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RESPONSE ANALYSIS OF REINFORCED CONCRETE PIER

CONSIDERING NONLINEARITY OF GROUND

Takeshi MAKT*, Koji TAKANO** and Hiroshi MUTSUYOSHI***

ABSTRUCT

In this paper, response analyses of reinforced concrete pier as a whole system, contained pile foundation and
nonlinear ground, are performed by using 2-dimensional elasto-plastic finite element program. From the derived
results, not only the behavior of pier but that of piles and soil under seismic loading is investigated. And also, the
effects of horizontal yield coefficient and natural period of targeted pier on the response characteristics of the whole
system are examined.

KEY WORDS: 2-D FEM, reinforced concrete pier, pile, nonlinear soil, horizontal yield coefficient, natural period,
hysteresis absorbed energy

1. INTRODUCTION

Hyogc;-ken Nanbu Earthquake has brought the serious damage to many reinforced concrete piers. There are
not only piers failed by bending and shear but also their piles of foundatien were damaged. So far, various response
analyses and loading tests only focused on pier has been acted, but in the real situation, remarkable nonlinearity of
soil might be much effective on seismic characteristics of bridges, especially constructed on soft ground. In the area of
soil dynamics and earthquake engineering, any analyses of a whole systems, connected pier, piles and ground, have
been performed as the effect of ¢ Soil-Structure Interaction (SSI) *. But not so many especially among concrete
engineering and also such effects of soil nonlinearity is less considered on design method of concrete structures.

The objective of this research is to perform 2-dimensional dynamic elasto-plastic finite element analyses of
reinforced concrete pier really damaged in Hyogo-ken Nanbu Earthquake in order to confirm that the real damage
can be pursued by this method. And also, the effects of some factors of RC pier on the seismic characteristics of a
whole system as pier-pile-ground are considered.

2. ANAINXTICAL METHOD
2.1 Targeted Structure and Modeling

Fig.1 illustrates the targeted RC pilz pier of Kobe 3™ line of Hanshin-Expressway designed at 0.2 of horizontal
yield coefficient and has circular cross section. Footing is supported by RC piles with 1m diameter and about 10m

*  Research Assoaate, Department of Civil Engineering, Saitama University
**  Master Student, Graduate School of Engineering, Saitama University
*** Professor, Department of Civil Engineering, Saitama University, Dr. Eng.

-~
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length. Ground around the pier structured by sand of medium stiffness. 0.829sec is the natural period of this pier
calculated along the Specification for Highway Bridges - V. Seismic Design. This pier collapsed by occurring bending
yield and shear failure after the earthquake. And also some cracks of about 2mm width occwred at pile top. But the
damage of piles was at most cracking and compression failure of concrete could not be observed.

Fig.2 shows the FEM model used for 2D response analyses. The direction of horizontal input excitation is
perpendicular to the axis of bridge girder. Pier and piles are modeled by beam elements, soil by 2D plane strain
elements, and footing by elastic elements. Degrading-Trilinear model, as shown in Fig.3 (a), is adopted as the
hysteresis model for beam elements of RC pier and RC piles, and Hardin-Drnevich model, as shown in Fig.3 (b), is for
plane strain elements of soil. The engineering base is set at 15m depth from ground level, and surface ground ovér the
base is modeled as 4 layers. The average N value of each layer is also shown in Fig.2. The weight of pier, footing and
piles is transferred to concentrated mass and located to several nodes of the model, and a little moment of inertia is
given at each node for stability of calculation. 10% Raleigh damping is distributed to the whole system.

2.2 Input Wave

The used input excitation is made through the 1-dimensional transferring procedure, ie. the wave of 818gal
maximum acceleration observed at Kobe Marine Satellite (JMS Kobe) when Hyogo-ken Nanbu Earthquake, is
transferred to the base wave by k-SHAKE program based on the duplicate reflection theory, and this wave is
modified where the maximum acceleration is magnified as 500gal maximum. This modified wave, as shown in Fig.4,
is input to the base of model in the horizontal direction. The acceleration of this excitation reaches 500gal at 2.48sec
and its eminent period is around 0.68sec.



3. ANALYTICAL RESULTS

3.1 Behavior of each parts ~

The analytical results are shown in Fig.5 - Fig.7, time history of awelemtxon of pier top, time history of relative
displacement of pier top to bottom, and moment-curvature hysteresis curve at the bottom of pier, respectively. From
Fig.5, acceleration of pier top reaches the maximum level at 1.7sec, before the time of maximum acceleration of input
excitation (2.48sec). This means that the pier comes to yield at pier bottom to become plastic domain before the
maximum input acceleration. The residual displacement is not shown in Fig.6, because the stiffness of the pier
decreases both positive and negative side due to the same extent of plasticity in the both side, as shown in Fig.7. The
plastic ratio of the pier reaches about 4.0 in the both directions.

Fig.8 shows the moment-curvature hysteresis curve of pile top located in the outer side of footing. The moment
of pile top reaches crack moment but not yield moment and other pile tops show the same tendency. Fig.9 shows the
distributions of the maximum moment and the maximum lateral relative displacement of pile. The maximum
moment is reached at the pile top and gradually decreases with depth. The maximum lateral relative displacement is
reached at all points at the same time, therefore the deformation as this figure shows is the eminent mode of the pile.

Fig.10 (a)-(b) shows shear stress - shear strain relationship of the soil element at the surface of free field (far from
footing) and the surface beside foomng As this figure shows the soil element beside footmg experiences the large loop
of hysteresis curve, therefore it becomes plastic due to the vibration of footing.
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3.2 Comparison between analytical results and real phenomena‘

The reinforced concrete pier analyzed in this paper is one of the collapsed bridge piers in Hyogo-ken Nanbu
Earthquake. From some research results, it is reported that shear failure occurred at the cut-off of longitudinal
reinforcement after bending yield. And, cracks of 2mm width are observed at the pile top by digging around each pile.
In this analysis, beam element is used for the model of pier with its moment-curvature hysteresis model as
Degrading-Trilinear model and this model cannot express shear deformation, therefore this analysis does not indicate
the shear failure behavior at the cut-off of longitudinal reinforcement. But, input the real observed seismic excitation,
bending yield occurs at the bottom of the pier and some cracks occur at the pile top. In this point, this analysis agrees
with the real behavior of the whole system.

4. THE EFFECTS OF SOME FACTORS OF PIER ON THE BEHAVIOR OF THE WHOLE SYSTEM

4.1 Effects of Horizontal Yield Coefficient of Pier

In the analyses in the previous section, the horizontal yield coefficient is set as 0.2, the same value as real design,
but in this §ection, it is changed as 0.5, 0.75, 1.0, 1.25 with no changes in the other factors.

Fig.lf shows the variation of the maximum acceleration at the top of pier and the plastic ratio versus the
horizontal yield coefficient of pier. Here, the plastic ratio is equal to the value of the maximum displacement divided
by the yield displacement. Therefore, that the plastic ratio is less than 1°0 means that the pier have not yielded yet.
From these results, at the low horizontal yield coefficient, response acceleration does not reach high value because the
natural period of pier becomes longer due to its high plasticity. In the range of high horizontal yield coefficient, the
plastic ratio is lower than 1.0, therefore the acceleration takes the almost constant value of the highest.

Fig.12 shows the variation of the hysteresis absorbed energy of pier, pile top, and soil beside footing versus the
horizontal yield coefficient. Here, the hysteresis absorbed energy is calculated by regarding the area of the hysteresis
loop as the absorbed energy by plasticity. In these analyses, input excitation does not varied, therefore the total input
energy into the whole system is constant. In these figures, the higher the horizontal yield coefficent varies, the
plasticity of pile top and soil comes to remarkable, as the plastic deformation of pier becomes lower. Therefore, the
hystereéis absorbed energy of pier decreases, as that of pile and soil increases. In the range of the horizontal yield
coefficient higher than 0.75, each absorbed energy reaches constant value. This is because the value of the inertia
force divided by the gravity acceleration (g) at the top of pier takes lower than the horizontal yield coefficient due to
500gal of the maximum input acceleration. From these results, when only the horizontal yield coefficient is raised the
damage moves to foundation or ground, therefore considering the balance of energy between superstructure and
underground structure is needed in the seismic design of bridge pier.
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4.2 Effects of Natural Period of Pier

In this section, the effects of initial natural period of pier to the response behavior of the whole system are
considered. Here, natural period of pier is the first period when pier is regarded as 1DOF system with fixed
foundation. The analyses are preformed with 0.2sec, 0.5sec and 1.0sec of natural period by changing the height of pier.
In real design, the structure of foundation must varies with the difference of the height of pier, but this effect is
ignored here and the natural period is adjusted by changing only the height of pier. The range of the period of
inputted excitation is mainly from 0.4sec to 0.8sec and the eminent period js 0.68sec.

Fig.13 shows the maximum acceleration at the top of pier versus natural period of pier at 0.2 and 1.0 of the
horizontal yield coefficient. The acceleration gradually decreases when the horizontal yield coefficient is equal to 0.2,
but it reaches the maximum value at 0.5sec of natural period when it is equal to 1.0. This is because resonance occurs
with the near period with the eminent period of the input excitation.

