the structural stability as a first approxima-

tion.

2.6 Conclusions

A method has been presented to analyze seismic responses of a
soil-structure interaction system, considering the material nonlinearity
of s0il as well as separation and sliding at the soil-~structure contact
surface. The seismic responses of two models illustrate the method's ap-
plicability in actual systems and clarify the effects of sliding and
separation on dynamic stability.

The influence of soil nonlinearity on the system's response and on
safety against sliding have also been discussed in detail. From the
analyses presented, the following can be concluded:

(1) The load transfer method adopted to analyze nonlinear seismic
response greatly reduces CPU time in comparison with other nonlinear an-
alytical techniques. It is an extremely effective method to analyze non-
linear seismic responses.

(2) Assuming perfect bonding between soil and structure, the
structure's motion 1is restricted by the surrounding subsoil and the
analysis may not estimate the actual response correctly.

(3) There is a specified frequency, dependent on excitation level,
above which separation and sliding do not/cannot occur. Separation and
sliding increases as the frequency decreases below this level. There-

fore, in any discussion of sliding and separation, careful consideration
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should be paid to seismic excitations containing long period components.

(4) From the seismic response analysis of a soil-structure system,
in which the soil is assumed to be elasto-perfect plastic, yielding ex-
tended over the whole ground area. The occurrence of yielding preceded
that of local sliding between the structure and ground.

(5) The nonlinear behavior of the ground reduces the response of
the system. Reduction of 3%v5 % (20 100 gal) in horizontal acceleration
and 10 V15 % (58 kine) in horizontal velocity are reported in this
model as opposed to a linear ground model. The sliding magnitude of the
linear ground model is nearly 10 times greater than that of the non-
linear one. Nonlinear behavior of the ground was also examined using an
instructure response spectrum. Ground nonlinearity generally reduced the
response spectrum especially in short period range.

(6) When safety of whole structure was considered, a low safety
factor was estimated when it was checked by applying the static force.
However, safety factors differed by less than 10 % when obtained by the
static method and the dvnamic method. The static method is therefore a
sufficient first approximation of a structure's stability against slid-
ing.

Finally, ground nonlinearity reduced the response of the system and
increased the safety of the structure against sliding, suggesting a
basis for more rational and economical design. The method developed here

provides a useful tool to examine such problems.
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Appendix 2-I

Derivation of Egs. 2-9 and 2-10.

As shown in Fig. 2-A-1, the deformation of the joint element must
be sufficiently small when compared to the deformations of solid ele-
ments.

(1) Shearing deformation

The nodal displacements, ug, of the solid element shown in
Fig. 2-A-2 are given by Eq. 2-A-1 when the unit nodal forces, r =1.0,

have been applied to nodal points 1 and 2:

g = —12}1’— (2-A-1)
Uy
where, 4 is the rigidity, h, the
height and 7, the length of the solid
) Solid 1 element.
U,
= The nodal displacements, uj;, of
Joint the joint element shown in Fig. 2-A-3
element
Solid 2 are:
_ 2
fixed L Us= k1 (2-A-2)

Fig. 2-A-1 The general scheme of a
solid-joint system. where, kg and ! are the shear spring

coefficient and the length of the
joint element, respectively.

Here, the required relation is:

usEtu, (2-A-3)

where, a is an appropriate constant

which prescribes the deformation of

the joint element relative to that of
Fig. 2-A-2 Shearing deformation

of a solid element. gsolid element. Substituting Eqgs.
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Fig. 2-A-3 Shearing deformation
of a joint element.

F=1 F=1

Fig. 2-A-L Normal deformation
of a solid element.

Fig. 2-A-5 Normal deformation
of a joint element.

2-A-1 and 2-A-2 into Eq. 2-A-3:

H
ks> @ (2-9)

(2) Normal deformation
Nodal displacements of the solid

element, vs , in Fig. 2-A-4 are:

2h

Vs=ou + A) L {2~A-4)

where, ) is Lamé's constant.
Nodal displacements of the joint

element, v (Fig. 2-A-5) are:

jl
2
%=kﬁ (2-A-5)
where, k, is the normal spring coef-
ficient of the joint element.
The required relation is:
1 —A-
Vb.é'i; v, (2-A-6)
Substituting Egs. 2-A-4 and 2-A-5
into Eq. 2-A-6, the following rela-
tion is obtained.
+
kp > _guh—xb (2-10)
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3, Three-Dimensional Nonlinear Behavior of Structures

Resting on Soil

3.1 General remarks

A general method 2 has been proposed to analyze dynamic soil-
structure interaction which uses joint elements set along the contact
surface. The method was applied to test the stability of structures
during strong earthquake motion. Material nonlinearity of the soil was
inclyded as a factor and its effects on the structural dynamic stability
were examined®" . All problems were, however, treated as two-
dimensional, although many structures whose stability needs to Dbe
checked should be treated three-dimensionally. Besides, it is very im-
portant to determine the validity or limitations when a real three-
dimensional system is replaced by a two-dimensional model.

The purpose of this chapter is to develop a three-dimensional joint
element (3-D joint element) by an extension of the two-dimensional joint
element proposed by Goodmans, and to investigate its applicability. Al-
though Goodman has already made a proposale, his 3-D joint element 1is
not applicable for the soil-structure contact surface where no material
exists, because it requires filling between two joint planes, and the
stiffness matrix is obtained from the virtual work of the filling.

In the second half of this chapter, the structure's stability
against sliding during strong earthquake motion is investigated in de-

tail with relatively simple three-dimensional models.

3.2 A three-dimensional joint element

(1) Mode shapes of the 3-D joint element

Figure 3-1 shows the 3-D joint element. it consists of two re-
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ctangular plates, each of which is made up of four nodal points, num-
bered 1 AU, and 5 v8. The length of the long side of the plate is m, and
that of short side, ¢. The local Cartesian coordinate system of the
joint element is ( r, s, t ) and displacement components in these di-
rections are (u, v, w).

Let (u,, vy, w, ) be the relative displacements at the center of the
plates and (¢, ¢5, ¢ ), the relative rotational angle around three

symmetrical axes. The six are denoted by nodal displacements:

uy ={(us+ug +uy +ug )-(u1 +uy +us +u, )} /4
vo ={(vs +vg +vy +vg ) =(vy +v, +vy +v, )} /4
wo ={ (wg +we +wy +wg )= (wy +w, +wy +w, )} /4 (3-1)
bs={{—ws —wg +w; +wg ) =(=wy ~w, +wy +w, )} /22

b2 ={ (g —wg —wy +wy )= (w) =w, —wy +w, ) }/2m

be={ —u; +u, +uy -u, *ug —ug -u, +uy ) /Un

+( —vy-vy tvy v, tvg tug —vy —v ) /UL

or
{eg Yy;=[z, Huly (3-2)
-2
where,
leody=tug vy wy &, ¢, 0,1 (3-3)
{U}J={U1 vy Wy ....Ug Vg We}T (3 u)

{e¢}; and {u}; are modal and nodal displacement vectors, respectively, and
[Lo] is described in Appendix 3-I.

The six fundamental modes {eo}; are illustrated in Fig. 3-2. They
are classified as:

(i) sliding modes - Mode 1 and Mode 2

(ii) a separation mode - Mode 3

(iii) rotational modes - Mode U4, Mode 5 and Mode 6

A contact surface modeled by this 3-D joint element can be ex-

pressed by a combination of the six modes.
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Fig. 3-1 The three-dimensional joint element.

Fig. 3-2 Joint element deformation modes.
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(2) Stress components of the 3-D joint element

Let o, and o5 be the shear stress components corresponding to modes 1
and 2 and o, be the normal component corresponding to Mode 3. These com-
ponents are defined as the average forces acting on the joint plane per

unit area of the joint element and are given by:

or={F, s+F, +F, ,+F, g}/¢m
Os = {Fs,5+ Fs,6+ Fs,7+ Fe,8 Vem

(3-5)

op ={F, s+F, gt Fe 7t F 5}t/ tm

where, F; is the nodal force acting on node j in direction i. Three
components of moment, M., s and M, corresponding to modes 4, 5 and 6

are defined as:

[ 3
Ms=?(Ft,7+Ft,8)__2—(Ft,5+Ft,6)
__m m
Mr'?(Ft,s+Fc,s)__2—(Ft,s+Ft,7)
- m (3-6)
M= _2-(Fr,5+Fr,8)— T(Fr,6+'Fr.7)
£ ¢
+?(Fs,s"'Fs,G)—?<Fs,7+Fs,8)
Inverting equations 3-5 and 3-6 and stipulating that F; ,==F, F; ,==F; ¢,

Fi,3==Fj,7and F; ,==F  (i=r, s, t), the nodal force vector {F}; can be

written in terms of the stress vector {¢}, as

{rl;= [Bl;{0); (3-7)
where,
T
(rYy= {F,q Fop FepFrp Fo g Fepl (3-8)

{o},= {0, 05 o M, M, M.}

(3-9)

[8] is shown in Appendix 3-II.
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(3) Relationships between stresses and strains
The stress, {¢}; , and modal vectors, {e,}, are linked through joint

system stiffness properties [D] as follows.

{o},= [pMg }; (3-10)
where,
kr
kg 0
kt

[p] = Xy (3-11)

0 Kys

k¢t

xr and k; are shear spring coefficients in directions r and s re-
spectively, and k. is the normal spring coefficient. k4;, k¢sand k4, are
rotational spring coefficients with respect to axes rz, s and t, and they

are derived by k,, ks and k. as:

I3 3
kor= —ﬂﬂth
2%m
kos=—F ke (3-12)

1 3
k¢t=—ﬁ—( Em?kt"' emks)

In this derivation, the four nodal points forming a joint plane are
assumed to be on the plane even after the deformation of the joint
element’. This assumption is valid when it models the contact surface

between such hard materials as concrete structures and the ground,

(4) The stiffness matrix of the 3-D joint element
From Eqs. 3-2, 3-7 and 3-10 the relationship between nodal forces

{r}, and nodal displacements {ul; is
{r},=[8],[0]lz,1{ul; (3-13)
As a matrix which gives the relationships between nodal forces and
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nodal displacements is the stiffness matrix, the stiffness matrix of the

3-D joint element [x]; 1is given by the following equations from

Eq. 3-13.
[x1,=[51,0010z,] o)
[E]J -[E]J
[xl,=
©la —[E]J [E]J (3_15)

Matrix [(E]s;is given in the next page.

(5) Constitutive relationships of the 3-D joint element

The constitutive relationships are shown in Fig. 3-3. Fig. 3-3(a)
is for the normal and (b) for the tangential component. Normal stress is
not transmitted when separation occurs, and linear constitutive re-
lationship based on stiffness, k:, is valid when the joint element is in
contact. Sliding will take place when the absolute value of the shear
stress, 1, reaches yield shear stress,ty,. When separation occurs, shear

stress is not transmitted through the joint element.

Tension

CoMPRESSION

Ke

-];——> --4T
CONTACT ' SEPARATION 4

(a) Normal direction (b) Tangential direction

Fig. 3-3 The constitutive relationship of the joint element.
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The yield shear stress Ty is determined as a function of the co-
hesion, C€;, and friction angle, ¢;, of the contact surface and normal

stress,o., from the Mohr-Coulomb failure law,

Ty

(3-18)

Cs-0O¢ tan ¢, (wo £0: in contact)
0 (wo > 0: separation)

Because there are two shear stress components, 0. and 05, corre-
sponding to Mode 1 and Mode 2, the magnitude of mobilized shear stress <t

is
T=Vor+ol (3-19)

or in other words, sliding takes place when mobilized shear stress re-
aches yield shear stress.

Since the spring coefficients of the joint element k., ks and k¢t
are related to the fictitious relative elastic deformation at the con-
tact surface between two solids, (which would not actually occur in a
real system) they should be as large as possible. The influence on the
system's response of fictitious displacement due to the joint spring co-
efficients cannot be overlooked when the coefficients are small. The
influence of spring coefficient magnitude on the dynamic response is

discussed in detail in the next section.

(6) A load transfer method to handle three-dimensional
nonlinear structures
The 1load tﬁansfer method is a means to analyze nonlinear dynamic
response. The detailed two-dimensional procedure has already been ex-
plained, and once the "de-restraining forces", additional external for-
ces to making nonlinear and linear systems equivalent have been ob-
tained, the load transfer method can be employed in the same manner as

when two-dimensional problems are concerned. The procedure by which

these forces can be measured is explained here.

As normal stress is not constant over the entire joint element be-
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cause of the moments defined by Eq. 3-6, the joint element is divided
into four equal subdivisions by two center lines. The possibility of
sliding or separation is examined for each subdivision.

(i) The soil-structure system is assumed to be a linear elastic
system and nodal displacements are obtained by solving the equation of
motion at time t=tj. The nodal displacement vector of the joint element

at tj is:
J j
{uf;={us vi w1 -~ - us vs ws } (3-20)

j
(ii) The nodal force vector {Fl}; equivalent to the stresses caused

by {u}i is obtained from the stiffness matrix [x],.
Fi 3
{r}, =[x, {ul}; (3-21)

(iii) The prescribed constitutive relationships are examined to see
if they are satisfied or not with respect to the nodal forces given by
Eq. 3-21. Sliding at the subdivision which includes nodal point &,
occurs when

| a—— [

PR HFE > G R stand,  (k=508) (3-22)
is satisfied. In this case, the de-restraining force, f, is obtained by
subtracting the right term from the left term.

When separation is taking place at the subdivision including nodal

point «k,
£, >0 (k=58) (3-23)

is satisfied. The de-restraining force, f, equals F;,x, and its vector

{f} is obtained from:

fi15" %15 £,,0" £ 6 (3-24)
fi,3== fi,7 £y 0= 1,8 (i=r,s,t) i
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ley=Afp 0 £5,0 £y fr,8 fs,8 £, 8} (3-25)

Once {f} is obtained, they are added to the external forces of the
equation of motion, and the computation proceeds again from step (i).
The iterative procedure should be continued until the constitutive re-

lationships of all joint elements have been satisfied.

3.3 Dynamic response characteristics of soil-structure interaction

systems when separation or sliding is taking place

(1) Analyzed models

Figure.3-U4 is a model of a three-dimensional soil-structure inter-
action system. The model consists of the homogeneous elastic surface
ground and a concrete cubic structure resting on it. Coarse (Fig. 3-5)
and fine (Fig. 3-6) finite element meshes are used. The former, Model 1,
examines the fundamental features of nonlinear dynamic responses. The
latter, Model 2, examines the dynamic stability of the structure against
sliding during strong ground motion. One joint element for Model 1 and
nine for Model 2 model the contact surface between the structure and the

ground. The modeling parameters are tabulated in Table 3-1.

GROUND

Pi.CLW,

Fig. 3-4 A general view of the soil-structure system.

_73_.



Fig. 3-6 Finite element mesh of Model 2.

Tatle 3-1 Modeling parameters.

Friction angle ¢J=30°

Unit weight | Shear wave Poisson's Damping
velocity ratio factor
( tf/m3 ) { m/sec )
Ground Y ,=1.98 €,=300 v,=0.4 h;=0.10
Structure ¥,=2.35 C,=1600 v,=0.2 h,=0.10
3 Spring const. Kp=K¢=K¢=2.0x10% tf/m3
Joint z r_oS 2
element Cohesion €y=3.4, 10 tf/m
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The 1local coordinate system of the joint element (r, s, t) corre-
sponds to the global coordinate system (x, v, z). As the degrees of
freedom of a three-dimensional model becomes much greater than those of
the two-dimensional model when the number of elements is the same, a
contrivance 1is necessary to overcome the disadvantage of wusing the
three-dimensional model. Therefore, the analyses have been carried out
taking advantage of geometrical symmetry with respect to the center
plane (the hatched plane in Figs. 3-5 and 3-6). In other words, with re-
spect to the center plane, it is assumed that deformations of the system
are symmetrical in X and Z directions and asymmetric in the v direction.

Nodal displacements in the Y direction are fixed on the boundary
plane, parallel to the model ground's x-z plane. When the input di-.
rection 1is parallel to the x-y plane, this assumption is valid. The
structure and ground are modeled by three-dimensional isoparametric ele-
ments with eight nodal pointsa, and assumed to be linear elastic materi-
als. The shape function, stiffness and mass matrices of the element are

derived in Appendix 3-III.

(2) The initial stress state
Initial stresses are obtained by solving the static problem, in
which the external force, {f;}, is equivalent to the weight of the sys-

tem, and can be calculated as:
{£0} == [, N1 {p}av (3-26)

where, {p} ={ 0 -pg}T, p is mass density, g, the acceleration of gravity
and [~], is the shape function matrix from Appendix 3-III.