Fig.14 shows the Fourier spectrum calculated from time histories of each response accelerations. From this
figure, resonance occurs obviously around 0.68sec when 1.0 of the horizontal yield coefficient in contrast to 0.2¢0of it,
because at low yield coefficient, large plastic deformation occurs just after start of excitation and natural period of pier
becomes longer than the eminent period of input excitation.
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Fig.15 show the variation of the hysteresis absorbed energy of pier, pile top, and soil beside footing versus
natural period of pier. When natural period is long, that is, absorbed energy is low, high energy concentrates on the
pile top, but that of soil beside footing becomes lower. There are considered two reasons for this phenomenon. First is
that this figure relates the behavior of a certain soil element, so that of other elements beside footing should be
investigated. The other is that the longer the natural period of pier becomes, the more remarkable the rocking of
footing observed. Therefore, This point needs more detailed investigation. As mentioned above, it becomes clear that
the energy distribution of each parts among the whole system can varies with the change of natural period of pier.

5. CONCLUSION
In this research, several trials of analyses of the whole system of RC pier, piles and ground are performed, and

its seismic behavior is considered. And also, by varying some factors of pier parametrically, the effects of these factors
to the behavior of the system are considered. Derived conclusions are shown as follows.

(1) The analysis of the whole system by modeling actually damaged RC pier is performed, and it is confirmed that
not only pier but piles and ground is damaged in this system. 3

(2) When the horizontal yield coefficient is high, the hysteresis absorbed energy of piles and soil decreases as against
that of pier. When the horizontal yield coefficient is higher than some value, each absorbed energies take constant. In
these analyses, the boundary is 0.75 of the coefficient. This value has relationship with the maximum acceleration of
input excitation.

(3) When the natural period is longer, severe damage concentrates on foundation and ground, but it is needed
further investigation to make this point clear. H
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RESPONSE ANALYSIS OF REINFORCED CONCRETE PIER
WITH PILE FOOTING CONSIDERING NONLINEAR SOIL

Takeshi MAKI', Koji TAKANO? and Hiroshi MUTSUYOSHI®

ABSTRACT: In this paper, response analyses of reinforced concrete bridge pier as a whole system,
pier body supported footing and RC piles and surrounding nonlinear soil, are performed. And also, the
parametrical study is acted in order to investigate the effects of various structural factors on the
response characteristics of the system. From the analytical results, it is confirmed that not only the
nonlinearity of pier body but also structural characteristics of foundation and strong nonlinearity of
surrounding soil affects the pier response and the plasticity of each components of the structure.

KEYWORDS: RC pier system, foundation, nonlinearity of ground, horizontal yield coefﬁcxent
initial equivalent natural period, soft soil, sway and rocking, plastic ratio

1. INTRODUCTION

Hyogo-ken Nanbu Earthquake had brought serious damages to many RC structures, especially the
highway bridge piers. As for some of the damaged piers, not only pier bodies but also their piles of
foundations are seriously suffered. This fact indicates that, under seismic loading, response of pier
depends on that of foundation and ground and the effect of them cannot be ignored. So far, in the area
of concrete engineering, bridge pier has been treated as SDOF system and many cases of loading tests
and response analyses focused on only pier bodies has been acted. But as stated above, special
characteristics of pile foundation and remarkable nonlinearity of soil might be much effective on
seismic behavior of the bridge piers. In the present design method in Japan, the effect of soil profile is
treated in the procedure of calculation of natural period of the bridge picr whole system, however, the
effect of interaction between the responses of pier, foundation and ground is not taken in.

The objective of this paper is to consider the effect of interaction between pier, pile and ground by
performing 2-dimensional clasto-plastic finite element analyses of RC bridge pier really damaged in
Hyogo-ken Nanbu Earthquake. Especially it is focused on the variation of response characteristics of
cach component of the system by varying some structural and soil profile, such as horizontal yield
coefficient, initial natural period of pier, and shear stiffness of soil.

2. ANALYTICAL METHOD
2.1 ANALYTICAL TARGET

Figure | shows the targeted RC pilz pier with circular section of KOBE 3rd linc of Hanshin-
Expressway in Japan. Pier body was designed at 0.2 of horizontal yield coefficient, and supported by
footing and RC piles with Im diameter and 10m length. Ground of site is composed of sand layer with
medium stiffness. The natural period of the system is 0.829sec by calculating along the Specification
for Highway Bridges — V. Seismic Design. In Hyogo-ken Nanbu Earthquake, this pier collapsed by
shear failure at the cut-off of main reinforcement following to bending yield.

' Dept. of Civil and Environmental Engincering, Saitama University, Japan.
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2.2 ANALYTICAL MODELING

Figure 2 shows the FEM model used in 2D response analyses. The horizontal input excitation is
directed perpendicular to the axis of bridge girder. The surface ground over the engineering base (set
at 15m depth from ground surface) is assumed to be horizontally composed of 4 layers, as shown in
Figure 3. Pier and piles are modeled by beam element whose restoring force characteristic is
Degrading-Trilinear (Takeda) model, as shown in Figure 4(a), and elastic modeling in axial and shear.
Soil is modeled by 2D plain strain element with Hardin-Drnevich model, as shown in Figure 4(b). In
this FEM model, the weight of pier, footing and piles is treated as concentrated mass distributed to
nodes, and a little moment of inertia is given at each node for stability of calculation. And also, 10%
Rayleigh damping is distributed to the whole system. The boundary condition of the model is
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damping boundary on the both side and the base, in order to decrease the effect of the reflection of
vibration energy at boundary.

2.3 INPUT SEISMIC EXCITATION

The used input excitation, shown in Figure 5, is made through the 1D transferring procedure. The
seismic wave of 818gal maximum acceleration, observed at Kobe Marine Satellite (JMS Kobe) in
Hyogo-ken Nanbu Earthquake, is transferred to the base wave by using k-SHAKE program, based on
the duplicate reflection theory, and then modified with the maximum acceleration level at 500gal.

2.4 PARAMETRICAL ANALYSIS

In this paper, some parametrical analyses are performed in order to find the effect of structural and
geological factors on the response characteristics of the whole system of RC bridge pier. The factors
are horizontal yield coefficient of pier, initial equivalent natural period of pier, and soil profiles.
Horizontal yield coefficient (HYC) is equal to horizontal yield load divide by the gravity force
corresponding to the weight of concentrated mass of the pier when it is regarded as SDOF system. It
is varied from 0.2 to 1.25 in this parametrical analysis. Initial equivalent natural period (IENP) means
the elastic natural period of the pier regarded as SDOF system and is calculated from the elastic
theory of cantilever. To vary this value from 0.2sec to 1.0sec, the height of pier is changed for
convenience. Layered soil deposit, showed in Figure 2, is named Type II, the ground of medium
stiffness in the seismic specification in Japan. Besides, in this parametrical analysis, the assumed
softer ground; Type 11l is also chosen. This soft ground profile is also shown in Figure 3.

3. ANALYTICAL RESULTS
3.1 THE EFFECT OF STRUCTURAL FACTORS ON THE RESPONSE OF THE SYSTEM

Figure 6(a) shows the variation of the maximum acceleration at the pier top versus HYC and IENP. In
this figure, the black point means the pier yielding. At low HYC, acceleration at the pier top is not so
high owing to the yielding of pier body, and HYC becomes high, maximum acceleration increases and
becomes higher than that of input excitation, especially at low IENP. The low value of acccleration in
the case of low HYC is due to the high plasticity of the pier body by yielding. But the maximum
acceleration does no longer vary when HYC is above 0.75, because the maximum acceleration of the
input excitation is 500gal. Figure 6(b) shows the variation of the pier top maximum relative
displacement to that of footing. With the increase of HYC, it becomes low value in the case of short
IENP. On the contrary, it takes almost constant value when long IENP. These values, shown in Figure
6(b), contains not only the pier deformation but also the displacement due to sway and rocking action
of foundation, therefore all types of displacement must be separated from each other. From this reason,
the absolute displacement of the pier top is divided into three parts of displacement, i.e., pier
deformation, sway and rocking displacement. Sway displacement means the horizontal displacement
of footing, and rocking displacement is caused due to the rotational movement of footing. Figure 7(a)-
(c) show the variation of these three types of displacement versus HYC and IENP. As HYC becomes
higher, pier deformation decreases and sway and rocking displacement relatively increases. With
respect to 1IENP, rocking displacement remarkably increases compared with sway displacement. And
also, the ratio of sway displacement to rocking displacement does not vary with the variation of HYC.
It means that the relationship between sway and rocking action is independent of the pier strength and
the ratio of them is defined by the period characteristics of the system.

Figure 8(a)-(c) show the plastic ratios of each component of the system, pier body, pile head and
soil beside footing. The plastic ratios of pier body and pile are defined by the ratio of maximum
curvature divide to yield curvature of each component, respectively. The ratio of soil is calculated
from the maximum shear strain of the element and the standard strain for Hardin-Drnevich model, for
convenience. In these analyses, pier and piles, modeled by beam elements, have the elastic
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characteristics in shear, therefore nonlinear behavior in the direction of shear, still more shear failure,

cannot be arise. And also, the ultimate moment or the ultimate curvature is not defined in their
~ restoring force hysteresis model. Therefore, The maximum limit of plastic ratio for pier or pile is not
decided. It can be seen that, with increase of HYC, plastic ratio of the pier body gets lower value. On
the contrary, the ratios of pile and soil become high, as can be seen. This tendency becomes strong
with increase of IENP. Especially, when IENP is equal to 1.0sec, the plasticity of pile is very
remarkable. From above consideration, the damage shifts from pier body to foundation because, when
the high strength of the pier body, piles and soil absorb the seismic energy that might be absorbed by
the pier body with low strength. Therefore, it indicates the importance of considering the balance of
strength between pier body and foundation in the design of the RC pier system. It depends on many
factors, such as the characteristic of seismic wave, the direction of input, the natural period of ground,
and especially the relationship between the period of input wave, ground and structure. Therefore,
further investigations are needed to evaluate the interaction in the system quantitatively.
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3.2 THE EFFECT OF SOIL PROFILE ON THE RESPONSE OF THE SYSTEM

Figure 9(a) shows the variation of the maximum acceleration of the pier top on type II and type III
ground, with the same value of IENP equal to 0.5sec. As mentioned in section 2.4, type III ground is
softer than type Il ground, as can be seen in Figure 3. Under the condition of softer ground, the
maximum acceleration takes low value compared with harder ground relatively. Figure 9(b) shows the
variation of pier deformation, sway displacement and rocking displacement, calculated following to
the same principle mentioned in section 3.1. The tendency of the variation with HYC is almost same
between the cases of hard and soft ground, but the proportion of these three types of displacement is
obviously different. In the case of soft ground, the response of foundation surpasses the pier response
relatively due to the low stiffness of soil.

Figure 10(a)-(c) show the variation of plastic ratio of each component of the structure. As can be
seen, due to the low stiffness of soil, piles and ground indicate large plasticity compared with pier
body. Analytical result shows that severe damage is found in the surface ground, as shown in Figure 3,
above the engineering base. Although the soil layer deposit used in this analyses is very extreme
example, these results indicate that nonlinearity of soil cannot be ignored to design and to consider
the seismic behavior of RC bridge pier
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4. CONCLUSION

In this paper, the seismic behavior of the whole system of RC pier, piles and nonlinear ground arc
considered by performing 2-dimensional FEM response analysis. And also, by varying several
structural factor and soil profile, the effect of them on the behavior of the system is investigated.

(1) The analysis of the whole system contained the nonlinear ground by modeling actually damaged
RC pier is performed, and it is confirmed that not only pier body but also piles and soil are damaged
in this system.
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(2) From the results of the performed parametrical analyses by varying the structural factors, with the
increase of horizontal yield coefficient, the damage of pier body is reduced and it shifts to the
foundation and ground because the seismic energy is absorbed by foundation in such cases. This
tendency is more remarkable with the long equivalent natural period of the pier body.

(3) From the results of the analyses to change the soil profile, the response of foundation is much
more notable than that of pier body in the case of softer ground. And also, the soil characteristic is
effective on the behavior of pier, much more that of the system.

(4) Because the behavior of the RC pier whole system might be strongly dependent on the period
characteristics of the structure, ground and input wave, especially, further ipvestigations are needed
for evaluation of the interaction among the structural system under severe earthquake.

ACKNOWLEDGEMENT

The analyses in this paper is performed by using ‘NANSSI 2D’, the 2-dimensional elasto-plastic finite
element analyzing program for soil-structure interaction, produced by Kozo Keikaku Engineering Inc.
and Jishin Kogaku Kenkyusho, Inc. Special cooperation provided by Mr. Kazumi Yamamoto, Kozo
Keikaku Engineering Inc. is gratefully acknowledged.

REFERENCES

[1] Soil-Structure Interaction : Architectural Institute of Japan, 1996.3(Japanese) )

[2] Specification for Highway Bridges — V. Seismic Design : Japan Road Institute, 1996.12

[3] Kunichika, M. and Toki, K. : Study on Seismic Design Method of Bridge Foundation, Research
Report of Earthquake Engineering Research in Civil Engineering of Kyoto University, No.86-2,
1986.5(Japanese)

34



'ERE

BETL, BITOFREOKRIEZITo> TV 2,

L ELsIz

| REREECES DIV ) — MBEIhE
EZT, 2O OREBDEEE ST B0
HEE HHE LTz S EEHBEICE ABMEHIC L B
Rz OyFLTBHOARLT, HBOIHIALD
OB AMEIEEIC D RET B EZ 5N ET,
COFBRFEFFIEOTETC L o T HGEDOIE DL

R BARMETET 25D TH Do FEEOWITTH
R LSRRI, AT LT & B <t
BHBNTND Yy, REERFHENBICES>THES T,
RC HSEMIOBEHII D IAZ N TND LI E NS, F
SREIC B AT T A D L BT B Y,

DR YRS SR OIS B THh D L E
2BNDo AWZEELLEDBESN S, it E TEDIR
BEHTTFEOME L 2SR RIBX, BT
BLUZIAHRIC DOV TR - AT E R & T 1
HOTHD %

2 . RCHMDKFEHEERER?

HIFRIRHI BT 2IAIEOER L LT, 2BHD 5 A4
I HHEEREIC L HHEEE SO AN, BLULE

i8R IZ 5153 R CHOD
ET DI BRI BT BH

BOMIsa Y- BELF ESE Y & OGRS

T BEREHF ITFHRHRTFER (7T338-8570 HERFMM FARKXLR 255)
ERE I HERFHEIR IFEHERIER
PRERE BMERFEARER EIFHERERIZEER

XL, RCHERE - R ROBEHHIBHEBEB LUVRLEDHEURANES X 2XE2TME T 2 FTHO
Wiz RIEZ, RCHU—MBEROETABEIC OVWTERNB LURBITN R 2T > T\ %, EEBRITIFE
EAWEEENEERK TERICERL, TOPICHE LAEE RC RICH U TKEEARERE T
D7zo MEAMTOKEETHRECHBRIIBT INEEOERMER, MOZTZLEFIODVWTERE
MATHWDe iz, EREHIEDETCIRTERBAERERBN LT, EREREOBEMELCOVT

Key Words : RC pile, Hysteresis Model, Earth Pressure, 3D-FEM, Equivalent Damping Constant

ERGSEDIGEIC L AIEENDBIT oD, AIEIZDNT
ERAM T E AW REEEER, BEICOWTIdHERE
EDEMCHEIKEHFRFRBROI TIThh b Z & D%,
FIRFIZBNTIE, EEEED S DI AIC L 57E%
MEL, WM BIT 5 RC DK ET

Dto

()R E -

EEREE OB ZR — 1137 T, 152cm X 100ecm X
150cm OFA SRS T4 IC RC HERBRGA RSB L, &
X 2m OfIED S YE RN (HRI) 2EHE TS
VORI 2R Uiz SR 2R - 8518
MOFEIZEHETOAE L, ABNREDEDIETH
NG DE Ul BUEta RS, KNSR LD ISHE
IS LT 7o F 2 2—8 I K BKEREERER 1T o 1=,
AP LUFEREO—% 2R~ 1107 T, ABRIL4
r—2& L, WHAEOHER, WA, ARkt E S
ZA—48 & L= RCHUBERAIL 10cm X 10cm OHMH
e L, dliFaskiig D6 £/-1d D10 DB & DA
D 2em CEIHL, R¥—F v 712 @32mm DA ZE
Rz, 5T Tl SRR E TOREIE 125cm, 75
BMETI 150em TH B, T2, FIDOES HEIVT A3
BLUHESFERAET DI AEREB L
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) - FHIEZHET 570l FROREI EE% %[:J
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Specimen Cross Sgction

(2) 2B ER of Specimen
a)VISEEDIZ 610 BT E ~ ERAHF

BB — R BT BT E — KA DB

#X— 212, SP3 DEEH#EZX— 3IIRT, SP3, 4 i

IZDWT, T - AR HIHFRREOHIAHE TH > S FEm | S

1, B 2 BV TRIEMOH DL LR LT o o MY S

SP23 IZDWCII R I DFEIZ L D, SP1 LD B K i . Cell s

S HEMERL TS, F7=, BF#EETo/ SP- | Model =

12 TR SO BRI C I DIz U, E AR 51T [ ]oround

= SP34 TH B & HIFFELELT 40mm (155 CIRELRE 1 |
REDRLNBDONADD, & 610, BEHEHETo- 1520 Ynit :mm

SP2 IFIEGRFREZITo= SP-3 {THh~, HEEE(NI M—1 =EsEEme

60mm FEETHE 6 ICHEAHEN LT BAEDEZ N

2o CHSEALEREDRE, & 5ESCHARLS =1 R

FRIRT B2 VD, FRETHEKDE No. Rle_zf]gf:ed:::lt C’;Storn:r:gj’:s Ground| Type of Loading
EF TSI TUVEHIER AIZBM VLS AR =5 — o T o T e
L, 2FE UTHEDEBMDEE T H L RBDICHL, B SP-2 D6 442 MPa | Sand Monotonic
FEAR DS —ARICER L COARERAE TR 51 SP-3 D6 453MPa | Sand | Reversed Cyclic
BRANTESESNRN=D, FEMNEINLTHLEE SP-4 D10 43.0MPa | Sand | Reversed Cyclic