The resulting initial stress state at the bottom of Model 1 strue-
ture is 23.5 tf/m? for normal stress, oz, and 0.0 tf/m*> for shear
stresses, Oy and oy. As the contact surface is modeled by one joint ele-
ment, the initial stresses over it are constant. The initial stresses of

Model 2 are shown in Fig. 3-13 and discussed in section 3.4,



(3) Adequate magnituds of joint element spring coefficients

The adequate magnitude of joint element spring coefficients is dis-
cussed for Model 1 subjected to a 100 gal sinusoidal acceleration and
7.5 Hz, the fundamental natural frequency of model ground. All coef-
ficients kxr, ks and k. are equal and using the three different values
5.0x10* tf/m®, 2.0x10°tf/m®, and 1.0x10°tf/m’, the influence of magnitude
on the system's dynamic response is examined.

Figure 3-7(a) illustrates horizontal displacement at the
structure's bottom corner point (nodal point A in Fig. 3-5) and
Fig. 3-7(b) vertical displacement at the same point. Solid lines repre-
sent responses of the linear model in which the joint element has Dbeen
removed, broken lines, responses with a spring coefficient of
5.0x10*tf/m® and dotted lines, responses with a spring coefficient of
2.0x10°tf/m*. In these analyses, neither separation nor sliding takes
place, therefore, the differences between broken or dotted 1lines and
solid lines can be attributed to the fictitious elastic deformation
caused by joint element springs. The figures indicate that the smaller
the coefficient, the larger the difference. When the coefficient is
5.0x108tf/m3, the difference due to the fictitious deformation must be
considered. This difference is negligible, however, when the coefficient
is larger than 2.0x10°tf/m’.

On the other hand, the larger the spring coefficient, the smaller
the interval, At, necessary to perform the numerical integration of the
equation of motion. The solution did not converge unless the interval At
was less than 0.002 sec when the coefficient was 5.0x10*tf/m®*. In the
same way, the maximum Ats which give convergence of the solutions are
0.001 sec and 0.0005 sec for 2.0x10°tf/m’ and 1.0x10°tf/m® respectively.
From the view points of economy and accuracy, the 2.0x10°tf/m® coef-
ficient was used. The relationships between the numerical errors and Ats

are summarized in Table 3-2.
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(b) Vertical displacement
Fig. 3-T7 The influence of spring coefficient magnitude

on dynamic response.

Table 3-2 Relationships between time interval, accuracy and magnitude
of joint element spring coefficients.

Spring constant Time interval Error (%)
At H . .
3 orizontal Vertical
( tf/m ) (sec) displacement | displacement
0.5x105 0.002 8.0 23.2
2.0x105 0.001 2.2 3.3
10.0x103 0.0005 0.4 0.5
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(4) Sliding phenomenon at the contact surface

Model 1 is subjected to a sinusoidal acceleration of 100 gal ampli-
tude and 4 Hz. Cohesion of the joint element is 3.4 tf/m? and its fric-
tion angle is 30°.

The horizontal acceleration response curve is shown by Fig. 3-8(a)
and horizontal displacement by Fig. 3-8(b). In the response analysis,
sliding took place first at about 0.93 sec and periodic sliding con-
tinued to occur. In Fig. 3-8(a), sharp peaks can be observed at the mo-

ments of the sliding. However, no disturbance in the displacement curve.
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(a) Horizontal acceleration at point A
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(b) Horizontal displacement at point A

Fig. 3-8 Examples of response curves during sliding due to
sinusoidal excitation (Model 1 - 4 Hz, 100 gal).

Figure 3-9 shows the hysteresis curve of shear stress, and the
relative displacement of the joint element. Numbers on the curve indi-
cate the time elapsed. Although shear stress does not become negative
according to the definition of Eq. 3-19, the negative sign is assigned
to it when the structure slides in a negative x direction relative to

the ground. The response of the system becomes stationary at about 1.05
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sec, after which the shear stress-relative displacement relationship is
in the form of the most external hysteresis loop.
T (4 0,93 sec
1,18 4,0 / 0.97 sec
P l 22 sec
2.0 /
T T T T 0 1
-2.0 /-1.,5 -1.0 -0.5 0 l O(xlO Tm)
_2, -
1.30 sec
1,10 sec - L
4.0 \1.05 sec
Fig. 3-9 A hysteresis loop for shear direction on the contact surface.
(5) Separation phenomenon at the contact surface
In order to examine the dynamic response characteristics of a sys-

tem in which separation is taken place, the input acceleration amplitude

is increased to 600 gal, and, in addition, Cy; 1is 1increased to be
10 tf/m? to prevent the occurrence of sliding.
Figure 3-10(a) shows horizontal acceleration, (b) vertical acceler-

ation and (c) horizontal displacement responses at point C in Fig. 3-5.
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Fig. 3-10 Examples of response curves when separation is caused by
sinusoidal excitation (Model 1 - 4 Hz, 600 gal).
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Fig. 3-11 A hysteresis curve for normal direction on the contact surface.



The first occurrence of separation was at 1.05 sec after which it re-
occurs periodically. At such times, the same type of sharp peaks can be
seen in acceleration curves as when sliding takes place. When sliding or
separation took place, the balance of the system's dynamic force changed
suddenly and there was a large increase in acceleration to compensate
for this dynamic imbalance. The change did not affect the displacement
response, however,

Figure 3-11 shows the hysteresis curve of joint element normal
stress and relative normal displacement. From Figs.3-9 and 3-11, it has
been ascertained that the assumed constitutive relationships are satis-

fied for both shear and normal components.

3.4 Structural dynamic stability against sliding

(1) The initial stress state of the contact surface of Model 2

Figure 3-12 shows the half plane of the contact surface between the
structure and ground in Model 2. Solid circles indicate nodal points and
solid line boundaries between joint elements. Broken lines denote Joint
element subdivision boundaries., Initial stress distributions are illus-
trated 1in Figure 3-13(a) and (b). The former shows the normal initial
stress and the latter shear initial stress., Note that the initial
stresses at the corner of the contact surface are larger than those in
inner zones. Shear stress component does not appear to be due to re-

straints at the boundary of the model.
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Fig. 3-12 Subdivisions of the contact surface.
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Fig. 3-13 Initial stresses on the contact surface
caused by the gravity force.

(2) Definition of the safety factor against sliding

The safety of the structure against sliding can be examined by the
ratio of yield shear stress 7,to mobilized shear stress t, Ty /7T. Three
safety factors are introduced in order to examine in detail structural
stability against sliding. These safety factors are:

(a) The local safety factor (LSF)

The 1local safety factor is defined as the minimum value of the
ratio Ty / T of all subdivisions of all joint elements, which have been
obtained throughout the entire analytical period, or analyzed time.

That is,

LSF =|—'T“’—

min.T,min.S (3-27)

where, min.T means the minimum value with respect to the entire time

analyzed and min.S the minimum value of a subdivisions,
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(b) The total safety factor (TSF)

The total safety factor is defined by:

rsp = |51
= (3-28)

jélTjAj min.T

where, N~ is the number of subdivisions forming the contact surface and
Tyj Tjand Aj; represent yield shear stress, mobilized shear stress and
the area of a subdivision, j. TSF indicates the safety against sliding
of the whole structure, while LSF indicates that of one area of the con-
tact surface.

(c¢) The static safety factor (SSF)

Safety against sliding of the whole structure can be checked in
practice by applying the static force equivalent to the seismic force,
to the structure's center of gravity. In this case, the safety factor is
defined by the ratio of yield shear force, Fysy to applied static force,
Fg¢, OP,

+ n
S5F = p27= &2 wgta % (3-29)
g9
where, A and w are the bottom area and the weight of the structure, re-
spectively, and o, the maximum horizontal response acceleration at the

center of the gravity. Here, a has been obtained from a dynamic analysis

of linear model from which joint elements have been removed.

(3) Structural safety against sliding when subjected to
sinusoidal excitation

Figure 3-14 shows time histories of mobilized shear stress T and
yield shear stress Tyon subdivisions P-1, P-2 and P-3, when Model 2 has
been subjected to sinusoidal excitation of 300 gal and 4 Hz. Joint ele-
ment ¢, and ¢ are 10 tf/m? and 30°, respectively.

In P-1, separation takes place at 1.2 sec. At this time both 1 and
Ty vanishes and sliding in P-2 takes pléce simultaneously owing to the

redistribution of shear stress. The shear stress which has vanished due



to separation may be transmitted to the adjacent subdivisions and this
redistribution increased shear stress and sliding in P-2. It 1is
worthwhile to note that detailed investigations of the mechanisms of
stress redistribution as well as dynamic stability are possible.

Sliding of the whole structure does not occur because the ratio

Ty/ T is greater than 3.0 throughout the analysis.
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Fig. 3-14 Shear and yield stresses at subdivisions P-1, P-2 and P-3.
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(4) Safety against sliding when the structure is subjected to
seismic excitations

Model 2 has been subjected to three accelerograms,

(a) Discussion on local sliding

The cross-hatched areas in Fig. 3-15 are the subdivisions where
sliding takes place: (a) is for excitation by the E1 Centro acceler-
ograms, (b) is for the J.P.L. accelerograms and (¢) for the Hachinohe
accelerograms. As would be expected, El Centro accelerograms with the
highest maximum amplitude caused the widest sliding area. Hachinohe ac-
celerograms, however, caused wider sliding than J.P.L. accelerograms,

although the maximum horizontal acceleration of the former is lower.

/1110077777 7Y
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(¢) Hachinohe accelerograms

Fig. 3-15 Subdivisions where‘sliding occurred.



This can be attributed to the predominant frequency which agree with
what was found for two-dimensional problem, that is, the lower the pre-
dominant frequency of input excitation, the more the structure is apt to
slide.

Sliding first occurs at inner subdivisions next to those of the
edge, and the zone appears to expand outward. This is due to the initial
stress state, that is, although shear stresses on P-2 and P-5 are the
same as those on outer subdivisions, P-1, P-6, Q-1, Q-2, Q-5 and Q-6,
the normal stresses on P-2 and P-5 are smaller, as shown in Fig. 3-13.
This state gives P-2 and P-5 low safety factors. Time histories of the
ratios Ty /7T for subdivisions P-1, P-2 and Q-1 are 1illustrated in
Figs. 3-16(a), (b) and (c¢) respectively, in which Model 2 has been sub-
jected to the El Centro accelerograms. When the ratio is greater than
eight, it is drawn as eight. The straight line, Ty/71=1.0 is drawn and
when the 1,/ Tcurve meets it, sliding is taking place, or, in fact,

twice at P-1, only once at Q-1, but several times at P-2.
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Fig. 3-16 The safety factor against sliding for each subdivision.

(b) Safety of the whole structure against sliding

TSF and SSF are tabulated in Table 3-3 when Model 2 has been sub-
jected to the above seismic excitations. All the TSF are greater than
1.0 meaning no sliding of the whole structure. It should be noted that
TSFs obtained dynamically are about twice as large as SSF obtained
statically for all accelerograms.

Two two-dimensional models are introduced in order to compare TSFs
with those of three-dimensional models. The shape of the former are the
same as the cross section of Model 2 (the cross-hatched area in
Fig.3-6). The models are labelled Model 2D and Model 2DM, respectively.
Model 2D consists of the same materials as Model 2. The stiffness of
Model 2DM has been, however, increased to give it have the same funda-
mental natural frequency as Model 2. The two-dimensional TSFs and SSFs
are tabulated in Table 3-4. By comparing two-dimensional SSFs
(Table 3-4) and with those of Model 2 (Table 3-3), there was good agree-
ment between models with identical fundamental natural frequencies, but
less between Model 2 and Model 2D for all accelerogram types.

When TSF has been obtained dynamically, that of Model 2 1is more
than double those of the two-dimensional models. The results imply that
an actual three-dimensional structure would be safe against sliding even

when a two-dimensionally replaced model subjected to seismic force or a
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three-dimensional model subjected to static force is at the critical

state for sliding.

Table 3-3 Static and dynamic analyses compared for safety factors
against sliding - Model 2 - (f£1=6.46 Hz):

E1 Centro J.P.L. | Hachinohe
fsiaiic) 1.85 3.47 | 3.06
TSF
(dynamic) 4.07 7.89 6.22

Table 3-4 Static and dynamic analyses of two-dimensional models
compared for safety factors against sliding for
Models 2D and 2DM.

Model 2D Model 2DM

(f,=5.47 Hz) (f1=6.46 Hz)
Input E1 Centro | E1 Centro | J.P.L. | Hachinohe
?siaiic) 1.62 1.78 3.38 2.23
TSF
(dynamic) 1.62 1.80 3.45 2.36

3.5 Conclusions

A three-dimensional joint element has been developed by an expan-
sion of the two-dimensional joint element proposed by Goodman. It was
adopted to model the contact surface between a three-dimensional struc-
ture and soil.

The applicability of the joint element and the sliding stability of
the structure have been examined in detail. From the analyses, the
following conclusions are made:

(1) The proposed method makes it possible to estimate dynamic
stresses at the contact surface and also to clarify the mechanism of
stress redistribution at the contact surface when local sliding or sepa-

ration has taken place.



(2) Earthquake response analyses were carried out for the El Centro
NS and UD components, the J.P.L. S82E and UD components and the
Hachinohe EW and UD components. Safety factors of the whole structure
against sliding were about twice as great as when obtained by dynamic
response analyses than by the seismic coefficient method.

(3) Safety factors were compared between the three-dimensional mod-
el and those of two-dimensional models with the same cross section as
the former. The safety factors obtained from two-dimensional models were
lower than those obtained from three-dimensional model for all seismic
excitations.

The results imply that an actual three-dimensional structure would
be safe against sliding even when a two-dimensionally replaced model
subjected to seismic force or a three-dimensional model subjected to
static force is at the critical state for sliding occurrence.

There are, however, several problems which remain to be solved. The
four nodal points which form the joint plane in the 3-D joint element
are assumed to be on the same plane even after the joint element has de-
formed. This requires fine finite element meshes if the arbitrarily
curved surface is to be represented accurately. To eliminate this con-
dition, the 3-D joint element must be improved.

A second problem is that the ground is assumed to be a linear elas-
tic material here. As discussed in the previous chapter, yielding of the
soil near the structure may precede separation or sliding at the contact
surface or both may occur simultaneously. The material nonlinearity of
the ground should not be overlooked nor should structural nonlinearity,
such as sliding or separation. Therefore, soil material nonlinearity
must also be taken into acount in three dimensional problems.

Finally, for practical purposes, the dynamic stability of the
structure must be discussed on the basis of a more detailed model, with

fine finite elements.
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Appendix 3-I

Matrix [z,]of Eq. 3-2

<o

"‘IN

A
o

™D
[aN]

0
N

2N

-2

b B0

=

-

E

"‘lv

LS
~

~|
g

~|&

[Loj =

cevne (3—A-—l)



Appendix 3-II

Matrix [B]; of Eq. 3-T:
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Appendix 3-III

The three-dimensional isoparametrix element is shown in Fig. 3-4-1.

The shape function matrix [~] employed in this study is given as:

hi 0O 0O h, O 0O ...... hg 0 O
[¥]=]0 h;y 0O 0 hy O 0 hg O
0 0 h1 O 0 hy -+ .. 0 0 hg

h1=(1-a)(1+b)(1+c)/8
ho=(1-a)(1+p)(1-c)/8
h3=(1l-a)(1-b)(1-c)/8
hy=(1l-a)(1-p)(1+c)/8
hs=(1+a)(1+b) (1+c)/8
he=(1+a)(1+b)(1~c)/8
hy=(1+a)(1-b)(1-c)/8
hg=(1l+a)(1-b)(1+c)/8

(3-4-3)

(3-A-1)

The relationships between strain, {e}, and nodal displacement vectors,

{8}, are:

{e} =[B1{s}
where,
T
{eY={ex €y € Yey Yez Yax !
{8} = {ul Vy Wy Uy V, Wy ... Ug Vg wa}

The stress-strain relationships are:

{g} =[p]{e}

where,

T
{ot=Aoy oy 0; T4y Tyz T4 }
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(3-A-5)

(3-A-6)

(3-A-T)

(3-4-8)

(3-A-9)



A+2u A A 0 0 o0
A At2u A 0 0 o0

[p]=|? A A2 0 0 0 (3-A-10)
0 0 0 po0 o0
0 0 0 0 u 0
0 0 0 0 0 q

A,u: Lamé's constants

e
The stiffness [k] , and mass matrices of the element, [m]° are given by

the equations:

[x1°= f,[31" [p][Blav

=0 [ [ 151" [0][51 7| da ab ac (3-A-11)
[m1®=[[~] plwnlav
=f.if-i f_i[N:ITp[N]IJIda db dc (3-4-12)

where, |J]| is Jacobian, and the integrations are performed by Gaussian

integration.

z[<:ii ()

Fig. 3-A-1 An eight-nodal-point isoparametric element.
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THE DYNAMIC BEHAVIOR OF INTERACTION SYSTEMS

DURING SEISMIC EXCITATION

4. Soil-Structure Systems

4.1 General remarks

Structural foundations can be classified into three categories -
mat foundations, caisson foundations and pile foundations. Pile foun-
dations are most widely used because there are a variety of types, and
usable materials as well as applications. This is the result of many ex-
perimental and analytical studies of the lateral and vertical bearing
capacity of a pile or a group of piles. As a pile foundation is a stati-
cally indeterminate structure in nature and the surrounding soil is very
complex, even at the present time, many unknown factors still remain
when a pile foundation is being designed. When the dynamic behavior and
stability of pile foundation structures are investigated, dynamic soil-
structure interaction should be taken into consideration and this adds
further complexity and difficulty.