Z6NMb, B—3DLS5IZ, RC HIDEFEILEFED RC

AT LIFIED N ) U S PRICEINDDS, &Y A VL0 80 X SPA
BRAEH SR EBIAT 5 L BMICHEMET L, X g o
SBIELETS  LHBP Do COREICONTE g %07 mespal T
BT 505, FARSEICOADBARLEDHI, B e Lt
HRHICETHE A E OMIRR S (TabBEMLE) 5 i;n* V
BELEILICEBHDEELHND, g 2° “é*;b&xxgg;&;gxex
bR B T oo Phoxx o
FHOTAHL DB L ROFES AaiEsfzX— 0, 20 40 60 80 100
5 (a)(b)t:ﬁﬁ”o (a)éi%’f—X@fﬁEE'E{ﬁ S50mm H# ’ Displacement, mm
DA, (b)Eid SP-3 IZH1 BZ{L 10mm~50mm H—3 58— HEEOSkine
TOHESFDELET LTS, SP-12 DHEDS,
MO ODFETEIC & > THEIZERTIC S BME L S DR 60 — e

BOIRVAANS T TR EHND D, =, SP34D

HEICED BRI LRSI, g
by URERMBIIRNANY T TR EER B, A g 20 -
OB DOWT, HEPIZE Y SHIE SP2 & SP3 T £ oo .
BitoTUIN 2, EDLIRAAZILTIOEEH S Lol /7
FET BIITONTILE 572 BRE DRI D Do g/
CHAREICIER T 2% @) /E 4.0 1L
PUAEmICEE U TGO L > CEtllx =248 + -6.0 B o
FEREOER#FRZ R~ 6 (a)(b)ISmd, TEFHIHAE -100 -50 0 50 100
FEDS Sem, 35cm, 95em DFESITEEE LD, EB Displacement, mm
REfEP, HIRREOMETEIC T D EOEADE -4 #E—EHmEgSP-a)

S NHETREL ol /=®, HREEIET 2, SP-34
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100 - . XX Y G

20 - OO Xo_ 0 Lol
: . | SP-3(+)| |

15 00 05 10 15

Curvature, 10-3/cm Curvature, 10-3/cm

() ZE 1 50mmBF (b)SP-3{Exp)

B—5 MAOFRSAMBES
DWW T A EORERRZ R UR EICR LU TH %0
SP2 & SP-3 BT B &, SP3 ICBWTIEFEIC KRS
SHHHEIER L TCND I D5, JHIFERE
HHEITS  LIC L > THEDHOEDIER 2T, &
Be UTHUKTEOHIENEIC Ro e E L 5N b,
B AR Eie D SP-3 & SP4 TIFEEEREDR S
hiaehoizo Fi=, HEE 35an IZBWT, HEAZ 40mm
~50mm I C—ELEMET LT DD, X 95em
TIEZDERADRSNER, K—4DEREHFEEZS
&, THUTEE 35em~95cm DRITHIADPER LI=Z &
ICHERT 5 & EZ 6N Do HilABHAER, %S 35cm Dith
BTEBECLEMEMN U 258, S 95em ICHBWNT
I HEDEMAERT B L2, JHud a) Tilxi=L 51
e o DHERIIE L D TA TSRO NE b,
FERAI R T 2SN Y UED S EADR
HATHESINA-HEEZ 5D,

-140

0.0 05 1.0

3. 3IRTTHIREFREER

(BT FES LUBFET L

LUEOFERIER % L ORERATIIC B RETH B0
BT 5728, BERARETHBI N 3WTEREE
70y S L COM3 ZRWTHIMT 21T 2= R— 712
FRATIC W= B AEIR 2 R RC HiE 3 It RC 33
F, NI 3TV v REZEAWTETIMELTY
%o 3T RC FHEZIL, W7 - by - Bz 830
> 91) — NOEREFEET )V, Tension-Stiffening 5%
ERLU-SEREREETIV, bR - HiEmEBL O
N DL AR EFRIRL S DEHHEREE TV Z/AA
ATE RC 3 WTTHEBMERSARA VD EA T N TV B, E T2,
HREEEOEAT TNV & UTHYEL - $TICEA R
7% Osaki EFIHEAZI N T Do

Restoring Force, kN

Earth Pressure, MPa

—6(b) MAERAZRBHLED

0.25 ;‘ - SP-2

| | —e—SP- 3(+) G.L.-35cm| |
;' ;:~I~SP4() : /.j'j A
0.15:—;_0..3194() " RV
010 - ra;g\,/__ ]
S:UEI,BU ) S
0.05 L - -~ -2 ;_~::--_ PRV S
| QQQ;x,x XXX
0.00 FREZ2 ! !
0 20 40 60 80 100
Displacement, mm
—6(a) MARESHLED SRR
010 —f —x—8SP2 L ;
|| —e—SP-3(+) ‘| G.L.-85cm
§ 0.08 - - —O— SP-8(-) i~ - nl-, .
@ || —m—SP-4(+) j ; ,
5 006 -~ _g_sp4() - -om—R -
a | ; /. H
o0 H R .
2004 - oML
o BoD——«Dm—Dm—mU
£ 'Y
L 0.02 - Q.QQQQG{)Q"Q“QTX{)X ox
g @8%
0.00 « ~

20 , 40 60 80 100

Displacement, mm

B HER

RC Beam Element
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H—7 BBV -EZSEELETIL

TsPacay L
SP-{(Exp) |
20 | o L
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Displacement, mm
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RS

(2)EATHER

X — 812 SP-1,2 DfHE —ZBH%R, K— 912 SP3 D
FE-EEREHRE R T, JhoDREED S B
BLUBRHRRICOWTIH 2IEEERER LB CE
TWBEEZDY, BENL—7ICELTL, EBRERL
DIEEI NS VN —TZ N TS, ThOREICET
LERIIHINT B, SP3IIBIF AEMAEEROE(L
ZE—10IZRTH, FRICHANTHEIVNE < FHlX
NTNBIZEETRL TN, SRRV HIERISE OFHE
FHEEHLTDEWEBEDST 58, ROHEREE:
FRECRIEATRETH ALEDH D, TOHIZODNWTIES
BHROKMDHDEEL Do

SP3 I BIF shkFEs AAMEAHER— 1 1127
T (@) &ED, —ZR (SP-1~SP4) {ZHIT 3L
VOSBEMNBOERIC DWTILZ OMEAZ BT & T
50, (b)RDOMIESRER— 5 LHtET &, Btk
SUEEMBHIERL D HIPMIBE o7z, ZHZ, B
BON—TDTBEL GBET DI LN FEIND, ¢
b, [EERBERIFCRE U omoEDES,
BLUTh & BE U= O AR OB 2885
LENTWRNWEEZLNE, ZOSIZDNTIL, RC
BAEIOF = v 7 HBOTESES SITHETEITO LEH
b0

4. F&H

A TR LN HIB 25 L CRRI DRI L T 5,
OHIBEIZ57ET 5 RC HIHHSE H DRSS 23T,
FBETOMN LD HRERETHERED, £, Hik
ICRAET BB b L OB RO £ > T E
169 ‘

CEEERIZ BT, FAREMMETS & & CHIERD
ttiEsEEDERD b T HEAERT 2EEHES N, &
hHHUEDIBEEE L kS €5,

@tz RC HDETTHHECDNT, BVEETF
B BRI DV IR 2 H IS EETETH -
=9, ERTCELNHE—TIEEOAS I —T %
AT 5185 ik o, BRE LT, @i
LI gD ED DR A E N HEZ 51D,
@OLEE LT, R& L TORERE SRS
VIR SRR 52 B2 s, BLOHEE
FVEFHMRT LT BENDH B EEZ 5ND,

B - AR BICBEL, BIRURER 20T
OHEEICL D, BIRERUT 7075 L COM3 Z{HH
TIETCWEEEF U, S LTREOEZELE
T, F2, FRRICED-TIEW=EH #E GaiEsy),
BRRIZEE (D) (CRBOEEZRLEY,

6.0 .