Theoretical studies have been based on the lumped mass model 1,2
continuum models 3712, and the finite element method !3~18, ana many ex-
perimental studies !?7?2 have been performed so that much information has
been accumulated. At the same time, many problems to be soilved have
been left. Problems which remain include:

(i) Ouantitative estimation of the shearing resistance of the pile
surface,

(ii) The effects of embedment of the'footing on the behavior of the

structural system,
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(iii) The efficiency of a group of piles.

Although it is generally recognized that the above must be clarifi-
ed for dynamic excitation, most research has been performed with the
static method?3-26 |

The purpose of this chapter is to give a quantitative discussion of
these aspects by applying the method proposed, which takes into account
separation and sliding at the contact surface between soil and structure

and estimates dynamic stresses on that surface 27730

4.2 A procedure to analyze nonlinear seismic response

(1) Modeling the soil-structure interaction system

The ground and such structures as piles, the footing and pier are
assumed to be linear elastic materials which are modeled by an ordinal
isoparametric element with four nodal points. The contact surface is
modeled by the joint elements shown in Fig. 2-1. The stress-strain re-
lationships of the joint element are those in Figs. 2-2(a) and (b} for

normal component and tangential component, respectively.

(2) Initial stress state

In this study, the initial stress state 1is calculated by the
following steps while giving consideration to the construction process
in the field.

(i) First, the initial stresses in the ground are calculated by
giving the structures below ground (the piles and the footing) the same
material constants as those of the ground surrounding them. This state
corresponds to the initial stress state of the ground at rest, before
the pile foundation structure is constructed.

(ii) Second, the stresses for the load equivalent to the total
weight of the above-ground structure, and the difference between the
weight of the portion underground and that of the soil replaced by the

structure. This step can be thought of as corresponding to construction
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without stress disturbances in the ground.
(iii) The desired initial stress state is obtained by summing up

the above stresses.

4.3 The effects of embedment of the footing on the dynamic

responses of the pile-foundation structure

(1) Models analyzed

In this section, eight models, consisting of piles, the footing,
the pier and the ground have been adopted in order to clarify the ef-
fects of the embedment of the footing on the dynamic responses of the
system. A general view of the model is illustrated in Fig. 4-1 and their
finite element meshes in Figs. 4-2 and 4-3. Table 4-1 lists the material
properties, and Table 4-2 summarizes the setting conditions.

(i) Model 1- The footing is embedded. There is normal resistance on
the lateral surfaces (front side) and shearing resistance on the bottom
surface of the footing. Joint elements (45 elements) are arranged along
all of the contact surfaces between the ground and pile~supported foun-
dation.

(ii) Model 2- The footing is set on the surface of the ground, and
there is only shearing resistance on its bottom surface. Piles have been
lengthened 8 m due to the placement of the footing. Forty-nine joint
elements have been used.

(iii) Model 3- Although the footing is set on the ground surface,
there is no shearing resistance of the joint elements which are arranged
between the footing and ground. Instead, only the piles resist hori-
zontal force acting on the footing and the pier. The piles are 56 m in
length.

(iv) Model 4- The footing is embedded, but joint elements on both
sides of it have been removed. The ground and footing can thus move
freely across the interface and there is no normal resistance on lateral

surfaces of the footing. 43 joint elements have been used.
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Two types of ground composition are assumed all of the models. The
first is composed of a single homogenious layer and the second of two
horizontal layers. Model 1, for example, with uni-layered ground is
labelled "Model 1-1" and that with bi-layered ground "Model 1-2". The
shear wave velocities and thicknesses of these layers which have been
listed in Table 4-1 are determined so that the two ground models have

the same fundamental natural frequencies.

Table L-1 Physical properties of the model.

Unit weight | Shear wave Poisson's Damping
velocity ratio factor

( tf/m3 ) ( m/sec )
Uni-layered ground| Y;=1.8 C,=180 v1=0.333 h,=0.20
i _ Y1=] v C1=]00 \)1=0.333 h1=0.20
Bi-layered ground| 1 ;g C,=300 v;=0.333 | h,=0.20
_ Y53=3.0 C3=1600 v3=0.167 h3=0.05
Sub-structure Yo=2.4 C.=1600 v4=0.167 | h.=0.05
FOOting Y5=2.4 C5=]600 \)5=0.167 h5=0.05
Pile Yg=2.4 Cs=1600 Vg=0.167 hg=0.05

Normal spring const. Kn=1.0x102 tf/m3
. Shear spring const. K¢=3.0x105 tf/m3
Joint element Cohesion C3=10 tf/m?
Friction angle $3=30°

Table 4-2 Setting conditions of the models.

Condition Model 1 2 3 4
position of the footing

(Below or on the ground surface) below on on below
Normal resistance of the front wall . i . i
of the footing exist | not exist | not exist | not exist
g?eigerizgi$ﬁgce at the bottom exist exist not exist exist
Length of a pile (m) 48 56 56 48
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The natural frequencies of models from which the djoint elements
have been removed are listed in Table 4-3. The translation mode due to
shear deformation of the ground is predominant in the fundamental mode.

Rocking predominant modes are those underlined in the table.

Table 4-3 Natural frequencies of the models (Hz).

surface ground Uni-Tayered ground Bi-layered ground
Mode Model T™yodel 1-1  Model 2-1 | Model 1-2  Model 2-2
1 0.430 0.481 0.449 0.473
2 0.652 0.513 0.771 0.553
3 0.936 0.888 0.898 0.841
4 0.962 0.958 1.061 0.904
5 1.006 1.003 1.076 1.000
6 1.029 1.104 1.106 1.010
7 1.448 1.119 1.321 1.0N584
8 1.510 1.228 1.447 1.202

(2) The effects on structural responses

The eight models were subjected to simultaneous excitation of NS
and UD components of the El1 Centro accelerograms under the conditions of
initial stress to be discussed in section 4.4(l). The maximum acceler-
ations were reduced to be 200 gal (NS) and 117 gal (UD). Separation for
0.2 sec took place at the contact surface between the bottom of the
footing and the ground (element I in Fig 4-1) approximately 4.5 sec af-
ter excitation began, and simultaneously, sliding occurred near the pile
head (element J in Fig. 4-1) in Models 2-2 and 3-2.

Figure 4-4 shows the maximum structural responses of Models 1-1,
2-1 and 4-1 normalized by those of 3-1 for uni-layered ground models and
of Models 1-2, 2-2 and 4-2 normalized by those of 3-2 for bi-layered
ground. Fiqure 4-4(a) shows the responses at the top of the pier (point
A in Fig. 4-1) and (b) shows those at the top of the footing (point B in
Fig. 4-1). Open circles denote normalized horizontal acceleration,

triangles normalized horizontal velocity and solid circles normalized
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horizontal displacement. In Fig. 4-4(a), no reduction can be seen for
either Model 2-1 or Model 2-2, as compared to Models 3-1 and 3-2 in
which there was no shearing resistance on the footing's bottom surface.
This means that this resistance does not affect structural dynamic re-

sponses.

.2 . O Acceleration 1'-2
Point A Velocity
Displacement
1.0 8 9 1.0
a s 8
(o]
o $
(o]
0.8 [e) 0.8
Uni-layered ground Bi-layered ground
0.6 | ~10.6
T 1 1 L 1 1 1 T
O 21 an 1-2 22 42
Model
(a) Point A - Top of the pier
r 11.2
1.2 Point B O Acceleration
4 Velocity
® Displacement
o Q
1.0 S & & 1.0
é 2 $
0.8F A -0.8
Uni-layered ground Bi-layered ground ‘
0.6F 0.6
=E L L ) | 1 1 T
0 11 21 4 1-2 22 42
Model

(b) Point B - On the footing

Fig. 4=k Maximum response values normalized by those of Models 3-1 or 3-2.
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There are two causes of reductions in responses of Models 1-1, 1-2,
4-1 and 4-2 over those of 3-1 and 3-2. One is the effect of the em-
bedment of the footing and the other is the effect of differences in
pile length. A reduction of 5710 % can be seen in Models 4-1 and 4-2,
which may be attributed to differences in pile length because normal re-
sistance on the lateral walls of the footing does not exist in these
models. Namely, these two models can be regarded as those in which the
footing has been constructed above the ground.

In the case of Models 1-1 and 1-2, a reduction in the response has
obviously been caused by both of embedment of the footing and pile
length differences. As the reduction due to the latter is, however, no
more than the degree for Models 4-1 and 2-1, the differences between 4-1
and of 1-1 (or between 4-2 and 1-2) is due to embedment giving rates
lower by 5710 %. Besides, the reductions are caused by normal re-
sistance on the lateral walls of the footing since shearing resistance
on its bottom surface cannot be expected.

These tendencies are dominant in the decreasing order of acceler-
ation, displacement and velocity, and are more remarkable for bi-layered
than uni-layered ground. The maximum response values are listed in

Table 4-4.

Table 4-4 Maximum response values.

Position Ttem Model 19y | 21 | 3.1 | a1 | 122 | 2.2 | 322 | 4oz

Acceleration (gal) 105 127 126 112 183 235 230 201
Point A |Velocity (kine) 47 50 50 48 50 57 58 51
Displacement (cm) 13.4 {14.9 | 15.0 | 14.1 | 17.3 | 20.6 | 20.7 | 18.3

Acceleration (gal) 87 91 87 88 107 122 121 1
Point B |Velocity (kine? 40 43 43 4 37 45 45 38
Displacement (cm) 11.2 [12.0 [ 12.1 | 11.5 || 12.7 | 14.7 | 14.7 | 13.]

Point C 10.7 §11.4 {11.4 110.9 | 11.6 |13.3 ] 13.3| 11.9
Point D |Displacement (cm) 8.4 9.0 9.0 8.4 6.3 8.0 8.0 6.3
Point E 5.7 5.6 5.6 5.7 2.2 2.2 2.2 2.2

(3) The effects on dynamic stresses in piles

-102-



Figure 4-5 shows the dynamic stresses developed in the element near
the pile head (element F in Fig. 4-1) normalized by those of Models 3-1
or 3-2 which correspond to the composition of the ground. The normal
stress oy, i.e., the compressive stress is denoted by open circles and
the shear stress, Txy, by triangles. Remarkable amount of stress re-
duction can be observed in Models 1-1 and 1-2 which have embedded foot-
ings. The stress reduction of Tyyis greater than that of normal stress,
0y, especially for Model 1-1. Reductions of approximately 10 % are ob-
served in Models 4-1 and 4-2 for the same reason mentioned above. On the
other hand, Models 2-1 and 2-2 show only slight reduction 1in stress.
Judging from this, the normal resistance on the lateral walls of the

footing plavs an important role in reducing pile stresses.

1.4 [+ o jl.4
- ™xy & .
1.0 o ! — 1.0
A
i ? & 2 |
O A
0.6 A 40.6
Uni-layered ground Bi-layered ground |
S A
0 1 1 [ 1 1 1 j—
1-1 241 4-1 1-2 2-2 4-2
Model

Fig. U4-5 Maximum response stresses at the pile head
normalized by those of Models 3-1 or 3-2.

(4) The effects on the bending moment in piles

In order to estimate the bending moment which develops in the
piles. New models in which a pile is modeled by two rows of elements
have to be introduced. Figqure 4~6 schematic diagram of the method by
which the bending moment has been calculated. The relationships between
the bending moment, ¥, and normal stresses, o, and 0y, in elements A and B

(Fig. 4-6) are given by:
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(4-1)
_ M
A B Op= T W2
4
»l ca From Eq. 4-1 and with the stipulation
M <it ! that y,+y, =1, the bending moment, »,
b . :
is given by Eq. 4-2.
Yq_yz T
M= (-0a%0p)
T Z Z ( a b (4_2)
|
where, I is the moment of inertia of
Fig. L-6 The relationship between area of the pile and [, the distance
bending moment, M, and
normal stresses,U; and Op. between the centers of elements A and

B.

Figures 4-7 and 4-8 show the distributions of maximum dynamic bend-
ing moment along the piles. Figure 4-7 is for the bi-layered ground mod-
els and Fig. 4-8 is for the uni-layered ground models. Models i—l and
1-2 are shown in (a) and Models 3-1 and 3-2 in (b).

By comparing Figs. 4-7(a) and (b), the bending moment of Model 1-2
is found to be less than half of Model 3-2, the effect of embedment of
the footing. This, however, does not always reduce the bending moment,
as it is true in Fig. 4-8.

Attention should be paid‘to the fact that a large amount of moment

develops near the interface between the layers of bi-layered ground.

4.4 Load sharing mechanisms of piles and footing

(1) The initial stress state on the surfaces of piles and footing

The initial vertical stresses on the surfaces of the piles and
footing are illustrated in Fig. 4-9. Shear stress corresponds to those
on the vertical, and normal stress to those on the horizontal contact
surfaces. Figure 4-9(a) shows Model 1-1 and (b) Model 1-2. These

stresses are caused by the structure's dead load or the load in step(ii)
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(a) Model 1-2 (b) Model 3-2

Fig. U-7 Maximum bending moment distribution.

Vad

[ s st | f——tr—fet——]
-40 0 'l‘o(tf-m) : ~40 0 01.0(”....)
(a) Model 1-1 (b) Model 3-1

Fig. 4-8 Maximum bending moment distribution.
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(section 4.2.(2)). Differences can be observed in the shear stress dis-
tributions of the two models - it is approximately uniform over the con-

tact surfaces in Model 1-1, but is concentrated near the pile tip in

I R

s

Model 1-2.

Lﬂl l ”IJ fao te/m2 | | 20 tf/m2

(a) Model 1-1 (b) Model 1-2

Fig. 4-9 Initial stress distribution along the contact surface.

The forces on the contact surfaces are obtained by multiplying the
length of the joint element by the stress in the element. The forces are
divided into four components, the shearing and the normal resistance
forces of the footing and the giles. These four components are shown in
percentages in Fig. 4-10. The numbers in parentheses are the shared for-
ces (tf/m). The shared rate at pile tips is about 38 % and the 62 % re-
mainder is of the footing and pile surfaces in Model 1-1. The shared
rate at pile tips is about 64 % in Model 1-2. Pile foundation of
Model 1-1 where the ground has only one layer can be divided into fric-
tion piles and pile foundation in Model 1-2 which has two layers can be
divided into the point bearing piles. Other models can also be divided
according to these two pile supporting mechanisms based on ground compo-

sition.
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Sharing Rate (%)

Fig. 4-10 The shared rate of the dead load.

(2) The mechanism of sharing among piles in a foundation

Resistance

classified into

of vertical load by the pile footing foundation can be

several components:

(i) the normal resistance on the pile tip,

(ii) the shearing resistance on the pile surface,

(iii) the normal resistance on the bottom surface of the footing.
(iv) the shearing resistance on the lateral walls of the footing,

Those of horizontal load are:

(v) the normal resistance on the pile surface,

(vi) the shearing resistance on the pile tip,

(vii) the normal resistance on the lateral walls of the footing,

(viii) the shearing resistance on the lateral walls of the footing,

(ix) the shearing resistance on the bottom surface of the foot-
ing.

As the system is modeled for two-dimensional plane strain, compo-

nent (viii)

the three-dimensional model.

is not treated because it can only be evaluated precisely by

(a) The mechanisms to share vertical seismic forces

The maximum vertical dynamic stresses on pile and footing

surfaces

-107 -



are illustrated in Fig. 4-11, Figure 4-11(a) shows Model 1-1 and (b)
Model 1-2. The stresses at the bottom of the footing and pile tips are
normal stresses and those at the lateral walls of the footing and pile

surfaces are the shear stresses.

—

——

=] | —» I T
—

Il L0 tf/m2 1 1.0 tf/m?

L

(a) Model 1-1 (b) Model 1-2

Fig. b4-11 Dynamic stress distribution along the contact surface.

Sharing rate at the pile tips of Model 1-2 is greater than that of
Model 1-1. The stress distrib?tion again concentrates near the pile tip
in Model 1-2, but is approximately uniform over the entire surface in
Model 1-1. As in the case of dead load, there are four components and
the sharing rates obtained from the dynamic stresses are shown in
Fig. 4-12. Although there are shearing resistances on the lateral walls
of the footing in Models 1-1 and 1-2, the rates are less than 4 v6 % and
they may therefore be disregarded. However, the normal resistance on the
bottom surface of the footing is less than 10 % and for all models the
total rates, the sum of shearing and normal resistances, at the footing

are no greater than 10 %.
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Most of the seismic force is shared by the piles and most of it
consists of shearing resistance on pile surfaces. The rate is 8085 %
for the uni-layered ground models and 70 ~80 % for the bi-layered ground
model. The sharing rates of the footing and piles as much as 90 % for
the uni-lavered ground models and 75 v 80 % for bi-layered ground models.
The remaining 10 %, or 1525 % is shared by the pile tips, and the
values have been extremely reduced when the values of 38 % and 64 % ob-
tained for the dead load are considered.