SP-3(Cal) ‘
00 SP-3(Exp) |~~~ ==

Tl

Restoring Force, kN

VT o e e e e
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Displacement, mm

—9 HE—L{LEER(SP-3)
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7 o

Equivarent Damping Constant
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20— % sp1 20
0 - - | sp2 0
-20 = - - ®- SP-3 -20
e x & | |—l- SP-4
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() E L 50mmBF (b)SP-3(Cal)
H—11 MAOFRSAMHEST
EEXHR

DfEFHHt « EMIARIT 50T 2 kD 22 FK ISR, oA
igekt, Vol40, No3, 19983

2)EEE, 4%, BT : RCHI— AR MIRERR SR B L U 3T
HBIRIEEARNT, TV 7 ) — b IEEIGURES, W21,
SRS

HFE, Wi, Al Fiber Model 2 U= 3T ERBEEESHY
FRITIC L 2B AEA IR ST % RCEHOIGE, IC1 N84
DEZDBUKIMER) [CBT2 R Y T4, 19988
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HBEPIC BT B RCMDIETHREICEIT 3 HETRERS L UFEHT

t BISE (BEALRBTER)
IR (EEASRBTER)

1. Lol

TR 7 EEBEEERMEICENT, EE < DI 7 ) — MESY BRI RIBEE 2,
I RCHBIICDWTI, BESEEDAR 5 FHETO RC EBHICHBEE2H T3S
D% < RBI SNz, BITOHEEE RCBHOBREHI BT, £ THMEAEDEEKT
WMHEEEL, ZOKEMACESWCEBEOKEMNERE L, £ D HIBHEEE
EIEBE BB L WS EESHCHEAMNTOATN S, UL, EROBEREH S RCIE
BRI, BHERRDOESOALZ ST, MER-HEAORENROBE T2
LhEZ LN, TREERICHEL > 2 FHEOBIFEHETH D ES L B,

RC &Y — B — LA AONEFMFEREE LTI, XY/ Oy FEFLD L
SRLERR (FAE1] 27 V—LFF)NV HIZIE 2], FEM E7)V [(H1Z2E 3] &, #%
COFEFRES BT W TV 3 EEOHBESFIZBNT LS < OWEHIBES N D,
FOIFELACIEIERICEEEZZT-ERBEMZ TV LU TEITZTV, BOoN-EBER
FEEQBEFEEL S 2PEPEVSEEALS, BFFEOEAMIEREN TS, &
FREROZSMEOFMTBENEY UCHSICEETH S - L IZAMNOEETH B, DI
DEMBERICRE LS 2RARESE, YHRHFECEDL > 2hEh £ L I IR
HTANENHLEELLND,

R TIE LD & S REED S, RCHBESEAD AL S T RC H— 8%, OWTILEH
— BERE - M S R DB S E) £ KSR S L S 2 F OB ZIRICRIEL, £7
RC B4 — I35 O BT R D ETAMERIC D\ T BRI - RRATHOME 217 > 1 R %
FETZHDTHD [4,5]

-
k]

2. RCHOEHRKEHTHER
2. 1 SEBHEE
BIFFE TIT o MK FRAABROEREEHMEX 2 X —

-1 EEHNo0
1IZTRT . 18 152cm, BITE 100cm, FEE 160cm DFHEIR & B FHENE

i ) BHE 2.643
TP RCHARAEREL, B 1IORT L0 [E8 o) 444
HEBOLRNOY — L HESFEAT HRR (ep)  LaaMbs 1298
(612 2m OHEN 5/ y P EAWTHEG TS ¢S [BH®) 59

N l/l,\/\ (%)
T LDk DR E R L, 2O, Sr—XBTHE  eaa '

DREEE —RX B 20, DORETIEHEETOARICLE S AR (mm) 0.84

) B 60%$i1% D60 (mm) 0.35

DL L, ABRNZEDEDIZTHORVWEDE Lz, Bt 30%%51% D30 (mm) 0.31
- " SR .

R TH, 7052 T—F BAOTRBMICT L TEMH (a0 m) 02

B & KRR AT AVERBRAESLUE=RE [ S0MEEE 1.126

N e 0.717

Ho—EEZR— 2107 F. mMERIE 47 —X 1TV, HEEDHE



#, #f5%, RC Ao Rt 2
N A=F & Uk, HikER&EIX 10cm X
10cm OHREEREEE L, #5RSEHL
LTD6EEIEDI0ODEREGZIEDE
2cm CTEEL, BWHSHICIE $3.2mm @
WRZRAWTW S, HEBRRED S HAT i
FTOFESE 125cm, #EE A S TiHE

Tl& 150cm TH %, F 7=, HBREITIIHE
DRSO AGHCHESFEEET
27010, HERAEREE ARV T A
T—U BT L, MEREOXE - ZEH L
EZHETZEHDICHPOMEIC TEE%
HE L.

DD - HERRO (BER) ERIC
B LT, —RICHERICERET 2MERE
ERZH 6 AST HENLERE 12 L 288
HBED (BAN) R L EEEOREIC
LBEETORNADELEEZITHEEDN
TWBI DS, ZNHDOEEERRAND
DIZ, FFICODVWTTTAN TEZ A=
B ER CIRBER (FIZL 7], BEICD
W TR I AR [ 7E D S CHUEEK 8T
HEr (B2 8,9] MTbhar—29%
W BRERRILZOBREFICUTUIEDHDT,

x—2 ERT-X

No. |BBTIE| o | R | EEmR
SP-1 D6 419 gL | —HMEH
SP-2 D6 442 | BBR | —HHEH
SP-3 D6 . 453 HEW | EAXE
SP-4 DI0 | 430 | B | FEAXE
100
T PR 0.0
o
= 2
= D\
Specimen Cross Section
of Specimen
'l'ransdl.lcc-:a;L . Actuator
T JeHHC T [T
]
Specimen
c j ] 5
o 8 3 Earth =
S ol N Pressure 2
- Cell IS
" : g
14 Model o
Ground
L i L
1520 Unit : mm

-1 =XREREHE

LEEE D S OB L DR TR ENESIT A L EEEL, HBSEL LTOER
IR U ERIECOREMERBRE T om0 ELEHEICBNT, MEXIBEMETSH D,
BRI 7 —F > VICHE S W CESEEMSHES N REICH 20, SERBEDED,
FEME A AW CHBERE 7 ) —D&E T CEREFT>TWV 5,

2. 2 =EBEZR

(1) WEERH—EHEF

BB — R BIT B HBER N — N ER
DEEHBEEZR— 212, EARBHEZTo
7= SP-3DEFEMEER— 3ICZhZFNRT,
SP-3, 4(ZDWT, EM - &HlE &IZIXRE
EOVBERAMEREINEZEZD, —2128
WTHIEBIOADELETRLTWS, D
FELBRWEHTHERE L SP-1 IZHh-x,
SP-2,3 DA DMK HDFEIZ L > THEE
RADBKELERLTWS, F=, BREEH

8.0 — —k—SP-1
—3¢— SP-2
6.0 —e—SP-3

Restoring Force, kN

0 20 40 60 80 100

Displacement, mm

K—2 #HERHD—-EHEFROEHEEHR
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1T o7z SP-1,2 TIIHADBEREAMEE TRV 6.0
DI L, FAREHTE{To~ SP-34 Tk
B 5 HIFTELNL 40mm fF3E TR SR A H B
Bhd, R—3TRENBLSIC, RC HoER
HEMIZBED N ) ) SFRITEINDD, &Y
1 TN bBAREND SRR £BIE L BERICE . gl |
BICHBERNPETL, RERBEEMERT 0 | .
DR B ZOREICOWTEMIZERE T 5 M, e o2
BRI RRESHCHASOMER N (F4b o rmeemmm
BEBLE) FEELEC LI L s brELy o DR RERERREPS)
N3, FEEN—TD5EE LSHRERED 8 [ ———5
BEER— 4IRTH, BREICIE 0.2, B&Y
A7)V (FBEENL 95mm) Tl SP-3 ¢ 0.3, SP-4
TO2BEILETCELE.CDLIBRKEREE
DFEEG, Lk U E OMER HARE S &
LTERT2 L CERTBEEZI AN D, Displacement, mm
(2) VUEhRRE RS F BRI F -4 SERSRSOE(L
SHBRADRBREDVCENRRER — 51
TF o SP-1 IR TIE T A S RiBEMRLE L 25

Restoring Force, kN

_____________

Equivarent Damping
Constant

0 20 40 60 80 100

- EEG~E$** e
TWBDIZX L, SP-2 Tif G.L.-60cm DI E S BN E T
TRORERVUENFEL, BOEVLEL T B & Hled
HBVUHNE GL-Wem Thor. 1,2 [T 1 EH [
B#EHET o/~ SP-3 TIIASRIBED G.L.- - is § B5
30~60cm DEEMNTRELTHD, BEAE o = N
DENC & HEBRROERDFER 2, BHE N == -
BEBLORE D SP4 KBV TIRASROTE 75 [0 [ [ [T
NOBEEFED G.L.-50~T0cm L >THY = =
SP-3 Tt~ B LIEEBLAEO A7 00 [0 B B
LTW3, SO LEHEOREL, 0T = F o E
FUAORIEIC &> TR BT aHE0E] P sp2  sps  spa
WREEDS R D L 2#MEE>T W B, H—-5 DUEHKR

EAMEBHOTAIDEE U ERGKOES A

MRS HEER— 6ICT T ()KL E T — X DHFEELL 50mm FFOEIES, (b) X SP-3
BT 2HMEEN 10mm~50mm TOMEAFHOE(LERL T2, (a)KIDOMESHILR
— S5 DOUVUVEINKHEIFIF-B LT B, F/=, SP-1, 2Dtt#E L b, EHEETLI &
ICE > THEBRERMICED B VO RBEMNENERVAANT 7 VT 095, SP-3, 4
RHET 2L, HORENEWBEICBWT, bV URBEMBIIEVWA~NY 7 MTBEEX
%0 SP-1 D7 —XZRIME 0 DHBHICEAELTVWEHDERRL, SP-1~3 IHIF LA YESE
DORMEEBFELTVWAI L ELEZ DL, MEMBEORMELI NI VNI, BV IBTENE
VINEETIEHIDEEZIOND, F2, ORIIBWT, HEHRIEI/ NS WIEEILEER