(b) The mechanisms to share horizontal seismic forces

Figure 4-13 shows the sharing rates among horizontal components.

Footing Piles
Shear Normal
Force Force Shear Force Normal force
yd ¥
Model 1-1 4. B~| 4.6 85.3 6.0
/
/ | /
o}
§ Model 2-1 9.0 80.6 10.4
1%
o | \
3 I k
]
> Model 3-1 7.3 85.4 7.3
+
£ \ !
Model 4-1 11.0 81.4 7.6
\ /
\ /
Model 1-2 5. 4= |4+1.6 78.5 14.2
7 /
/7 4
e
§ Model 2-2 He1.7 77.5 20.8
o
\
3 \ |
@
= Model 3-2 6 . 3 72.3 21.5
]
& /
Model 4-2 -+5.5 70.0 24.5

Fig. 4-12 The rate of vertical seismic force which is shared.
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The normal resistances on the lateral walls of the footing for both
Models 1-1 and 1-2 are about 20 %, but the shearing resistances on the
bottom surface of the footing are an insignificant 1~ 2 $%.

In Models 2-1 and 2-2, shearing resistances on the bottom surface
of the footing range from 50 to 100 % of normal resistances on the
lateral walls of Models 1-1 and 1-2. However, the influence of shearing
resistance on structural responses can be disregarded whether the shear-
ing resistance is taken into account. However, in the case of designing
piles which have large radii, there is some indication that the shearing
resistance at the pile tip should be taken into consideration3!, al-

though here it was not deemed necessary.

Footing Piles
Normal  Shear Shear
Force Force Normal Force Force
\
Model 1-1 20.1 2.0 72.8 5.14
-7 \
///// \
-l
€ Model 2-1 8.2 90.0 1.8
[=]
-
=) // \
<
&
g Model 3-1 99.7 0.3 -~
o
7 S /
5 /
Model 4-1 15.4 80.7 3.9
~ \
\\\\\\ \
Model 1-2 23.0 He0.7 74.2 2.1
- \
- //// / [
3
g Model 2-2 21.2 78.0 0.8
< -
=
N Model 3-2 ’ 96.5 3.5
@ =
S~ \
Model 4-2 24.4 75.3 0.3

Fig. L4-13 The rate of horizontal seismic force which is shared.
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4.5 A comparison of responses obtained by the seismic coefficient

method and those by the method proposed

(1) Models and assumptions of the seismic coefficient method

In this section, structural responses obtained by the proposed
method@ are compared with those obtained by the seismic coefficient
method which is practically used for designing. For this purpose, two
models have been introduced (Figs. 4-14(a) and (b)). The first |is
Model S1 and it is set up with the same pier and footing as of previous
models and modified piles and aground. The pile length is 33 m, the
thickness of the ground is 50 m and the shear wave velocity of the upper
layer is raised to 150 m/sec. The second is Model S2. The footing and
pier have been reduced as shown in Fig. 4-14(b) in order to examine the
influence of the scale of the structure on its responses. The funda-
mental natural period of the ground is about 0.93 sec, while those of

previous ground models were in the range of 2.0 sec.

30

15_|

_
s [ o1 < H{—“r—ﬁ—»

¢ V1=150 m/s
Y1=1.7 tf/m?
—— ——

D L
T V2=300 m/s
Z ‘H‘ Y2=1.8 tf/m3
V/ /4 /S Y/ /4 /4

3
-
A
c

30
33
37

50

(a) Model S1 (b) Model S2

Fig. b4-14 A general view of soil-pile-structure models.

-111-



The analyses by the seismic coefficient method are performed under
the folléwinq conditions32:

(i) that the thickness of a pile is 2 m, and equal to the diameter
of the pile,

{ii) that the horizontal seismic coefficient is 0.2 and is applied
only to the structure above the ground surface. The vertical seismic co-
efficient is disregarded.

(iii) and that the coefficient of horizontal subgrade reaction is

calculated from the » value and the » value is calculated by the equa-

tions from the shear wave velocity 33:

for cohesive soil:

ve=80nY  (1£n£50) (4-3)
for sandy soil:

ve=1008% (1gn$25) (4-4)

Dynamic response analvses were also performed on the present mod-
els. They were subjected to horizontal seismic excitation (the El Centro

(1940) NS component) whose maximum amplitude was lowered to 100 gal.

(2) Results and discussion

Table 4-5 lists the maximum responses for each point in Fig. 4-14,
and Table 4-6 lists the displaéements, rotational angles of the footing
and the vertical reaction at the pile head obtained by both dynamic and

static analyses.

Table b-5 Maximum response values for Models 51 and S2.

Point
G A B C D S

Acceleration (gal) | 174 | 303 | 128 89 85 | 169
S1 Velocity (kine? 32.2 |52.7 [ 25.0 |18.7 | 6.2 {22.5
Displacement (cm) 5.29 | 8.7814.08 [3.14 {0.61 |2.20

Acceleration (gal) 184 | 249 | 180 | 173 87 | 152
S2 Velocity (kine) 27.2|32.9(26.7 |25.6 | 5.5]22.9
Displacement (cm) 3.74 {4.49 }3.67 |3.52 | 0.7 |2.85

Model Item
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Judging from the data, the structure and the surrounding soil
vibrate at the same rate, although structural responses of Model S2
slightly more than those of soil. However, the responses of the footing
of Model S1 differ from those of the surrounding soil due to its greater
structural inertia. As shown in Table 4-6, the dynamic analysis relative
displacement between the pile head and the surrounding soil (point C -
point S) is 0.94 cm, a value smaller than the value by static analysis.
The divergence 1is attributed to the large structural mass which con-
strains the behavior of the ground. In Model S2, agreement is good as

the displacements are 0.67 cm and 0.77 cm respectivelv.

Table 4-6 A comparison of the maximum response values
from the dynamic and static analyses.

Model Item Dynamic analysis | Static analysis
Relative displacement
between point C and S 0.94 2.96
S1 Rotational angle -2 2
of the footing 0.149x10 0.133x10
Reaction at the pile head 724 697
Relative displacement
between point C and S 0.67 0.77
S2 Rotational angle -3 -3
of the footing 0.511x10 0.197x10
Reaction at the pile head 138 103

The vertical loads at the pile head of the left pile in Fig. 4-14
have been tabulated in Table 4-7, divided into two components- the
shearing resistance on the pile surface and the normal resistance at the
pile tip. Although the shared rate at the pile tip is larger than that
on the pile surface for dead load, for seismic load, this situation is
reversed, a tendency which agrees with the results from section 4.4.

The total 1load which acts on the pile during earthquakes equals
dead plus seismic loads. The loads shared by the pile surfaces and the

pile tip are 717 tf/m and 843 tf/m respectively in Model Sl. If the
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structure is hit by stronger earthquakes, the shared load on the pile
surface may exceed that on the pile tip. Furthermore, since the rate on
the pile surface in uni-layered ground is higher than that in bi-layered
ground, the load shared on the pile surface is dominant during strong
earthquakes. This means that ground in which there is a large amount of
resistance is advantageous if the pile foundation structure during
earthquakes is to be maintained.

Nevertheless, the Specifications for Highway Bridges which was re-
cently revised do not refer to either individual bearing capacities of
the pile surface's shearing resistance or to normal resistance at the
pile tip. Although the safety factor obtained by the specifications 1is
for the total load at the pile head, the safety factor of the shearing
resistance and that of the normal resistance can be separately assessed
by the proposed method 32. 1In other words, this new method provides for
rational design. It is therefore necessary to perform detailed exami-
nations of the mechanisms by which piles share dead and seismic 'loads,

depending on the composition and property of the ground.

Table L4-7 A comparison of the reaction at the pile head
from dynamic and static analyses.

Analysis ; i
Mode Load 11e surrac P
203 633 836 762
Dead load (24.3%) (75.7%)
- 514 210 724 697
S1 Seismic load (71.0%) (29.0%)
Total 717 843 1560 1459
60 189 249 225
Dead load (24.1%) (75.9%)
R 87 51 138 103
S2 Seismic load (63.0%) (37.0%)
Total 147 240 387 328
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4.6 Dynamic characteristics of a group of piles

(1) Models

In order to <clarify the dynamic characteristics of a group of
piles, dynamic response analyses have been performed for models of foun-
dations with either one single pile or a group of piles. A pile-
supported footing model will be introduced here. Its finite element mesh
is shown in Fig. 4-15. The model consists of five piles are named
Model G5. The piles are numbered No.l, n 5 respectively. Joint elements
are arranged along the bottom surface of the footing. This type of mesh
is used even for models with a single pile (Model Gl), two piles
(Model G2) and three piles (Model G3). Pile material constants are No.3
in Model Gl, No.l and No.5 in Model G2 and No.l, No.3 and No.5 in
Model G3 and the remaining figures refer to ground material constants.
The ground 1is composed of two lavers and the material constants are
listed in Table 4-2. The pile diameter, p, is 2 m and its spacing, 4, is

6.5 m (d/p=3.25).

B Joint Elements

0. 12345
FYyvy

o R D T MO0

Fig. 4-15 The finite element mesh of a group of piles.

(2) Dynamic lateral group efficiency
The maximum responses are summarized in Fig. 4-16. In these analy-
ses, NS (max. 200 gal) and UD (max. 117 gal) components of the El Centro

(1940) accelerograms are the input excitations, with (a), the horizontal
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acceleration, (b), the horizontal velocity and (c), the horizontal dis-
placement at each point (point B~J in Fig. 4-15). Horizontal dis-
placements are shown in Fig. (d) where the footing has been subijected to
a static force equivalent to a 0.2 seismic coefficient. Shearing re-
sistance on the bottom surface of the footing has not been taken into
account here and, therefore, the entire force acting on the footing is
resisted by the piles alone.

As can be seen from Fig. 4-16, there is a slight difference between
the velocity and displacement responses, although the magnitude of the
values are apt to decrease as the pile numbers increase in the dynamic
analyses. Moreover, there is no difference in acceleration. While, there

are significant differences in static analyses (Fig. 4-16(d)).

Model Gl —————| Model G2 ——-—Model G5
0 100 200 300 0 20 40 60 0 10 20 30 0 2 4 6
B B 8 T
1
(o c C
/’l
o D oT ,.‘
E E Er
A F Ft
[ G Gl
H H HI
1 1 1
J J T T v J T T 1
0 100 200 300 0 20 40 60 0 10 20 30 0 2 4 6
(a) Acceleration (b} Velocity (c) Displacement (d) pisplacement

(gal) (kine) (cm) (cm)

Fig. 4-16 A comparison of the maximum response where shearing resistance
between the bottom of the footing and the ground does not exist.

Once dynamic lateral group efficiency has been determined for each
model from the displacements at the pile head, dynamic characteristics
of the group of piles can be compared to the results of static analyses.
There are some definitions of the lateral group efficiency’ and the one

defined by Eq. 4-7 has been adopted in this study.
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=_9
e—-E—!:-G (4_7)

where, e the lateral group efficiency, y,, the displacement at the pile
head of a single pile, n, number of piles in the group, and Y, the dis-
placement at the pile head of the group. According to the definition,
e=1 when an individual pile in the group independently resist the load
as much as would a single pile, and e=l/n when the entire group resist
the load to the same degree as would a single pile. In general, the
value of e falls between 1 and 1/n,

The maximum horizontal displacements at the pile head are listed in
Table 4-8 for four models and e, calculated from the displacements are
listed in Table 4-9. The efficiencies for seismic load nearly equal 1/n,
and are smaller than those obtained for static load. This dissimilarity
is because when there is static load, as the ground is at rest, there
are soil reactions to each pile, while, when the load is seismic, as the
piles move simultaneously with the ground, there is no soil reaction for

each pile, and lower efficiencies result.

Table 4-8 Maximum response displacement where shearing resistance between
the bottom of the footing and the ground does not exist.

Model
External
force Gl G2 G3 G5
Seismic force 13.05 11.92 11.59 11.09
Static force 4.34 3.04 2.90 2.74

Table L-9 A comparison of lateral group efficiencies where shearing
resistance between the bottom of the footing and the ground
does not exist.

Model
External
force G2 G3 G5
Seismic force 0.547 [ 0.375 | 0.235
Static force 0.714 | 0.499 | 0.317
1/n 0.500 | 0.333 | 0.200
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Figure 4-17 shows soil reactions on each pile surface at the moment
when the lateral seismic load is at a maximum for the eight models from
section 4.4(1). Most of the seismic load is shared by the front pile and
the rear pile hardly react. This is a means to explain the reduction of

lateral group efficiency during dynamic load.

yFront Pile Lenter Pile ///Rear Pile
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1 I’
@ |Model 2-4 73 | 27

L 1 J
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Sharing Rate

Fig. W4-17 A comparison of the rate of horizontal seismic force shared.

Finally, in order to examine the influence of the pier on lateral
group efficiency, the pier in Fig. 4-1 is attached to the footing shown
in Fig. 4-15 and the analvses ;re repeated. Figure 4-18 shows the maxi-
mum responses. Point A indicates the top of the pier, and the shearing
resistance on the bottom of the footing is taken into account. These
models are called by the same names, such as Model Gl, etc. Differences
in response arise even for dynamic excitation, and the phenomenon would
not have been observed in the models without a pier. Besides, the re-
sponses of Model G5 are, 1in general, not less than those of Model G2.

Acceleration and displacement of Model G5 are 30 % greater than those of

Model G2 at the top of the pier (point A) and 15 % greater at the pile
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head (point C). The responses of Model Gl are the smallest of all for
acceleration and velocity, and even for displacement, this is true at
the top of all piers except that of Model G2. That is, an increase in
the number of piles increases rather than reduces structural responses.

For static load, however, the displacement decreases with an increase in

pile numbers.

0

Model G1 ——=~-~Model G2 ——:— Model G5
100 200 0 20 40 60 0 10 20

m MmO O

= = 2]

—

- J
! 0 100 200 JO 20 40 60 0 10 20 0 10 20
(a) Acceleration (b) Velocity (c) Displacement (d) Displacement
(gal) (kine) (cm) , {cm)

Fig. 4-18 A comparison of maximum responses.

Table 4-10 lists lateral group efficiencies and those obtained for
sinuscidal excitation (200 gal, 1.0 Hz), the S82E and UD components of
the J.P.L. accelerograms and the EW and UD component of the Hachinohe
accelerograms have also been tabulated. In the cases of sinusoidal exci-
tation and the El Centro accelerograms, lateral group efficiencies are
less than 1/n, but the Hachinohe efficiency for Model G2 equals 1/n.

The results here indicate that it is necessary to take into the ef-
fects of dynamic lateral group efficiency consideration when pile foun-

dations have been designed by the seismic coefficient method, because
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the lateral group efficiency for dynamic excitation is essentially dif-

ferent from that for static load.

Table 4-10 A comparison of lateral group efficiencies where the pier's
influence is taken into account.

External Model 62 G5

force

E1 centro 0.447 0.159

Seismic ["yichinohe | 0.500 | 0.217

force 5 pL. 0.532 | 0.222

Sinusoidal force 0.432 0.190

Static force 0.573 0.237

1/n 0.500 0.200

4.7 Conclusions

The dynamic characteristics of pile-foundation structures were ex-

amined by the finite element method in order:
(i) to clarify the effects of embedment of the footing on dynamic
structural responses,
(ii) to estimate quantitatively the frictional resistance
of pile surfaces,
(iii) to determine the dynamic lateral efficiency of a group
of piles.

The results obtained follow.

(1) By embedding the footing, there was a response reduction of ap-
proximately 510 %. Stresses which had developed in the pile were also
reduced and for the pile head in particular, a 40 % reduction in shear
stress was observed.

(2) For dynamic load, the total shared rates of shearing resistance
on the pile surface and normal resistance of the footing were 80 v 85 %
for vertical load when the footing was embedded, while 40~ 60 % in the

case of dead load.
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(3) After a detailed investigation of shearing resistance on the
pile surface and normal resistance at the pile tip, the shared rate of
normal stress is predominant for dead load, on the contrary, the shear-
ing resistance is predominant for dvynamic load.

(4) The safety factor of shearing and normal resistance can be
separately assessed by the proposed method, offering the possibility of
a more rational and ecomomical design of the pile foundation.

(5) Relatively good agreement was found between the present and
seismic coefficient methods for displacement of pile foundations and the
vertical load acting on the pile head.

(6) Very different results were obtained for lateral group ef-
ficiency during dynamic or static load. As the number of piles in-
creased, for static load, the displacement decreased but, for dynamic
load, structural responses increased. Therefore, it is necessary to take
the dynamic lateral group efficiencv into consideration when pile foun-
dations are designed by the seismic coefficient method.

Although this svstem is modeled two-dimensionally, the results are
both significant and suggestive. The next task, however, is to model
foundation structures more realistically or on the basis of a typical

three-dimensional structures.
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5. Soil-Rock Systems

5.1 General remarks

The failure of numerous slopes are reported after almost every
major earthquake in Japan. There has been a great deal of damage not on=-
1y to property but also to people due to slope failures!~*. The rate of
casualties has increased in suburban hills where the population has
increased most rapidly. Slope failures often accompanied by the failure
of life-line systems such as water and gas supply systems. Breakdowns in
the transportation system due to slope failure further delay relief and
repair services.

The influence of slope failure on daily life is greater each year S,
and a rational method to dynamically estimate the slope stability during
earthquakes is of increasing importance. At present that most commonly
used is the sliding circle method which is based on the seismic coeffi-
cient method. After the Izuhanto-oki earthquake in 1974 in which more
than twenty peoples were killed by the slope failure®, dynamic analyses
were initiated using numerical methods 7~% These, however, were limited
to linear analyses. Toki et all? examined the stability of the existing
slope at the critical states by employing joint elements.

The stability of the same slope as Toki examined is quantitatively
investigated in detail by examining soil material nonlinearity and the
effect of ground water with a simple model of pore water pressure
buildup. The assessment of the slope stability is made after sheetpiles

have been driven into the slope.

5.2 Static analyses of slope stability using the finite

element method

-125~-



(1) The model analyzed

For an analysis of slope stability, the sliding circle, Bishop's
and Janbu's methods are practically used, the choice of method depending
on the shape of sliding surface!l. Although all are valid for static
force, slope stability during dynamic forces can no longer be estimated
by these classical methods. The finite element method, however, makes
it possible to estimate the dynamic stability of slopes during earth-

quakes, and the safety factor against sliding of the slope can, in par-

ticular, be directly estimated by adopting joint elements set along an

arbitrary sliding surface.

Before any dynamic stability analysis is performed, static analyses
are made by the finite element method and the results are compared with
those obtained from classical methods in order to check their compati-
bility.

Figure 5-1 1is a cross section of an actual slope analyzed in. this
study. The slope is composed of banking and weathered rock under which
lie slate basal rock, as determined by boring tests!? The shear, v., and
volumetric, Vv,, wave velocities of each layer were obtained by P-S
tests. The material constants obtained by laboratory tests are listed in
Table 5-1 . However, the cohesion is parametrically changed to 0.02,

0.05 and 0.1 kgf/cm*in the following analyses.

-~

Structure
Banking

VYs=148 m/sec
Vp=382 w/sec

Base Rock J
V750 wisec SN oo
Vp=1875 m/sec .

Weathered Rock
Vs=346 m/sec
¥p=692 m/sec

Fig. 5-1 A cross-section of the slope analyzed.
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Table 5-1 Material constants and strength parameters of the slope.

Unit weight | Shear wave | Poisson's | Cohesion Angle of

velocity ratio internal

( tf/m3 ) ( m/sec ) ( kgf/m2 ) | friction
Banking 1.6 150 0.4 0.1 29°
Weathered rock 1.9 300 0.4 0.1 45°

Normal spring const. 3.0x105 tf/m3
Shear spring const.  3.0x10° tf/m3
@Cohesion 0.1 kgf/cm? Friction angle 35°

Joint element

@Cohesion 0.1 kgf/cm? Friction angle 25°

(]

i

\\5\

LTINS
— E Y 8| o 12
=9 1013
=y 13

—————— sliding Surface 1 | <=5
_________ Stiding surface 2 O

Sliding Surface 3

Fig. 5-2 Finite element mesh of the model and of its sliding surfaces.

Soil element
(2-D isoparametric element)

Joint element

L
u

Fig. 5-3 Discretization of the slope by solid and joint elements.

[ 4 |
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The finite element mesh of the model slope is shown in Fig.5-2.
Joint elements are employed at every interface between the soil elements
as shown schematically in Fig. 5-3. Accordingly, each soil element |is
allowed to move in parallel, perpendicular and rotationally to the
others, namely, they can express the sort of sliding and separation
which occur in the actual situation. The solid, broken and irregular
broken lines in Fig. 5-2 designate sliding surfaces for which the safety
factors have been calculated. These surfaces were decided with reference
to those in a previous report!3, The numbers are the element numbers

forming the sliding surface.

(2) The results of static analyses

(a) A definition of safety factor in slope stability

In order to estimate the stress state of the slope, the initial
stresses due to the gravity force are first calculated and then, the
stresses due to seismic force equivalent to the specified seismic coef-
ficient are calculated under the initial stress states.

Slope stability is discussed based on the total safety factor (TSF)
defined by Eq. 2-27. The safety factor indicates the safety against
sliding of the entire area above the sliding surface under considera-
tion,

Sliding first occurs locally at some point in the slope and then
propagates accompanied by stress redistribution. Accordingly, the local
safety factor (LSF) defined by Eq.3-27 is also used to assess the slope
stability.

(b) A comparison of the results obtained by Janbu's

and the finite element methods

As Fig. 5-2 shows, sliding surfaces are not circular arcs, and
hence, the sliding circular method, based on the equilibrium of moment
around the center of a sliding circle, cannot be applied here. Janbu's

method ' is employed to estimate the safety factor, applicable to

irregularly-shaped sliding surfaces, Sliding surfaces identical in shape
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and in element numbers were used to aboid differences in results due
simply to differences in sliding surface shapes.

A comparison of safety factors in cases where cohesions, ¢=0.1
kgf/em? is made in Fig. 5-U4. Perfect agreement was obtained for Sliding
surface 1, both monotonous and shortest. Sliding surfaces 2 and 3 which
are longer and more complicated gave differences of 15 v20 % for the two
methods wused. One reason may be that inter-element stresses are not
included in Janbu's method but are in the finite element method. An
error may accumulate throughout the sliding surface and caused the dif-
ferences in Fig. 5-4. In general, however, the methods are in fairly
close agreement.

(c) Slope stability for static force

TSFs are obtained for three sliding surfaces by changing the cohe-
sion of the joint element ¢ parametrically from 0.02 to 0.1 kgf/cm?,
The results are shown in Fig, 5-5. Figure 5-5(a) shows ¢=0.02, (b) 0.05
and (c¢) 0.1 kgf/cm?. The TSF of Sliding surface 1 is less than 1.0 at
normal condition (kg=0.0) and sliding will be caused by gravity force
only when ¢=0.02 kgf/cm®. When ¢=0.05 kgf/cm?, Sliding surface 1 is in
a critical state at normal conditions and will slide at k,=0.1. The
slope will slide if the cohesion is less than 0.05 kgf/cm?, even when
there is no seismic force. Judging from the fact that the slope remains
stable, the cohesion must be a non-zero value although it was zero in
laboratory tests. Therefore, 0.1 kgf/cm’is specified as the cohesion in

the following analyses.

As the seismic coefficient increases, local sliding takes place and
accompanies stress redistribution to the vicinity of the sliding surface
after LSF=1.0, and when TSF=1.0 the sliding along the whole surface
takes place.

Fig. 5-6 shows the TSFs and LSFs for three sliding surfaces. There
is the possibility that Sliding surface 3 will slide locally even at

normal conditions (Fig. 5-6(c)). However, sliding along the entire sur-
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face does not take place because there is resistance of other elements
of up to k4=0.2. As for Sliding surface 1, the zone between LSF=1.0 and
TSF=1.0 is so narrow that sliding of the whole sliding surface can easi-
ly take place once there is some local sliding. Thus, Sliding surface 1
is most likely to slide, followed by surface 3 and surface 2 is the most

stable.

5.3 Dynamic analyses of slope stability

using the finite element method

(1) Dynamic behavior of the slope during strong earthquake motion

Prior to seismic response analyses, natural frequencies were
obtained and the fundamental natural frequency was 10.16 Hz.

Figure 5-7 shows joint elements which slide and/or separate during
the period of 2.0 v2.5 sec, or the main shock of the horizontal input
acceleration, the NS component of the El Centro accelerogram. In this
case (Case 1), acceleration amplitudes were not modified. In all joint
elements sliding occurred along Sliding surface 1. Separation penetrated
the slope from point A on the surface to point B at the base. Sliding

was also observed along the interface between weathered and basal rock

h

TN )

—]

‘—— Sliding

===~= Separation

Fig. 5-7 Joint element showing sliding or separation
(E1 Centro (1940), 340 gal, t=2.0Vv2.5 sec).

-1383-



(the B-C line). Furthermore, all vertical joint elements show separation
in the steep right-hand region of the slope, indicating the probability
of collapse here. Sliding surfaces 2 and 3 are not sliding as a whole,
although their sliding appears imminent.

Figure 5-8 shows joint elements sliding and/or separating when the
slope has been subjected to the El Centro accelerograms whose amplitudes
are reduced to 200 gal in the NS component and 117 gal in the UD compo-~
nent (Case 2). Not all of the joint elements are sliding and the
stability is maintained along Sliding surface 1. When compared to
Case 1, the number of joint elements which are sliding or separating in
Case 2 are extremely reduced. The slope as a whole remains stable if the
maximum horizontal input acceleration is less than 200 gal, although
local sliding takes place and the slope begins sliding and the toe area
collapses if the input acceleration exceeds the 200 gal level.

The maximum response distribution for Case 1 is shown in Fig. 5-9.
(a) shows horizontal acceleration, (b) horizontal veloecity and (c) hori-
zontal displacement. The response acceleration is amplified to more than
500 gal at the horizontal surface around the center of the slope. On the

other hand, little amplification is observed in the right-hand region.

e—— Sliding

~==w Separation

Fig. 5-8 Joint element showing sliding or separation
(E1 Centro (1940), 200 gal, t=2.07%2.5 sec).
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T e

|
———]
—
T—

il

(v) Velocity

1..5mm

(c¢) Displacement
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Fig. 5-9 The distribution of maximum horizontal responses
(E1 Centro 340 gal). )
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The velocity distribution is almost identical to acceleration. Maximum
response values appear at or close to the area where geometrical change
is remarkable. Large displacement is observed in the right-hand region
especially at the toe where there was only slight amplification of ac-
celeration and velocity responses. Sliding causes this large displace-

ment.

(2) The influence of the predominant frequency of the excitation

on slope stability

The slope was subjected to the J.P.L. (Case 3) and the Hachinohe
(Case U4) accelerograms in addition to the El1 Centro accelerograms
(Cases 1 and 2). Time histories of the safety factor whose minimum value
is the TSF are shown in Fig. 5-10 for Sliding surface 1. Fig. 5-10(a) is
Case 1, (b) Case 2, (c) Case 3 and (d) Case 4. Sliding occurrences are
denoted by the symbol *. It occurred five times in Case 1 and twice in
Case 4. In Case 1, sliding continued for a while in the first three
occurrences but was instantaneous in the last two. 1In Case 4, sliding
took place twice and continued for a while. The sliding magnitudes at
the first three events in Case 1 and at the two events in Case 4 are
greater than those at the last two events in Case 1 because sliding
magnitude strongly depends on the sliding duration time., It is worth-
while to note that the periods of input accelerograms on those occasions
when sliding continued were relatively long. Sliding of the entire Slid-
ing surface 1 did not take place in Cases 2 and 3 nor in any case of
Sliding surfaces 2 and 3.

TSFs are summarized in Table 5-2 and they increased as the sliding
surface changed, in all cases, in the order of Sliding surfaces 1, 3 and
2. This order coincides with that obtained from static analyses.

TSFs were compared for each sliding surfacé.. Case 1 had the lowest
TSF and it increases in the order of Case 4, 2 and 3 for all sliding

surfaces. The lowest TSF in Case 1 in all sliding surfaces is due to its
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having the largest input acceleration amplitude.

The amplitude of horizontal acceleration in Cases 2, 3 and 4 are
almost the same but the predominant frequencies differ. Therefore, TSF
differences are caused by the differences in the predominant frequency
of input accelerograms. The largest TSF is obtained in Case 3, whichhas the
highest predominant frequency. The lowest TSFs were obtained in Case 4
with the lowest predominant frequency. The lower the predominant fre-
quency, the more the slope is apt to slide, and slope stability strongly
depends on predominant frequency. When slope stability is in question,
attention, therefore, should be paid to the frequency content as well as
to the input acceleration amplitude. In the static method, the safety
factor is evaluated only by the maximum acceleration, or the seismic co-
efficient but in dynamic analyses, the predominant frequency of the ac-

celeration as well as its maximum value is significant.

Table 5-2 TSFs of the three sliding surfaces in the four cases.

Case S1liding surface 1 Sliding surface 2 S1iding surface 3
Case 1 Sliding (1.0) 1.150 1.057
Case 2 1.017 1.384 1.244
Case 3 1.125 1.508 1.308
Case 4 Sliding (1.0) 1.298 1.149

(3) The effects of the material nonlinearity of soil
on slope stability

The shaded areas in Figs. 5-11 and 5-12 show the elements which
yielded during the time period of 2.0+ 2.5 sec in Cases 1 and 2. A wide
area has yielded in Case 1, but it is limited to the steep right-hand
region in Case 2.

Figure 5-13 shows maximum response distribution.. (a) is horizontal
acceleration, (b) horizontal velocity and (e¢) horizontal displacement.
The maximum response acceleration is about U450 gal and the area of 400

gal and over is limited to the surface surrounding the center of the
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—— Sliding
-=== Separation

% Shear Failure

showing sliding or separation (El Centro 340 gal).

Fig. 5-11 Case 1 - Shear failure zones, and joint elements

N

— Sliding

~=== Separation

m Shear Failure

showing sliding or separation (E1 Centro 200 gal).

Fig. 5-12 Case 2 - Shear failure zones, and joint elements

-139-



350qgal

400gal
450gal

450gal
450ga1  450gaj 400gal - 350gal
(

I I —
N\\____\§§\
S—
\
(a) Acceleration
\\\\\\ 4cem/sec
Scm/sec
6cm/sec 6em/sec
5cm/secqem/sec
::::::-—-————
\
(b) Velocity
1.5m
3.0mm
2. Oroem,
[ = 6. om
—~—l 3.0mm G.
\] 7.0nm

(c) Displacement 1.5mn 7.0mm

6. Omm
Fig. 5-13 The maximum horizontal response distribution

when soil nonlinearity is taken into account
(E1 Centro 340 gal).
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slope. As the maximum value in the linear ground model was about 530
gal, soil nonlinearity reduced the maximum value by about 15 %. The
similarity between the two velocity distributions, Figs. 5-9(b) and
5-13(b), 1indicate that soil nonlinearity does not affect response velo-
city. A comparison of Figs.5-9(c) and 5-13(c¢) indicate that displacement
is about 1.5 times greater than in the case where soil is a linear elas-
tic material.

TSFs in Case 1 are tabulated in Table 5-3. Although Sliding
surface 1 slides as a whole in both types of soil. TSFs in nonlinear
soil are 10 % larger for Sliding surfaces 2 and 3. This implies that a
lower TSF than there actually is is estimated when soil is assumed to be
a linear elastic material.

When results here are compared to static analyses, the critical
seismic coefficient kg is 0.21 (206 gal) for Sliding surface 3
(Fig. 5-6). However, it does not slide but the TSF is greater than 1.0
(Table 5-3) even when as large an amplitude as 340 gal is applied. Slid-
ing surface 1 is stable as shown in Fig. 5-12 when the amplitude of ex-
citation is 200 gal, although the critical seismic coefficiént is 0.18
(176 gal). Again, lower TSFs than must actually exist are found by

static methods, such as the seismic coefficient method.

Table 5-3 The effects of soil nonlinearity on TSF.

Case Sliding surface 1 Stiding surface 2 Sliding surface 3
Linear fase | Stiging (1.0) 1.150 1.057
Non-1linear ;g

Case Sliding (1.0) 1.251 1.1

5.4 The effects of ground water on dynamic stability of the slope

(1) A procedure to estimate the pore water pressure buildup

In static and dynamic analyses of slope stability stresses were es-
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timated based on the total stress and the influence of ground water was
ignored, although ground water issued from the toe of the slope (see
section 5.2). A complete analysis must, therefore, estimate its effect
in some way.

In recent years much progress has been made in developing proce-
dures to evaluate the pore water pressure buildup. Seismic response
analyses concerned with the effects of ground water have been performed

and they are classified into four categories as follows!'®

3

(i) total stress analyses which do not consider permeability,

(ii) total stress analyses which consider permeability,

(iii) effective stress analyses which do not consider permeability,

(iv) effective stress analyses which consider permeability.

The method proposed by Ishihara et al. 6.7 which belongs to the
first type is developed and employed in this study.

(a) A model for the pore water pressure buildup

A model which assesses the pore water pressure buildup is de-
scribed. The effective stress path is determined in order to assess the
buildup on the basis of postulates based on previous experimentslnls.

(i) The failure line can be approximated by a family of straight
lines with sufficient accuracy, regardless of the density of sand.

(ii) The effective stress path is approximated by circular arcs in
the 0 o.=T ot Plane,

(iii) The excess pore water pressure is produced by changes in
shear strain.