RARDIEBENENVIBER>THED, R
TBDEKIZE > TRLICEREDFEVHA
VT RTBIEDBGDDB. THIIMABEER
DRI K > THEEEREOERN T A
~NEBLTWEHEEZI NS,

(3) HBOZERLZEHLTE
MEBEEEDOMAAREORIEL UTHRET
NEL, FLEARE#HE 21T o7~ SP-3,
4 IZBNTR—-TIZRT LB T HEHRD
WFBELEZETH D, JHITHETRIE
DIERIZESTHRLICKEL R >TNE,
BREENIHUED S 15ecm FREDEHEHICE T
KATE o THIUTEIRTDEITICRE - THERIK
ADSROFMAICEDBEVE L, ZEE(E
H) CixpER, XEHE () TIXiTH
HBET B0, HEBRAEEICHIEDIAA
TWE, FUKEEBICBWTH HFEORMOE
DEREBEELTNWBBHDEEZI NS,
BE, SEHIIEEHEOTRE AN =ED
ICHBRERE D AR s Nz, FEEED
BEld I DL D ICHEICIZERNZ N & T8
TN bo
WUREEICERE U= TEFHI L - TEHE
INEZEHTEBEOEREHEEZRX— 81
RY . LEEHE GL.-5cm, -35cm, -95¢cm
CEE LR, EEOLS ICHEERTT
DERDILTHRE L8, G.L.-5cm 12
BT TETEETRETH o=, SP-2 &
SP-3 #tt#d 5 &, SP-3 DAMIEEIZK
ErZ@EENMEALTEHY, Zhid b
D L DI RBEEIZ L > THUEREE AR A
WOBEDIEREZIT, BHEOETIEST
BICRH>ThWoEHEEIONDF T/,
8175 FISERF DB 72 B SP-3 & SP-4 TIdH
AL 40mm (PERENL) FTITEERE
BRoNEDPo=H, BRUZOEMNE
SP-4 DAMNKEN -, THIE(2) T~
=& DI, A ESEL (F=IEHEDH|
M) IS L o THIERIC BT 2 EAREEN R
BBEHEFEZOND, THIIFKRETAE
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R & LT, G.L.-35cm 12 BWCIZMTEZ L 40mm~50mm &0 ¢ HEH—BE T UEER
MLTW32, GL.-95cm ClEZ ORI RSNT, SP-4 DERIZRWT, I 40mm LI
BRIZIF—EDTE LR >Tnb, (QICBIFZBREEZELIHMHED L, Thid GL.-60cm {43
TEME U UPRELECEICERT 2L FEINS, T2 5 GL.-35cm (BfEr > ULl
&)T@mﬁmﬁmﬁi%ﬁ%”&meé<ﬁ%f®um@ir%ﬁT?60b#bﬁﬁ
by IUMEPSUEANEEI NS E—A V MIIFIF— if&é%f’&)\_, G.L.-95cm (¥
//uw)f@mifuiﬁmﬁ?,;@u%zwm@iré E—E b, MBETOH
FHRIBO X 5 72 2B, MBORAOEMEEME L L VUBORECERSS NS =
&, GL.-35cm TOZBLEIIEELRZHROA EICH 5%,

3. 3RTHBEEMT

3.1 BFFEREEFN

BRI EEYLEROE LM & THE T

BROCK, EETEBMTFHEME B ) ] A
UTRIENBETHELELOND, A
ETRZOBEANS, SEfFo - ERERS ,
YO £ TRATIICBEATEE T o 2 b 2k RC Beam Element

A—A — .
BB, 3WTARERBTEIT >/, | So) Solid Blement
FWETOY S ©MIRRAE TR Nk N

gay sV — MR 7T Y5 A TCOMS,[10]
THbd. FBATICAWEERSEKZRK— 91
T¥. RCHIE 3t RCEERE, ibtth#z# 3
W) v RERIZEL>TEFIMELTW S,
MRESIVE LT, 3 %5t RC RERICIEHE -9 BMTICAVERSEILETIL
w—IRE-BEE 2037 ) — M OER

JAFEE )V, Tension-Stiffening $E % E 8 L5 BBETFV, R - BRERES L
N DU A—HREER UESFERETT IV EEMAAK RC O 3 RTHEBEM#ERAI[11]HS
AN T3, £/, D 3wy ) v RERIZIIWDE T - #6811 A7 EE% Osaki
EFIVI2]DEAREN TN D,

3. 2 RMTEZR

SP-1, 2 DHFER S — &R =R —101, SP-3, 4@ﬂ%%ﬁ%l~ﬂkHSP3@@
ERIfRZ R —12 IZZ N ZNRT, CNS DR S, HFRERS L OB RGO B &
BICOWTIIH IIEERRERZEMRTETNDEEZ DN, Eﬁw—7kcmti%&$
FRICHARTIERITNIBRN—TE2BENTNWS, =, SP-3, 4 ICBIT32EMUAERBOEL
ER-13ICRTH, EEREEE U CERRENESRBEICFHEES N TWB I &Wahr3, &
NoDREIFERTHRE L VEENEOBOEDREZLEDYHHDLEIGND, T
Db, BITTHWEETIWVEH S ETHHBEEXRE LTOMBETIVTH D, FREDLSD
CHEEMDPEEL HIOTRETEZLIRMREZLCBTIETINEEATILEND D, ¥
FHNIHBISETMADOBER E WS ET, ROFEERMEZ EEICTMT 22 L IE0EART

43



6.0

8.0 , ,
——_SP-i(Cal) | . ; : —__SP-3(Exp)
< 6.0 X SP-1(Exp)| ! f ) o 0| ——sPaca)
¢ OO I e—msP2(Cal) [ 77777 Z ]
5 X SP-2(Exp)| | ‘ ’ g
. 40 |LFr===F====g X~ X X2t b g
2 | . g
5 ; ! , : g
g 20 T TR K 8
c X , a
X : i} z
0.0 LXXX , e A
0 20 40 60 80 100 ;
Displacement, mm -6.0
-100 -50 0 50 100

M—10 HMEERN—ELHEF

Displacement, mm

H—12 MERH—ELEER

8.0
z I

p 03 | O SP3(Exp) | .

3 —m— SP-3(Cal) ' g ©
& 025 || A SP-4(Exp) __T__E_Q.A___
o ——SP4(Cal) | o :

£ i

= ;

@«

[23]

o

Displacement, mm

®M—11 FEERN—-EABHHR

Equivarent Damping Constant

0 20 40 60 80 100

RTHYH, TOHITDODWTITEEY) — AR Displacement, mm
DEFNHEDHTSERIORINSH B, M—13 HMAEREOEL

&4 —ZDWHEEEN 50mm KB BES

FHEEIES B LU SP-3 0BT AL

10mm~50mm OWEAFOEMEE-14 Y gy
AT, @E&LD SP-1, SP2ITONTEE 2 N o
BRE & —BUEHENEHNBOATNS. £ | 40 |\ [~ 50mm
LU SP-3, SP-4 [CBALTIE, ERICHBIT £ w0 | © 60 |\
ML VREME LD HEOVIETHE S a0 0 |1
BREB>TVWD, 12, OROAHER— 100 | | 00 || LT
BTy, ML L UREMENER 0| & 120
BREDGENMIBEB>T S, Cozy 0 T T T
H 5% s 7%% ) J@ b?,‘zﬁ Iz & Offﬁ_bﬂﬂ/‘jﬁfﬁ% Curvature, 10?/cm Curvature, 103/cm
MPI—HBRICRE LT, COREEHE (a)ZE£150mmé% (Cal) (b)SP-3(Cal)
TNCEHE L C RV EDICERPEDRVD K—14 HkDFRSHREBED M

DEEZBND, Tbhb, HBOHDED

EERTIZEFNDBEAINTWRWEY, BAIREMSEMNT 2 I oh TR id/ha <
HlENTCLES>TWBIENEZIOND, LLOBITHERPOERT BIZ, BRICBWT
BROESBRBEEIEELTWBEERIND, ThRbb, DEFOORMBRIIMNERT
BZTEIEoTHRRZCEIIFOED SN, R LTEAREOHEEE2ZT RO R




=
<
o

HIKRE B, WD 6 DEBHICE > THHED 5N, BERCHEEES
MURTH (Eh) PRSI, 2020, BERBCIHBER DS SHICETT 5.
RERER SR &> CEHT 2 20I01t, UEDL> BBESEEHEL S 2EPREF )V
FEATZHENB D, TRICOWTIL RCHERE], HEOALHBOBERE, BLUH
— HEEOBEMBOEF VED EH TSRS 5ICREEET 50

4. F&o

AHETHELSNEHMRZUTICE L TEBORTE T 2,

O HBERICEREXI N RCHUL, MBEKHOEEEZSIT HEALD HIRERETLE
Bo, £/, MAKICEET28M e Y PHABEMEMEBORIMELIC L > TEL L, FEDH]
HEBKEVFTE, FWVUBTE Y IDBRET 2,

® MBEAREBHEICL > THEDIZIT 2ZE LEIEMIREOEME HITEXRT 555,
ZHUIHLEESFHOED SN LICL2dDEEZ SN, HOEDShEHEIPSDOR
N L > THEDEEIEL #ETT 5,

@ HuAEFRICBEIT S RCHADELIIFHEICEAL T, AWAFTFEEIMER I —ZMER
DEBIBICONTH DEEEREBE T2 &P HEED, ERTCELNEZREREREN
—7EBRT IR EP oz, CORERRE LTOIRELEFOEOSRESKDR T ST
FWPHEARAENTORNWEDHEEZ SN D, FERNICEEYSERDMBINE 25T 5
FHEEILTIEVWHEADPS, RELTOHEREZENICHE T L PHETHD &
EZzoh, E2OMBEETNVB LU —HBHICREE L TWEREZMEICECEL D> 2LD
BREFINVEFMICRET T 2 HEDSH %o ;

@ EHELTIRBERENTCH 7=, HIZIZ DNTIZ U FAEEREN DBk EH
EELTVWRHDEEZSNTE D, BNELAIRE EHNETHFECESIPh DRI
BEWDHZHDOLEEIND, TOEERTSEIULOL I RBHNNRL SO THENFED
iU%?WE@ﬁLTM<M§#%50

Eif3 .