(iv) Constant stress ratio 1lines ( Toct/Oues = CONSt.) represent
yield 1loci. Yielding occurs and concomitantly pore water pressure
increases only when the effective stress path is first traced in the di-
rection in which the stress ratio increases. When the stress ratio de-
creases, the soil is assumed to behave as an elastic material and the

stress path moves perpendicularly to thert,.axis, and hence, no pore wa-

ter pressure is produced.
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(v) When the stress ratio Tece/Ooce touches the failure 1line,
liquefaction is initiated.

These postulates are slightly modified to the octahedral stress ex-
pression from those originally expressed for one-dimensionality by
Ishihara et al.

According to the postulates, the effective stress path is as shown
in Fig. 5-14. Parameter ¢¥in the figure is the angle of internal fric-
tion in the Ooct =Toct plane and is related to ¢' in the two-dimensional

plane by the following equation.

o* = bsing’
“Y2(3-sing')
( (5-1)
b - -
3 ¢*:Angle of internal friction
<
N7t
<2 ¢
LAY
<
a*:Center o) gpct

of circle

Fig. 5-1L4 Assumed effective stress path.

%ct

Fig. 5-15 The effective stress path after liquefaction.
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When cohesion exists, the failure line moves in parallel by c*, the
two-dimensional plane cohesion, from:

__bccose’

C¥=
V2(3-sing')

(5-2)

where, C'is the cohesion in two-dimensional plane.

].0 T T T T ] 1 L L]

-1.0 b —

-2.0 ¢+ 1

o*/oy

Relative Density

(a) The relationship between o* and relative density.

]'0 1] L] L} T
Jos5h i}
[ i
0'0 1 L 1 1 1 I 1
0 50 100%

Relative Density

(b) The relationship between kr and relative density.

Fig. 5-16 The relationships between pore water pressure buildup model
and relative density. After Ishihara et al.
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The center of the effective stress path, o*, is a function of the
relative density and is shown in Fig, 5-16(a)!®. Fig. 5-15 shows the
effective stress path after reaching the failure line, which moves along
the path A-B-C-D!® . The increment of pore water pressure at that time

is o-0, and is assessed byl16 :

Sazy (5-3)
Oy Ter
where, k. is a function of relative density of the soil and is shown in
Fig. 5=-16(b).

From the blow counts of standard penetration tests!2 at the
site, 0*/cg =0.4 and kr=0.25 are obtained and these values together
with ¢'=0.1 kgf/em? and ¢ = 35° are used here.

(b) The dynamic analysis procedure

The observed water table is shown in Fig. 5-17(a) and its idealized
model in Fig. 5-17(b).. Where the area under the ground water table is
larger than the remaining area, the elements assumed to be perfectly
saturated.

The procedure is:

(i) The initial stress state due to the gravity force is calculated
by making Y -7y, the unit weight of the soil beneath the ground water
table, where, v and yyare unit weights of soil and water respectively.
The initial effective stress oy for each element is then calculated from
the initial stress state.

(ii) The seismic response analysis are performed under the initial
stress condition obtained in the previous step and the time history of
Toct 18 calculated for each element.

(iii) The pore water pressure buildup is assessed in each soil ele-
ment by applying the pore water pressure buildup model to the time his-
tory of T ,c¢.

(iv) Pore water pressure on the joint element v, is, 1in principle,
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calculated by interpolation from the pressures of neighboring soil ele-
ments. For joint elements on the boundary denoted by dotted lines and on
the idealized water table below the actual one shown in Fig. 5-17, vu,is
equated with the pore water pressure of the soil element with which it
is in contact. v, is, however, set at zero if the idealized water table
is above the actual one.

(v) The yield shear stress of the joint element is calculated with

the pore water pressure, y;.

Ty =Cy+(0,-U;z)tan ¢, (5-4)

The stability of the sliding surface is checked by substituting Eq.5-U4

into Eqs.2-27 and 3-27.

RN

v
T
L N

TN
RN

Fig. 5-17(a) The observed ground water table.

TN

.

Fig. 5-17(b) The model ground water table.
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(2) The influence of ground water on slope stability
Input accelerograms were the El Centro NS and UD components. The
maximum amplitude of the NS component is reduced to 200 gal and 150 gal
and the UD component is reduced propotionately. Two ground water tables
are assumed; the one in Fig. 5-17(b) and the other which coincides with
the surface of the slope, that is, the slope is fully saturated. Based
on these conditions, three cases were investigated.
Case I; with a maximum horizontal input acceleration of 200 gal and
the ground water table of Fig. 5-17(b).
Case II; with a maximum horizontal input acceleration of 150 gal and
the ground water table of Fig. 5-17(b).
Case III; with a maximum horizontal input acceleration of 150 gal and
the ground water table coincides with the slope surface.
Figure 5-18 is a time history of the pore water pressure buildup in
the element illustrated in the inserted sketch. The instances of a sharp
buildup in the pressure correspond to the remarkable peaks in the hori-
zontal accelerogram and the resulting U/o, ratio was 12.8 %. Figure 5-19
shows the corresponding effective stress path. The process of the pore
water pressure buildup can be observed by combining the two figures.

Since U/c; is less than 1.0, liquefaction did not occur in the element.

O.ZOF

0.05

i 1 1 1 J
0 2.0 4.0 6.0 8.0 10.0
Time (sec)

Fig. 5-18 A time history of pore water pressure normalized
by initial effective stress.

0.00
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Fig. 5-19 The resultant effective stress path.

TSF obtained for eaéh case is summarized in Table 5-U4. Sliding does
not take place along Sliding surface 1 in either Case I or II. TSF in
Case I nearly equals to that in Case 2 in which the excitation amplitude
is equal to that in Case I but ground water does not exist, since most
of ground water table is below Sliding surface 1. Whole scale sliding
does not take place along Sliding surface 2 for Case I or II. TSF in
Case I, however, 1is lower than that in Case 2 due to the presence of
ground water in the former.

In Sliding surface 3, sliding takes place in Case I and the TSF in
Case II is 1.095 which is close to 1.0. This implies that sliding will

Table 5-4 TSF for each analytical case based on the effect
of ground water.

Case Sliding surface 1 | Sliding surface 2 | Sliding surface 3
%ggg gIa” 1.002 1.179 Sliding (1.0)
‘(3?38 glalﬂ) 1.066 1.331 1.095
Case II s s L s
(150 gal ) Sliding (1.0) Sliding (1.0) Sliding (1.0)
Case 2 1.017 1.384 1.244
(200 gal ) | -
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occur along Sliding surface 3 when the excitation amplitude exceeds 150
gal provided that the ground water table is that in Fig. 5-17. TSFs are
compared in Cases II and III whose excitation amplitudes are equal.
Sliding does not take place in any sliding surfaces in Case II, but it
does in all surfaces in Case III. The differences in water tables are
the cause.

The above results suggest that every of effort should be made to
keep the ground water table as low as possible in order to keep the

slope stable,

5.5 Countermeasures to improve slope stability

(1) Modeling of the sheetpile

There are, at present, several measures used to improve the slope
stability, such as driving a wall of piles, constructing a retaining
wall and draining ground water away19 . In this section, sheetpiles were
driven into the slope as a countermeasure and slope stability is
evaluated for both static and dynamic loads.

The sheetpile is modeled by the beam element 2%-22 The stiffness and
mass matrices are derived in Appendix 5-I.

The element arrangement is illustrated in Fig., 5-20. Beam elements
which are sandwiched between joint elements are denoted by the thick solid
lines. YSP-II and YSP-III sheetpiles were used in the analysis. A cross

Soil element section of the sheetpile is
Beam element ; ..+ etement

i/ < .
s27 ’
? """", . vunu"unnui ‘an,
4
/
4

Fig. 5-20 A schematic arrangement of elements.

shown in Fig. 5-21 and the mat-
zp
Z

erial constants per width of 1 m

AR

are given in Table 5-523 . The

ATRRNRYR.
SIS LU NS

locations of sheetpile are de-

SAOAAMNNS S SN

signated in Fig, 5-22.
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Fig. 5-21 Cross section of a sheetpile.

Table 5-5 Sheetpile constants,

Area of section | Moment of inertia
of area
A I h e
{cm2) (cm*) {cm) (cm)
YSP-II 153 8690 10.0 8.18
YSP-II 191 16400 12.5 9.74
TN C
T B
~— 1T
= 51iding Surface I
~=~-= Sliding Surface I . :
—-— Sliding surface I : Sheet Pile A

Fig. 5-22 Finite element mesh of the model with sheetpiles.
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(2) Static slope stability

The bending moment and stress-at the foot of the sheetpiles are
calculated for static forces when the YSP-II type has been driven in at
point A in Fig. 5-22 and the YSP-II or YSP-III type at point B. The
obtained bending moments and stresses are shown in Fig. 5-23(a) and (b)
respectively. The solid circles are the value of YSP-II sheetpile at
point A and the open circles are those at point B, YSP-III stress at
point B is denoted by solid triangles. The irregular broken line indi-
cate allowable stresses of the sheetpile for seismic force, 2400
kgf/cmz, and the regular broken line, static force, 1800 kgf/cm?2,

Figure 5-23(b) shows that the bending stress of YSP-II at point B
has already exceeded the allowable stress at normal conditions (kz=0.0).
YSP-II1 stress at point B has reached the allowable stress at k,=0.1.
Accordingly, the stress state at point B is considered to be at the
critical state in which sliding or collapse will occur.

On the other hand, YSP-II stress at point A is small, and the

sheetpile is safe and stable.

(2]
(o]
|

B~
o
1
E-3
(=]
T

&
e
Q
~
— Y
£ 2 Poi
S >
Z3.0 Z 30
2 YSP-1I P
X Point B @
o 2.0 s 2.0 .
5 Y 1
E Ysp-1 £
= - Point A ©
o 10 5 1.0
=
:§ ] | 1 | 1 1 1 )
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Seismic Coefficient Seismic Coefficient

(a) Bending moment (p) Bending stress

Fig. 5-23 The relationships between bending moments or stresses
in sheetpiles and seismic coefficients.
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(3) Slope stability during earthquakes
(a) The stability of the slope subjected to the reduced
El Centro accelerograms

Figure 5-24 shows joint elements during sliding and/or separation.
YSP-II sheetpiles were driven in at points A and B in a slope that has
been subjected to the reduced accelerograms (200 gal NS, 117 gal UD). In
comparison with the slope in Fig. 5-8 which had no sheetpiles, here the
number of joint elements which slide or separate is greatly reduced.

Table 5-6 compares the maximum bending moments and stresses
obtained from the seismic coefficient method (ku=0.2) and from seismic
response analyses. For a sheetpile at point B, static stress is greater

than the yield stress level, 3000 kgf/em?, while dynamic stress is just

at the allowable stress level. Furthermore, this 2U463 kgf/cem?® value is
instantaneous, and hence, the sheetpile is considered to be safe.

It can be said that the slope will remain stable if sheetpiles are
driven in at points A and B if the seismic excitation whose ampliﬁude is
200 gal or less, while the static analysis showed that the slope would
not remain stable for a seismic coefficient of 0.2 since the stress ex-
ceeded the yield stress level.

(b) The stability of the slope subjected to the original

El Centro accelerograms

Judging from the above result, it is easily expected that the
sheetpile at point B will yield when the slope is subjected to the
original El Centro accelerograms whose maximum horizontal acceleration
is 340 gal. ‘Accordingly, additional YSP-II sheetpile has been driven
into the slope at point C to reduce the seismic load upon the one at
point B.

The bending stresses of sheetpiles at points B and C were 3590
kgf/em? and 2750 kgf/cm? respectively. Both sheetpiles exceed the

allowable stress level and thus, stiffer and stronger ones are required
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Table 5-6 The comparison of the bending moments and stresses

obtained from dynamic and static analyses.

Bending moment Bending stress
YSP-1II YSP-1I

Point A Point B Point A Point B

(kgf.cm/m) | (kgf.cm/m) | (kgf/cm?) (kgf/cm2)
Static 4,90x105 2.71x108 563.9 3120
Dynamic
El Centro 4.46x105 2.14x108 512.7 2463
(200 gal)

LN

—

————— Separation

———— Sliding

—

——

I + Sheet Pile

Fig. 5-24 Joint elements showing separation and sliding when
YSP-TI sheetpiles are driven into points A and B.

T\

———

~p=== Separation

Sliding

:EQ—_

I : Sheet Pile

Fig. 5-25 Joint elements showing separation and sliding when
three sheetpiles are driven into points A, B and C.
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at both points, so YSP-III sheetpiles are driven in at points B and C in
place of the YSP-II type.

Figure 5-25 shows joint elements which slid or separated between
2.0 and 2.5 sec as in Fig.5-8. A comparison of the two figures shows
that those joint elements disappear, especially in deep areas which have
sheetpiles driven into them, a phenomenon actually observed in the
experimentszﬁ

The maximum stresses are 419 kgf/cm?, 2683 kgf/em? and 1906
kgf/cm? for the respective sheetpiles at points A, B and C. Although the
stress of sheetpile at point B exceeds the allowable level by 10 %, this
stress is instantaneous. Furthermore, the remaining two sheetpiles stay
sufficiently below allowable stress. Judging from these results, it can

be concluded that the slope will keep its stability in this case, even

if it has been subjected to the original El Centro accelerograms.

5.6 Conclusions

The stability of the present slope was quantitatively assessed for
static and dynamic forces. From the analyses presented, the followings
can be concluded:

(1) When safety against sliding was compared for Janbu's and the
finite element methods, fairly good agreement was obtained, though in
general the latter resulted in lower safety factors.

(2) Material nonlinearity of soil decreased response acceleration
by 15 % and increased displacement. Higher safety factors of 5 +v8 % were
obtained when compared to the factors found when the slope was assumed
to be linear elastic material.

(3) Although the critacal seismic coefficient is 0.21 (206 gal) for
the entire slope sliding (Sliding surface 3), it does not slide even
when as large an amplitude as 340 gal is applied. For the local collapse
(Sliding surface 1), it is stable when the excitation amplitude is

200 gal, although the critical seismic coefficient is 0.18 (176 gal).
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(4) Safety factors strongly depends on the predominant frequency as
well as the amplitude of the horizontal input accelerogram. The lower
the predominant frequency, the lower the safety factor.

(5) Ground water significantly decreases slope stability, so, the
drainage of ground water is a indispensable countermeasure to maintain
the slope stable.

(6) Bending stresses of sheetpiles driven into the slope were
10v20 % 1larger for the seismic coefficient method than dynamic analy-
ses.

(7) Slope failure was reduced by driving in sheetpiles. Sliding in
the deep areas disappeared and was seen only near the surface.

(8) The slope remained stable if YSP-II sheetpiles at the toe and
at the top of the steep right-hand region of the slope during reduced El
Centro accelerograms of 200 gal horizontal acceleration.

For the original El1 Centro accelerograms, YSP-II sheetpiles were
replaced with YSP-III sheetpile at the top of the steep right-hand re-
gion and an additional YSP-III sheetpile was added to the middle part of
the slope as this was necessary to remain stable.

Although analytical examples have presented many useful informa-
tion, there are still important problems to be solved or investigated.
First, the model of the pore water pressure buildup is only an approxi-
mate one and there was no feedback of built-up pore water pressure
effects on the dynamic behavior of the soil. Moreover, neither the per-
meability of ground water nor changes in the ground water table during
excitation were studied or accounted for. The behavior of ground water
is supposed to be extremely complex when there is partial sliding and/or
separation. Therefore, effort is needed to overcome these difficulties
in order to investigate slope stability more accurately.

Although the cross section of the sheetpile was increased in area
to obtain greater stability by objectively prescribing places most

suitable for sheetpiles, research is needed to determine the optimum

—-1565-



points for sheetpiles.

Finally, safety factors were calculated along prescribed sliding
surfaces. However, the most critical area changes every second, so that,
safety factors must be estimated along sliding surfaces which vary over

time in order to learn the weakest line against sliding.
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Appendix 5-1I

Derivation of stiffness and mass matrices of the beam element

The beam element and its local co-ordinate system are shown in
Fig. 5-A-1. The deflection , w, and displacement ,8§, parallel with the
axis at point x are related to the nodal displacement vector {d,}with a

shape function matrix [~ ]
8
[ }: [n]{a,? (5-4-1)
w

where,

+ 8y (5-A-2)
X X
vy - 1- 7 0 0 7 0 0
2 3 2 3
0 1-3(55+25) x—%xu% 0 scgf-acg-T 43 (5-4-3)

uy, veyand 6, (k=1i,j) are nodal displacements in directions x and y and
the rotational angle at nodal point k. £ is the length of the beam ele-
ment.

The generalized 'strain' here is the curvature, «, and correspond-

ing generalized 'stress' is the bending moment, M, Thus,

2 2
d“w d'w _
K=-"3=x2 M=- EI dx2_EIK
(5-A-1)
Y V.
Vi J
M.
MyJ 5 JIJN\ 8.
i J
[ / H1 7 H
vi| vj ,// )
i uj I ouy
0 X

Fig. 5-A-1 Nodal forces and displacements
of the beam element.
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where, EI is flexural rigidity.
In the axial direction, axial strain, €, and stress, o, are

ds

€ = —

dx
(5-4-5)

Q
1l

E€

The relationship between the strain vector{e}={« ¢}T and the nodal

displacement vector {4,} are expressed as follows, stipulating that

0 = dw /dx.
{e} =[B1{aq,} (5-A-6)
where, .
—% 0 o 4 0 0
() = ¢ (5-A-T)
o 8 12 4 6 6,12 2 6
R A 2T et T

The stiffness [k]e and mass matrices [m]e are:

(k1= [* (517 [p][5] ax

(5-4-8)
T
[m]°=af* [nlpln] ax
where, 0
ra 0
[p]=
0 EI
(5-4-9)
[ E4 g 0 0 -EA/¢ 0 0 )
That 1is,
12E1/436EI /¢ 0 -12EI g BEI p
. UET s¢ 0 -6EI g 2EIyyg
(x) =
EA/¢ 0 0
12g1,¢s -6EI p (5-4-10)
Symmetric
140 0 0 70 0 0
156 22¢ 0 54 -13¢
e o2 42 0 132 -3¢
(m) =—+~
420 140 0 0
Symmetric - 156 -—22¢ (5-A-11)
4 ¢2
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Since these matrices are derived for the local coordinate system,
they must be translated into the global coordinate system in the same

manner as was the joint element,
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6. Soil-Structure-Water Systems

6.1 General remarks

With increasing industrial development in recent decades, important
and large-scale structures have been constructed on coastal areas or re-
claimed areas, and there have been numerous projects to recover land
from the sea or to construct airports or power plants. Reclamation and
the principles underlying it are extremely important and as a results,
revetment structures are built on a larger scale than ever before.

Revetment structures are subjected to hydrodynamic pressure as well
as inertia force during earthquakes and the former may affect the
dynamic stability of the structure. Hydrodynamic pressure acting on
walls was first examined by Westergaard1 and the approximate equation
is still used in design. Zienkiewicz et al.? used the finite element
method to analyze the pressure acting on dams during earthquakes and
found that it was of sufficient accuracy. Chopra et al.’ applied the
substructure method to dynamic response analyses of water-structure in-
teraction systems.

On the other hand, some research works have been performed to in-
vestigate the dynamic behavior of quaywall-subsoil interaction systems
neglecting the influence of hydrodynamic pressure“’5 . There are, in
fact, very few works on the dynamic characteristics or dynamic stability
of revetment structures considering effects of both hydrodynamic pres-
sure and surrounding soil.

This chapter concerned with dynamic analyses of water-soil re-

vetment structure interaction systems. Using the finite element method,
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linear and nonlinear dvnamic response analyses have been performed to
investigate the effect of hydrodynamic pressure on responses of the

structure.

6.2 The equation of motion for soil-structure-water

interaction systems

(1) Hydrodynamic aspects
From the Navier-Stokes equation and the equation of continuity,
neglecting the viscous and convective acceleration terms, hydrodynamic

pressure, p, is governed by the wave equation:
1 ..
Vip="zb (6-1)

where, V? 1is the Laplacian operator in two dimension, ¢ is the velocity
of sound in water and dots represent differentiation with respect to
time. Employing the Galerkin method, Eq. 6-1 can be discretized to give

a matrix equation of the form:

[ol{p} + [#1{p} = {B} (6-2)
where,

Or1= L4y

He =L hyy (6-3)

By= Lby
and

hij=j(3’li_"’£i+ ON; 3Ny 4,

vV 3x Ox dy 9y
=;Ld N, N,d
iy e Ty ' (6-4)
b,=f, 82 as
on

where, ~; defines the appropriate shape function, v and s, the region
and the external boundary of an element and n, the direction normal to

the boundary. The summation is carried out over all the elements corre-
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sponding to the degree-of-freedom. The eight-nodal-point isoparametric
element® is employed to model the water system in this study (see Ap-
pendix 6-I).

Since the extent of the water system is large, it is necessary to
truncate the system at a sufficiently large distance from the structure.
At this boundary, a suitable radiation condition is imposed ensuring
that no waves are reflected, such as the radiation boundary condition
method? or the infinite element method 8 of which the latter was found
to be preferable by Zienkiewicz et al. who investigated in detail.

Accordingly, the latter was adopted at the artificially truncated
boundarv. The infinite element extends to infinity in one direction
(x-direction) and is finite in the other direction (y-direction) (see
Appendix 6-II).

The equation of motion, Eq. 6-1 is solved under the following
boundary conditions that on the boundary where the normal motion is

prescribed:

ol
SBLS]

= pwuﬂ (6-5)

where, p, is the mass density of water, and a;, the absolute acceleration
in the normal direction at the point under consideration.

On the free surface, assuming the absence of surface wave,

-0 (6-6)

(2) Coupling of structural and hydrodynamic aspects

The equation of motion of a soil-structure interaction system is:
[#1{8} + [c){8} + [xk1{s} = {£} (6-7)

where, [¥], [C] and [X] are mass, damping and stiffness matrices and {§}
and {f} are the nodal displacement and force vectors of the system. When
the dynamic interaction with water is considered, the external force

vector, {f} , in Eq. 6-7 is the summation of inertia force, {r}, and the
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force due to hvdrodynamic pressure, {p}. Namely,

{£} ={F} + {p} (6-8)
where, element i of vector {P} is:

p;= [(N;IN;p;ds (6-9)

where, P; is hydrodynamic pressure on the nodal point i and N; the ap-

propriate shape function which converts hydrodynamic pressure into nodal
force vectors depending on the direction of the normal relative to the

global coordinates. In matrix form, Eq. 6-9 can be written as
{p}=[r]{p} (6-10)

On the other hand, the excitation vector, {B} of Eq. 6-2, equiva-

lent to the boundary condition (6-5), can be written as
T ..
{8} =-p,[1] ({ag}+1{8}) (6-11)

where, vector {ag} + {8} represents the absolute acceleration of the
interface due to ground motion {ag} and the superscript, T, indicates
that the matrix is transposed.

Substituting Eq. 6-10 into Eg. 6-7 and with inertia force
(F} =- [#]{ag}, the equation of motion of the soil-structure interaction

system can be written as:
[M1{8) + [cI{8} + [K1{8} == [#1{ag) + [L]{p} (6-12)
Substituting Eq. 6-11 into Eg. 6-2, that for water can be written as:
[01{p} + [u1{p} =- p,[11" ({ag) +{¥}) (6-13)
Let the steady-state of the ground motion be:
{ag} = { agote™* (6-14a)

here, w is the circular frequency and {ago} is the amplitude of ground
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acceleration. The steady-state responses of the system will be given by

{6} = {8, )etot (6-14b)

- iwt
{p} ={pele’® (6-14c)

where, {§;,}and {p,}are the amplitudes of nodal displacement and hydro-
dynamic pressure,
Substituting Egs. 6-14 into Egs. 6-12 and 6-13, the following equa-

tions are obtained:
([x] +iwlc] -w?[M)) {80} == [MI{ag,} +[z1{p,} (6-15)

([8] - w?loD) {po} = ~p,[21 ({ayp} - w2{80}) (6-16)
From Eq. 6-16, hydrodynamic oressure vector {p,}is:

{Po} =-([H] - wz[Q])-lpw[L]T({agg} - w?{8e}) (6-17)

Substituting Eq. 6-17 into 6-15, the equation of motion governing the

soil structure interaction system can be derived:
([x] +iwle] -w?[u*]){60} == [¥*]{ay,} (6-18)

where,

[u*] =[] +p,023([8] - w?[0]) [2]" (6-19)

here, the second term of Eq. 6-19 implies virtual mass.
Solving Eqs. 6-18 and 6-19, the response, {§,}, of a soil-structure
system with the effects of hydrodynamic pressure, {p,}, can be de-

termined for a prescribed circular frequency, u.

6.3 Dynamic characteristics of soil-structure-water

interaction systems

(1) The model analyzed

Figure 6-1(a) shows the water-soil-revetment structure system which
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is analyzed and Fig. 6-1(b) the finite element mesh of the system which

is called Model 1. The model without water is called Model 2. The soil

and the structure are both assumed to be linear elastic materials and

perfect bonding at the contact surface between the soil and structure is

postulated in this section. Constants of the model are listed in
Table 6-1.
18
s
4
f ' —
© Back-filling soil Water
# ,
© Surface layer 45
| i 4
Rigid base {unit=m)

Fig. 6-1(a) Model 1 - A general view of the water-soil-structure system.

|

Fig. 6-1(b) Finite element mesh of Model 1.

Tgble 6-1 Physical properties of the model.

Unit weight | Shear wave Poisson's Damping
velocity ratio factor
( tf/m3 ) ( m/sec )
 Structure ¥,=2.35 C,=1600 v,=0.17 h,=0.05
Back-filling soil Y,=1.70 €,=120 v,=0.40 h,=0.05
Surface layer ¥3=1.80 C3=160 v3=0.40 h3=0.05
Water Y,=1.00 Velocity of sound inwater 1440 (m/sec)
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Prior to the dynamic response analysis, natural frequencies and
normal modes were obtained. The results are shown in Table 6-2 and
Fig. 6-2. From Fig. 6-2, shear deformation is predominant in the funda-
mental mode and vertical deformation of back-filling is predominant in

the second mode.

Table 6-2 Natural frequencies of Model 2.

Mode Natural f{egge?cy
1 3.37
2 5.07
3 6.60
4 6.99
5 7.75
Model 2
MODE 1 =337

T ]

T
1

J—

(a) The fundamental mode

Modet 2
MODE 2 =507
/—’_‘r—\

—]

(b) The second mode

Fig. 6-2 Mode shapes of Model 2.
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(2) Hydrodynamic responses

(a) The distribution of hydrodynamic pressure along the boundary

The distribution of hydrodynamic pressure produced on the wall,
perpendicular to the direction of motion, is given by Westergaard's
equation. Hydrodynamic pressure along the inclined wall was investigated
by Zangar et al.? . Although the equations are valid for low frequency
ranges, they may give estimate hydrodynamic pressure which are too low
in the area of the resonant frequency of the structure because they as-
sume that the wall is rigid and moves to the same degree as does the
ground.

Figure 6-3 shows the distribution of hydro- dynamic pressure along
the revetment structure's surface and the bottom of the water at 0.29 Hz
by the finite element method, a frequency far lower than the 3.37 Hz
resonant frequency of the system. The distributions from Westergaard's
and Zangar's equations are also shown. Since hydrodynamic pressure de-
creases as the wall inclines, Westergaard's equation gives the iargest
value. The finite element method agree well with Zangar's equation for a

15° inclination, or that of the structural face.

H.D.P. (t/m?)
0 0.1 0.2 0.3 0.4 0.5
f T T T T |

0 ~0.5 -

1+ Westergaard 0.4 é
. Zanger §=15° =
e 2% 10.3 -
= £=0.29 Hz Z
E 3 40.2 =
L
[=1

4 10.1

5 & 9 t —_— J0

0 5 10 15

DISTANCE  (m)

Fig. 6-3 The distribution of hydrodynamic pressure at a low frequency (0.29 Hz).
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Figure 6-4 shows the distribution of hydrodynamic pressure at

3.36 Hz, close to the resonant frequency. Comparing this with Fig. 6-3,

the amplification of hydrodynamic pressure is remarkable on the upper

half of the water depth. This is attributed to the amplified acceler-

ation of the structure caused by its rocking motion. The magnitude of

hydrodynamic pressure is more than 5 times those obtained by either

Westergaard's or Zanger's equations which are approximate, and are,

therefore, no longer applicable.

On the other hand, hydrodynamic pressure acting on the bottom of

the water exponentially decreases with the distance from the structure

and becomes negligible at a distance of 2.5 V3.0 times that of the depth

of water (Figs. 6-3 and 6-4). the appropriate extent of the water system

modeled by finite element meshes is about three times that of its depth.

H.D.P (t/m?)
0.0 1.0 2.0

. 't Westergaard 120 £
€ \ s
— 2t .
g0 5
o
g3t 410 2
1
s
1
s L1 N : s — + Jdoo
0 5 10 15
DISTANCE (m)

Fig. 6-L The distribution of hydrodynamic pressure in the vicinity of
the system's resonant frequency (3.36 Hz).

(3) Frequency response analyses of hydrodynamic pressure

Figure 6-5 shows frequency response curves of hvdrodynamic pressure

at various points along the structure's surface. Figure 6-6 shows the
magnification factors of acceleration at the top and the bottom of the
structure.

Since hydrodynamic pressure strongly depends on the response
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acceleration (Eq. 6-17), the response curves well agree with acceler-
ation curves. Hydrodynamic pressure is increasingly affected by the
vertical motion of the bottom of the water as its depth increases. That
is, the frequency components near 8 Hz predominate as depth increases,
and 8 Hz is the predominant frequency of the vertical motion of the

bottom surface.

% R
s s
] 2]
~e ~d
3 3
Se Sw
v oo
=° x®
4 = 4
a2 o2
as aeé
Z ] = 1
& 3
- S
H H
o0 © 2.50 .00 | 8.00 .00 18,00 12.00  1%.00 4700 " 2.00 %00 ' e.00  s.00 ' 10.00  iz.00  1e.00
FREQUENCT (HZ) FREQUENCY (HZ) -
(a) 1.25 m in depth (b) 2.5 m in depth
- w
Ny oy
o é
° e
o 2
;e’ aa’
x 4 x 4
S S
Qe 351
83 g3
Pe-] a2
& as
: 2
8] &]
3 S
°- B-
H g
%00 | 2.00 | %.00 | €.60 | ®.00  10.00 | 12.00 14.00 %o ' 2.60 © 4.00 | e.0a | 9.00 | 10.00  12.00  1%.00
FAEQUENCY (HZ] FREQUENCY (H2)
(e) 3.75 m in depth (4) 5.0 m in depth (the bottom of the water)

Fig. 6-5 A comparison of the frequency response curves of hydrodynamic pressure
caused by horizontal sinusoidal ground motion (100 gal) at different
depths.
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(c) The vertical component at the (d) The vertical component at the
top of the structure bottom of the water

Fig. 6-6 Structural response curves during horizontal ground motion.

(4) The influence of hydrodynamic pressure on the behavior
of the revetment structure
A comparison of horizontal response acceleration at the top of the

structure between Models 1 and 2 has been made in Fig. 6-~7 in order to
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investigate the effects of hydrodynamic pressure. The solid line shows

Model 1 and the broken line, Model 2. The fundamental natural frequency

of Model 2 is 3.37 Hz (Table 6-2) and the first resonant frequency of

Model 1 is 3.35 Hz as shown in Fig. 6-7. As obvious from Eq. 6-18,
hydrodynamic pressure contributes to the equation of motion of the sys-
tem as its virtual mass, and the reduction of first resonant frequency
due to virtual mass is only 0.02 Hz. The rate of resonant frequency re-

duction tends to increase as frequency increases. Virtual mass tends to

increase amplification in low frequency ranges and decrease it in high
frequency ranges. In general, however, the difference is not significant

between these two response curves.

15 r‘

Model 1
Model 2

=3
T

Magnification Factor

w

———
————

Frequency (Hz)

Fig. 6-7 The effects of hydrodynamic pressure on structural response
acceleration during horizontal ground motion.

The maximum response values obtained by the FFT technique are

summarized in Table 6~3. The models were subjected to the NS component

of the El Centro accelerogram of a 100 gal maximum amplitude. All re-
sponse values of Model 1 are 215 % larger than those of Model 2. This
cases,

implies that virtual mass increases structural responses in some
but its effects are not very significant. Similar results have been re-

ported by Uwabe and Takahashill,
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Table 6-3 Maximum response acceleration, velocity and displacement
at the top of the structure (linear models).

Ttem Model 1 Model 2

Acceleration (gal) 330 313

Horizontal Velocity (kine) 14 13
Displacement (mm) 6.0 5.9

Acceleration (gal) 61 58

Vertical Velocity (kine) 2.10 1.81
Displacement (mm) 0.60 0.56

6.4 Nonlinear seismic response analyses of soil-structure-water

interaction systems

(1) The model analvzed

Dynamic analvses in the previous section were based on the as-
sumption that the soil was linear elastic material and that the contact
surface between the soil and structure was perfectly bonded. 1In past
earthquakes, however, there has been damage such as subsidence or crack-
ing in the filled area, swelling and tilting toward the sea of the
quaywall. These belong to the category of destructive phenomena, and
cannot be treated by linear analyses.

In this section, the dynamic stress state of the filled area, and
the dynamic stability of the revetment structure are investigated taking
into account the effects of hydrodynamic pressure. The soil is assumed
to be elasto-perfect plastic material and the Mohr-Coulomb failure law
is employed as the yield criterion. Contact surfaces are modeled by
joint element arrangements, and are dealt with as in previous chapters.
The four-nodal-point isoparametric element is adopted in stead of the
eight-nodal-point one adopted in section 6.3. The finite element mesh is

shown in Fig. 6-8.
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Joint Elements

Fig. 6-8 Finite element mesh for a nonlinear seismic response analysis.