FIFRCTHNWEZOT S AIRFRRERNE - HROHERBICIVFEASETHEE L,
IR LTEHAOBEZRLE Y, £, BRUUED-THWEEHAARK (BEERFEX
Ehid), BH 8K (RELER), BLEER (EREHR) CRHOBERLET.

SE X
(1) L=, ERE  BREBOMEREICHT 2HEME, FAMEMERS
No.86-2, 1986

[2] &EBIERA : HEBRRAT /EIC L 21EM - MERROMERECHET 2%, ERT
ERFREFHR, 1999

(3] 4t Hish, BEIFESE, SEPAAE] : MAEDOEREMEEZEZE L2 R CBHOIERNT, 2
Vo) — b TREERFHRESE, Vol.20, No.3, pp.961-966, 1998.7

(4] EEAE, 48 RisE, BFES  RCH— MR ADOENEFRERB LU S RTERER

BRI, 200 ) — P IEERERSCGRE R, Vol.2l, No.3, pp.1273-1278, 1999.7



[5] 4 RisE, BEFES, SEXE  HEgdIo B 3 RCROETIFE L ERERICET
D, TARERSE 25 BIETEMRRERE, 1999.7, BEHFE

[6] AH %, EIBT, F &, LEEE, BRER  (KIWRETOBRREERME (K
BWE) O - BN, EHPRIFEAFERS, No.380045, 1981

[7] £, WWHEf : RELAMTHETO RCHIONEE - ARRIRHAHR, HEEEFEKX
SFEMHFEERISE, pp.531-532, 1997

[8] #H, LEM : RKEFAM LETOREROKEHERR (20 1~2D3), HEE
EFRRDFEMBEEBE, pp.525-530, 1997

(9] BHRXE, AMTEE, KEESE, R 2 i dic B0 2 Bio R 8K FHER
Bk, tARHMER, Vol40, No.3, pp.62-67, 1998

[10] E#AT &, 8illE— : §&8a > 2V — b OIEGARNT S BRI, FERE TR

[11] LEBES, \EMZ, ai/llZ— : Fiber Model Z AU\ /= 3RTHIRERFHIEITIC L
2% FAANEZIT D RCEHOIGE, JCI NEMEIHDE DR LEHER) KT 2
ARV LG, pp.359-368, 1998.8

[12]Ohsaki, Y. : Some Notes on Masing’s Law and Non-linear Response of Soil Deposits,
Journal of the Faculty of Engineering, The University of Tokyo(B), Vol. XXXV, No.4,
1980

46



RC 1 — &R DO IHREET HEHE LT 2R

BEASRBTEN L8 % AlE
HEASRBTER  ESE BN BE
BEAEAER  FESE BT AF

BT R B RHE I B TARNE CIREE ST EREYNE CEET B WO BRI, EROBHIC
CHEYORENBEE T AT E TR T 200 TH B, JOATERNERET o - METLMS 2
OO0, KEERFMINBICE>T WAV, RC HEYIOREHC bIEERENBERAIN D055
BEBr, BYURSSEEEEOEINSETHELELLND, K%K, HZETEHE RC HEYE
DISEREMT 2 FEORIHITRICRIEL, £ TERROETISEL R, BLUZOREBEI
CERIB LRI REREF o DT B,

RC #i— 18 RO FHARRS & UARERET

, | £—1 EREH
1 EREEBLUHEED

ST AR D RC MERR U SRAEREE, WEL [Sotro08 EREE 8 BEAE
1l (I BED) 412 7B U THERBBRZERL, M—1ICRT LD [sP2] D6 [442MPal ¥ |—HAHH
I L COK TR RRE T oo BREAE-2ICRTH 47— [ —oo (450Ul B | AR
12705, LLT SP-3 O#BREFICL > TERT D, MAILHITDHE
— SRR E B 21T . BERITERD RC ORHEL ML b o

Z7RETRE N, WHMKHERE (£ 35mm £E) SR
DORBZLDEHEN LETIMANROND. £k, BENV-TIIFE

1000

 Pms I[:J

KAE L, &1 7 VBCRE UL FMARERT, BRIHCE02, o : (R
B4 o)L (BAREL 95mm) Tl 03 BECECELE. SEBWE —

S BIcon, BREEEAC T D RROWTAE LR, s B eI
W DRI T R L O BN R RV L, B LU o
BIEOBOEDEEORI L3 0L EL N, £, B-3K g fééifﬁﬁ

B0 9 H e b B LEMOBES SEiiEs i 7D, WROFEES, I 5
STBHEE Y UREMEHSTIROES BT T AMANE SNz, f [ ] e ; 2

2 HIREZAT3) ' 1520
FROEBEY~OBAEEZ 2L, EREETRICHRTE B
FHROMMIPLETH 2, 22T, IRTHBEZRBTEZAVTSED
ERERES I2L— MBI LERAZ. BIMCEERAETHRSNMETOY S L TCOM3 ) 2RAVLE, #
AENTOBHEEF VOIS DN T MRS 611 B0 RC HUCIE SEARBREAL, MTME7 —F >
EHCREEREYE Uk £72, 02 0Fi&Y Y v FEREAVE. RIFP 5B 5N SP3 OFE—%
MEER— 410, B FAOMBAHZE — 5 IR T B E—ZEOEHBIC DV TIRIBREIC D 2 XL 1S

Unit:mm

-1 FEREER

——

BY, COZLRERNIIBEN TP HESINZEMBARSEFMSN LI L2ZEKRL TN D, TIN5
FEE LT, ERICBOLWTHAKEHFETRET 2HBORT, HOBEOZRTTRETERVWI L, BLY




FHEAE LIZMEE & B ER L ORIZS] «, 600 : = 30mm
EADERLTOBILEDETON, & §4m LN | T 40mm
EHERE TECART DI eRmRY o ° - b G -
51U RC HEOEMEFOEFNVICEEZ L0 “”4"+ {"'

2ETHLEXOND. g:g - f'"f”é&?
2. 3 MEPHEORLICLRE -100 -50 ©0 50 100 00 05 10 15 20
 BRYIME O E(LD RC HIDETTHFE L Displacement, mm Curvature, 10-%/mm

ERAERICRETREBEHSBLEDIC, # -2 WE-ZMHEF (BR) B-3 RIFABEIF

y—2DBIEERET o k. HOBTI L 600
sP3 YELE L, WBOMMEAMBEE 5 400
| RERICBUBEMED 00 (Ba2R L), 05, o X
| 20, 30 B K U CRBOBITET > Eog00
k?gtom—GE@%ﬁmﬁméﬁﬁﬁ,mﬁ & -400
R e @ ~600 -
kgg@@ﬁ%ﬁ@%MLibwiéﬁﬁtﬂb 100 -0 6 50 100 0 05 10 15 20
. CWBOSPDB. - TICHOES AE Displacement, mm Curvature, 10%/mm
é?@%%ﬁ%%iom¢o,@&ty9%$ H-4 HE-ZEME BT E-5 RSHRHEDS
| MEBRSEEIMEORICEY, ROIEA e
L BELTOWKMEBRET 5N, dRortEcEL B % “ »
g*ru,mﬁam@m&mcgof&iénaﬁwa% 8 400 —=—00G
& —+—05G
2 200 ——1.0G
g —+—20G
FARTHSNEHMEEUTICRBLTETET 2. & o —*—30G

) ERO#ERD S, MBERANICL>THOEME 00 200 400 600 800 1000
. N _ Displacement, mm
PUOBHRNBMEESTCERLIBLWAAAEBITTLZ L

H~6 WmE-ZHEFROS
PHERE No SRIEFIEECR R 2 IS D Y | MR- RURRO DR
—ZIDWT S ERBRH £1TS5 FETH B, 0 pem

@) RC HOETAEBLC, AOLRFFEE £ ose
ROV TIHERE L CHERT 2 I EDWR2D, £ —5— 106G
BEN—=TZONWTESEURT 2 LEDBH B, g—mw :::32
Q) MERKERREToOLGER, BEL LYY -1250