{2) The introduction of hydrodynamic pressure effects
into the nonlinear dvnamic response analysis

Hydrodynamic pressure is included as virtual mass in the equation
of motion of the soil-structure interaction system. Accordingly, the
frequency dependence of Eq. 6-19's second term corresponding to virtual
mass was examined first. The results are shown in Fig. 6-9. Since the
[ #]and [ ¢] matrices of the infinite element are complex, this term is
also complex. The real and imaginary parts of the two diagonal elements
of the virtual mass matrix are shown. They correspond to depths of 2.5 m
and 5.0 m, the bottom of the water. From Fig. 6-9, the imaginary part is
extremely small when compared to the real part, and the real part is al-
most completely independent of frequency, and can be regarded as con-
stant in this frequency range which is important from an engineering
point of view.

Taking the fundamental natural circular frequency w, = 2mfo= 21x3.37
(rad) as ® in the second term of Eq. 6-19 and denoting the resulting

constant matrix as [¥'], the hydrodynamic pressure vector, {p}is:
{p} = [T (M 1 ({ag} + {§}) (6-20)

Substituting Eq. 6-20 into Eq. 6-12, the nonlinear equation of motion of

the soil-structure system when the effect of hydrodynamic pressure is
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considered is:

(Cu] + [ 1){8} + [cI{8} + [k1{8} == ([u] +[m']){a,} (6-21)

Real part Imaginary part

Virtual Mass (t.sec?/m )

L L ! 1 ] J
0 5 10 15 0 5 10 15

Frequency (Hz) Frequency (Hz)

(a) The real part of the virtual mass (b) The imaginary part of the virtual mass
matrix component (2.5 m in depth) matrix component (2.5 m in depth)

(x1072) o {x1079)
1.0 50

Real part Imaginary part

~n w =]
o o o
T T v

j—
[e)
T

Virtual Mass (t.sec’/m )
o
o
T

Virtual Mass (t.sec:/m

1 1 1 1 1 1
0 5 10 15 0 5 10 15

Frequency (Hz) Freuency (Hz)

(c) The real part of the virtual mass (d) The imaginary part of the virtual mass
matrix component (5.0 m in depth) matrix component (5.0 m in depth)

Fig. 6-9 Frequency characteristics of virtual mass.
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(3) The initial stress state

When estimating the initial stress state, hydrostatic pressure
should also be considered. Figure 6-10 shows the initial stresses in
Model 1 on the contact surfaces between the revetment structure and the
surrounding ground. (a) shows the distribution of normal stress and (b)
shear stress. Fiqures 6-11(a) and (b) are normal and shear stress in
Model 2. Hydrodynamic pressure significantly reduces shear stress along
the base of the structure while only slightly altering normal stress a-

long the contact surface.

— —
m—u_l_u_u 1.0kg/cm 0.2kg/cm

(a) Normal stress (b) Shear stress

Fig. 6-10 Model 1 - The distribution of initial stresses due to
gravity force acting on the structure.

T
T
TR
—- P —
1.0kg/cm 0. 2ka/cer
(a) Normal stress (b) Shear stress

Fig. 6-11 Model 2 - The distribution of initial stresses due to
gravity force acting on the structure.
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(4) Nonlinear behavior of soil-structure interaction systems

Model 3 is introduced in this section. Model 1 includes both hydro-
dynamic and hydrostatic pressure, Model 2, neither of these and now in
Model 3, hvdrostatic pressure is included to estimate initial stresses
but hvdrodvnamic pressure is ignored. The strength parameters of the

soil and the contact surfaces are listed in Table 6-4.

Table 6-4 Strength parameters controlling shear strength
of soils and joint element.

Cohesion Angle of internal
( tf/m2 ) | friction (degree)

Back-filling soil 0.0 40
Surface layer 3.0 35
Joint element 0.0 30

(a) Nonlinear seismic response of soil-structure
interaction systems
The maximum responses at the top of the revetment structure are
listed in Table 6-5 when the models were subjected to the NS component
of the E1l Centro accelerograms of a reduced maximum acceleration of
100 gal. The maximum values are almost identical for the three models

and also nearly equal those for linear models (Table 6-3).

Table 6-5 Maximum response acceleration, velocity and displacement
at the top of the structure (nonlinear models).

Item Model 1 Model 2 Model 3

Acceleration (gal) 327 310 304

Horizontal | Velocity (kine) 14 13 14
Displacement (mm) 6.2 6.1 6.0

Acceleration (gal) 66 63 64

Vertical Velocity (kine) 1.84 1.87 1.93
Displacement (mm) 0.59 0.64 0.60
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The shaded areas in Fig. 6-12 show the elements which vielded
during the period of 2.0 v2.5 sec, or the main shock. Figure (a) shows
Model 1, (b) Model 2 and (c) Model 3. In the figures, the joint elements
which separated or slid are marked by solid and regular broken lines,
respectively. Model 2 had the widest zone of yield, and Model 3 had the
narrowest zone. Figure 6-13 shows the hysteresis curves of Txy= Yxy re-
lationships of the soil at point A in Fig. 6-8. The plastic strains are
almost the same for all models despite their different yielded areas. At

the contact surface between the back-filling and the

(a) Model 1

(b) Model 2

{c) Model 3

Fig. 6-12 Failure zone of back-filling elements and
joint elements which have slid or separated.
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Fig. 6-13 The hysteresis loop of T at point A of Fig. 6-8.
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structure, the greatest sliding occurred in Model 2, while that in
Models 1 and 3 was limited to the ground surface.

The maximum horizontal accelerations were of the order of 300 gal,
at which level separation did not take place implying that cracking did
not occur.

Seismic response analyses have been performed for the 200 gal imput
accelerogram. Fiqure 6-14 shows the zone of yield, separation and slid-
ing. Figure (a) shows Model 1 and (b) Model 2. The maximum response ac-
celerations at the top of the structure is about 680 gal in both and
there is little difference. As can be seen from Fig. 6-14, in Model 2,
however, almost the entire area of back-filling has yielded and sliding
has spread to the bottom of the structure (6 m in depth), and besides,
separation has spread to 3 m in depth. On the other hand, these phenome-
na are much more limited in Model 1. The nonlinear features of the mod-
els thus differ considerably although thier maximum response acceler-

ations are almost identical.

=z
(a) Model 1
‘A
(b) Model 2

Fig. 6-1L Failure zone of back-filling elements and
joint elements which have slid or separated.
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Figure 6-15 shows the time histories of vertical displacement at
point B on the ground surface, with (a) and (b) for Models 1 and 2. Re-
sidual displacement (or subsidence) caused by the yielding of the soil
occured at about 2.4 sec, and it was of the order of several millime-
ters. One reason subsidence is so small is that tilting and/or swelling
and sliding of the structure did not occur, but it would have increased

if they had occurred.

4.0
E
~ 2.0}
-
2 JA
E g.0 .
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a
-4.0 1 1 I 1 1 ( 1 1
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(a) Model 1
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o
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o
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o A
~~ \/\/\/\/\/\\/\

2.0
4 0 1 1 L H 1 1 1 1
“*Y0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (sec)
(b) Model 2

Fig. 6-15 Vertical displacement showing settlement at point B of Fig. 6-8.

(b) The dynamic stability of the revetment structure

The effects of hydrodynamic pressure on the overturning moment and
on the sliding stability of the revetment structure have been investi-
gated. The dynamic overturning moment is calculated from the stresses
which have developed on the joint element which is in contact with the
structurel*., Safety against sliding is discussed using the total safety

factorl!5 defined by Eq. 2-27. TSF is assessed from the stresses on three
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joint elements arranged along the structural bottom.

Overturning moments and TSF values are tabulated in Table 6-6 when
the three models were subjected to 100 gal or 200 gal NS components of
the El Centro accelerograms. In the table, the eccentricities, e, calcu-
lated from the overturning moments are also listed. The largest moment
is developed in Model 2 regardless of the input acceleration amplitude,
and the smallest in Model 3. The moment of Model 1 is 15 % larger than
that of Model 3 reqgardless of the excitation amplitude, and is nearly e-
qual to that of Model 2.

The eccentricity, e, gives an assessment of the safety against
overturning. 1In earthquakes, if the eccentricity is less than one-third
of the width of the structural base, B, the structure is regarded as

safe and stable’® .

Table 6-6 Maximum overturning moments and TSF values.

Amplitude of input Overturning Eccentric
acceleration Model moment distance TSF
(gal) (tf-m) (m)
Model 1 26.9 0.57 4.43
100 Model 2 31.4 0.66 3.20
Model 3 23.2 0.49 4.90
Model 1 44.7 0.95 1.64
200 Model 2 45.1 0.95 1.62
Model 3 38.4 0.81 1.7

The eccentricity of Model 2 subjected to a 200 gal excitation is
0.95 m, the largest, and with the width of the structural base, as

4.5 m, then

=0.21 <% (6-22)

w|o

or in other words, the structure is stable against overturning. Model 2

has the lowest safety factor in terms of sliding stability. When the ex~-
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citation is 200 gal, however, the safety factors of Model 1 nearly equ-
als to that of Model 2, the same tendency as that of overturning moment.

It can be concluded that the dynamic stability of the revetment
structure is lowered by hydrodynamic pressure to the level as when there
is no water. In that case, the dynamic stability of the revetment struc-

ture is at its lowest.

6.5 Conclusions

Using the finite element method, 1linear and nonlinear seismic re-
sponse analyses were made of water-soil-revetment structure interaction
systems to investigate the effects of hydrodynamic pressure on the
system's responses and on structural dynamic stability.

The results can be summarized as follows:

(1) Although the magnitude of hydrodynamic pressure acting on the
wall can be estimated by Westergaard's or Zangar's equations with suf-
ficient accuracy for low frequency ranges, it is actually several times
larger at the resonant frequency of the system, and these equations
therefore are no longer applicable.

(2) Since hydrodynamic pressure acts as virtual mass in the system,
it decreases the resonant frequency of the structure. In the case,
however, where the water is shallow and there is back-filling soil as
was true here, the effects of hydrodynamic pressure on maximum acceler-
ation, velocity and displacement are not significant.

(3) Because virtual mass can be regarded as a constant independent
of frequency in the important frequency ranges in engineering sense pro-
vided that the water is not very deep, it can be introduced as approxi-
mately a constant in nonlinear seismic response analyses.

(4) In general, the existence of water results in greater revetment
structure stability. However, as the excitation level increases, the
dvnamic stability of the structure decreases to the same level as when

water does not exist .
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As the model structure is very stiff and heavy, it is less affected
by hydrodynamic pressure. However, when they are flexible structures
such as sheetpiles or if the water is deeper, its effects on structural
responses are more significant.

Finally, although the analyses presented here are based on a total
stress analysis, they should in the future be based on the effective
stress field with considerations given to dynamic soil-ground water
interactions because the ground water table is high in the places where
revetment structures are constructed, and a large amount of damage due

to liquefaction has been reported.
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Appendix 6-~I

The shape function matrix of the

isoparametric element, [~], is (see Fig. 6-A-1):

where,

N1=(1-5)(1+t) (—s+t=1)/4
N2=(1-s)(1-t?)/2
N3=(1-5)(1-t)(~-s-t=-1)/4
Ny=(1-s2)(1-t)/2
Ns=(1+s)(1-t)(s-t-1)/4
Ne=(l+s)(1-t2)/2
Ny=(1+s)(1+t) (s+t-1)/4
Ne=(1-s2)(1+¢t)/2

t

Y } (Xl,Yl) (XS’YEJZO’]) (X/,Yy)

(-1,1) 8 7 (1,1)

eight-nodal-point

(6-A-1)

(6-A-2)

Fig. 6-A-1 An isoparametric element with eight nodal points.
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Appendix 6-II

The shape function of the infinite element (Fig. 6-A-2) in
x-direction is:

2.=(1 x);é%iik)x
1= -T !

A 1l ..
L= X o7 S Hik) x (6-A-3)

Li=l-Li1-Ly
where,

an [of (6-A-4)

and ¢ is the velocity of sound in water, a is radiation damping pa-
rameter and w the circular frequency.

In y -direction,

ME %(y +—%)y
4y
= =2 (G -y (G +y) (6-A-5)

Therefore, the shape function between nodal points i and j, N~ , can

be written as:

by Ly (6-A-6)
Y
A Ly (21) (3.1)
Ll ((1:2) (2.2) w)(3.2) X
4l 2y ]
= (1,3) 2.3) _4(3,3)

—1—

Fig. 6-A-2 The infinite element.
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CONCLUDING REMARKS

This dissertation has presented an effective method to analyze non-
linear dynamic soil-structure interaction considering not only the non-
linear behavior of soil but also sliding and separation phenomena at the
contact surface between the soil and the structure by the finite element
method. 1In this study, the method has been applied to soil-structure,
soil-rock and soil-structure-water systems. The main results are briefly
summarized, followed by proposals for future research.

The method is based on the application of the joint element which
was developed by static rock mechanics, to dynamic soil-structure inter-
action. The analytical procedures are described in detail in chapters 1,
2 and 3 and the applicability was discussed. In order to determine the
constitutive relationships of the joint element, numerous simple shear
tests were carried out. The results demonstrated the validity of model-
ing the constitutive relationships as an elasto-perfect plastic type.
The load transfer method was adopted for nonlinear seismic response an-
alyses. CPU time was in this way greatly reduced compared to that re-
quired by other nonlinear techniques. An analysis assuming perfect bond-
ing at the contact surface did not estimate the system's responses cor-
rectly. Moreover, a detailed explanation of such mechanisms as the de-
velopment of sliding with time, or the redistribution of stresses along
a contact surface where sliding or separation was taking place, was made
possible by this approach.

The stability against sliding of a nuclear reactor building was in-
vestigated for several strong types of earthquake motions. Safety factor
obtained by the classical method were lower than those obtained from the

proposed dynamic method. The difference was, however, 1less than 10 %.
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The difference was attributed to the nonlinear behavior of soil and to
local sliding at the contact surface.

It 1is very important to make clear the validity or limitations of
replacing a real three-dimensional system by a two-dimensional model,
and to do so, a three-dimensional joint element was developed
(chapter 3). 1Its applicability was examined in detail and was found to
be adequate. The structural stability against sliding was examined, and
the safety factors obtained from two-dimensional models were lower than
those of the three-dimensional one. This implies that a real three-
dimensional structure will remain safe even when a replaced two-
dimensional model subjected to seismic force is at a critical state
against sliding.

The applications of the method were demonstrated in chapters 4, 5
and 6. Dynamic characteristics of pile-foundation structures were in-
vestigated (chapter U4) focusing the effects of embedment of the footing,
the friction resistance on the pile surface and the dynamic lateral
group efficiency of a group of piles. Embedding the footing caused a
reduction in structural response by approximately 10 %, and a 40 % re-
duction in shear stress in the pile head. The shared rate of normal re-
sistance at the pile tip is predominant for dead load, whereas shearing
resistance by the pile surface is predominant for dynamic 1load. The
inerease of a number of piles would sometimes caused increases rather
than decreases in structural responses, a result the reverse of the case
for static force. This must be taken 1into consideration when pile
foundations are designed by the seismic coefficient method.

Dynamic stability of a existing slope was investigated in
chapter 5. Both the present method and that of Janbu which is practical-
ly used, gave similar safety factors. Slope stability during earthquakes
depends not only on the amplitude of the excitation but also on its pre-
dominant frequency. Ground water remarkably lowered the level of sta-

bility and therefore, it is essential to keep the water table level as
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low as possible. Stability was re-measured when the slope had been rein-
forced by sheetpiles and the required sheetpile strength was determined
when the slope is subjected to strong earthquake motions.

In chapter 6, a revetment structure was discussed in terms of the
effects of hydrodynamic pressure on its dynamic stability. The virtual
mass, equivalent to hydrodynamic pressure, was approximately independent
of frequency as long as the water was not as deep as that in the model
analyzed here. A procedure to handle hydrodynamic pressure has been de-
scribed. Structural dynamic stability decreased to the same degree when
excitation level was increased as when there was no water, although the
existence of water, in general, gave greater stability.

In considering structural dynamic stability classical methods such
as the seismic coefficient method, in which the seismic load is stati-
cally applied, are convenient for the practical design purposes because
of their simplicity. Therefore, the relationship between safety factors
obtained from classical methods and the dynamic type proposed here must
be understood. The latter is a powerful tool which, in fact, has already
given significant results.

Nevertheless, ‘there still exist certain unsolved problems. First,
throughout this paper, analyses were based on total stress. They should
in fact be based on effective stress by evaluating the dynamic inter-
action between the soil and ground water when the effect of ground water
is expected to have significant effects, as in chapters 5 and 6. Second-
ly, although three-dimensional models were analyzed (chapter 3), they
were discretized by coarse finite element meshes. Models of greater de-
tail with fine meshes are required for greater accuracy. Finaly, as is
evident from the meshes used here, their greater portion represent the
ground because the model does not permit radiation damping. For a pre-
cise discussion of the dynamic stability analysis, a computer code must
be developed which permits the energy transmission through the arti-

ficially truncated boundaries in nonlinear dynamic analyses.
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