BRI A MBI O I SICEBE L, 00 05 10 15 20

Curvature, 10%/mm
BOHEMEI E HAZORIMLLICIKETZ EEX 5N
K—7 REFRAOBEIN (Z{I40
BN, THhICODWTKRERZRHZET S, * =3 (%L 40mm)

| BE AECBLTERALHIE—LBOEESIC LY, ERERRFN 70754 TCOM3y 2HASETOREES
Uk, CCRRULTRBOBERLET. £, ERCMD> TOEEWEREASREHHTRESSEE, (4 B8 (8§
 tiRER), BRRIER (ERRR) CEMoBERLET.

| BEXR (1B BRI B 2 B0 R RKTRERE, TAEFEERN, Voldo, No3, 19983 [RJEHI : A%
 PAW T TOMBEROKERSRR (E0 1 ~203), HERELERLMRKIEME, pp525-530, 19979 [BIEEF, 4%,
247 1 RC M~ BROBOREERB LS RTHRERMIT, 207U — PIFERBREE, Vol21, HEDP MHE
ity : {RIGHRE T DMK OBOIBRME, BHPRIFEATME, No.38004s, 19815 [5]B, #ill, Hilll : Fiber Model
EHOWEIRTEREZHORINC LI DS HAEAAN 2RI S RCIEHOGE, JCI TEEHO%ZDE UHGER) ZHT 2
vIRY Y I, pp.359-368, 1998.8 [6]Shawky,A. and Maekawa,K. : Computational Approach to Path-Dependent Nonlinear RC/Soil
Nteractions, Conerete Library of JSCE, No.28, pp.175-188, 1996.12 '

48




5 ,
RESPONSE BEHAVIOR OF RC PILES UNDER SEVERE EARTHQUAKE

Takeshi MAKI' And Hiroshi MUTSUYOSHI?

SUMMARY

In this paper, restoring force characteristic of RC pile-soil system is considered experimentally and
analytically, aiming at the establishment of the evaluation method of the effect of the behavior of
RC pile-soil system on that of pier body and entire system of RC bridge under seismic excitation.
Several lateral loading tests of RC piles, which placed in soil box filled with dry sand, are
performed. Considering lateral restoring force at pile top, deformation of pile bodies and passive
carth pressure on the surface of pile, some results are derived as follows; the stiffness of pile and
ground affects on the location of plastic hinge, the settlement of ground surface is observed due to
reversed cyclic loading, and soil particles around pile body are compacted by the deformation of
pile. In addition, 3-dimensional finite element analyses are conducted in order to consider the
application of proper method to evaluate the interaction between pile and soil. Consequently, large
hysterisis loop measured in the experiment cannot be expressed by the method. It is very important
to estimate the damping characteristic of the system for the evaluation of seismic behavior,
therefore the hysterisis model of soil under large deformation and the model which can relates the
phenomena between pile and ground under earthquake should be developed.

INTRODUCTION
é
In Japan, RC highway bridge piers are designed based on the concept that pier should be damaged earlier than
foundation, therefore the horizontal capacity of pier should be higher than that of foundation [Kawashima
(1997)]. But the 1995 Hyogo-ken Nanbu Earthquake had brought about a serious damage to many RC structures,
especially there are a lot of RC bridge piers with their body damaged as well as their piles of foundation
underground. This fact tells that not only response behavior of pier body but also that of pile foundation affects
on the seismic behavior of entire bridge system, therefore, the reliable performance evaluation method of the
behavior of bridge pier under seismic excitation should be developed as soon as possible.

There are a lot of examples of the trials to evaluate a response behavior of bridge pier, foundation and ground
entire system using mass-spring model, frame model and FEM model [Penzien et al. (1964), Toki et al. (1986),
Hirao et al. (1997), Maki et al. (1998,1999)]. In many of them, the application of suggested evaluation method is
discussed whether analytical result has an agreement with the real damage by modelling an actually damaged
structure. Although a difficulty of an evaluation of analytical propriety is a matter of common knowledge,
whether each possible phenomena under real earthquake are expressed by proper method should be checked in
detail. The objective of this paper is to clarify a response behavior of RC pile under severe earthquake and to
develop a reliable performance evaluation method of the seismic behavior of RC structure entire system. In order
to realise this objective, some loading tests and 3D FEM analyses are performed on static restoring force
characteristics of RC rectangular piles in model ground [Takano et al. (1999), Maki et al. (1999)].

! Research Associate, Dept. of Civil and Env. Eng., Saitama University, Japan — E-mail: maki@mur.civil.sailama-u.ac.jp
Proffessor, Dept. of Civil and Env. Eng., Saitama University, Japan  E-mail: mutuyosi@nur.civil.saitama-u.ac.jp
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LATERAL LOADING TEST OF RC PILE
2.1 Summary of Experiment

Generally, deformation of pile under seismic loading is determined by shear deformation of ground itself
induced by bedrock acceleration, and by inertial force caused by response of superstructure. Regarding former,
some static and dynamic test using shear deformable box [Chen et al. (1997a, 1997b)], and latter, lateral loading
test at pile top with fixed boundary ground [Fukuda et al. (1997)]. Moreover, the vibration test can consider both
effects as stated above [Makris et al. (1997)]. The loading test performed in this paper belongs to latter, and it
models horizontal load at pile top induced by inertial force of superstructure. In addition, instead of circular cross
section of pile and rotation fixed pile top in real situation, rectangular section and rotation free pile top are
applied in our experiments below.

Figure 1 shows the experimental set-up for loading tests of RC pile. RC pile specimen is set in soil box (152cm x
100cm x 160cm) before making model ground. Model ground is consist of dry sand (Gifu sand), which has
almost uniform diameter distribution, being fallen by gravity from constant height, and is not artificially
compacted in order to have an agreement of the ground condition between each experimental cases. Then lateral
load is carried out at pile top by actuator. The features of each specimens and experimental conditions are
tabulated in Table 1. Four cases of tests are performed with changing the existence of ground, the type of loading
and the amount of longitudinal reinforcement. Specimen has 10cm x 10cm rectangular cross section, and D6 or
D10 deformed bars are used for longitudinal reinforcement and 3.2mm diameter steel wire for lateral
reinforcement. Depth from the surface of ground to bottom of pile is 125cm and that from loading point to
bottom of pile is 150cm. Some strain gauges are stuck on the surface of longitudinal reinforcement in order to
measure vertical curvature distribution, and also some earth pressure cells are put on the surface of the specimen
to measure active and passive earth pressure distribution.

100
O
= b=
Specimen Cross Section .
of Specimen Table 1: Experimental Cases
T Actuator Longitudinal | Conerete
Transsj_ucer lI@"'".i.- No. Reinforcement Strength Ground Loading Type
T B r] (MPa)
N i Spicimen SP-1 D6 41.9 none Monotonic
5
ala Earth 2 SP-2 D6 44.2 Gifu Sand Monotonic
Q (=110

3 Ex Pressure 2 - _

i . Cell g SP-3 D6 - | 453 | GifuSand everse

o * Cyclic
Model - Reversed

- SP-4 D10 43.0 Gifu Sand
' LGround 1 i Cyclic
! 1520 Unit: mm
Figure 1: Experimental Set Up
2.2 Experimental Results

2.2.1 Relationship between Lateral Restoring Force and Lateral Displacement at Pile Top

Skeleton curves of relationships between lateral restoring force and displacement at pile top in all cases are
shown in Figure 2, and hysterisis curve of SP-3, the case of reversed cyclic loading, is shown in Figure 3. It can
be seen from Figure 2 that the difference between SP-1 and SP-2 comes from the existence of ground due to
restoring force of ground. The effect of loading condition is that yield point of specimen can obviously be
recognised at displacement of 40mm in the curves of SP-3 and SP-4, although not clearly in SP-1 and SP-2.
Restoring force hysterisis curve is expressed by tri-linear type as can be seen in Figure 3, but restoring force at




pile top drops radically in each cycle just after starting unloading from maximum displacement and large
residual displacement occurs. This phenomenon is caused by the occurrence of restoring force of soil in opposite
direction, i.e. active earth pressure, due to sand flows into a gap between pile and ground. From Figure 4, which
shows the variation of equivalent damping coefficient calculated from each hysterisis loop, it can be recognised
that 0.2 at yielding, 0.3 of SP-3 and 0.25 of SP-4 at final cycle are reached. Above-mentioned restoring force of
soil in opposite direction acts on pile as damping force causes a high damping.
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Figure 2 : Skeleton Curves of All Specimens Figure 3 : Hysterisis Curve of SP-3
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Figure 4 : Equivalent Damping Coefficient of SP-3 and SP-4

2.2.2 Distributions of Cracking and Curvature of Specimen

Figure 5 shows the crack distributions of each specimen after test. A large crack is occurred at the bottom of the
pile in SP-1, otherwise in SP-2 many cracks are distributed on all over surface of the pile and the widest crack is
observed at G.L.-60cm. In SP-3, a serious damage is occurred in the range from G.L.-30cm to G.L.-60cm.
Compared with SP-2, some difference from loading type can be observed. This phenomenon is brought about by
the compaction of soil particles due to reversed cyclic loading. Details are stated in the next section. In SP-4,
which has large amount of longitudinal reinforcement, the range of large cracks is located from G.L.-50cm to
G.L.-70cm which shifts deeper compared with SP-3. This means that deformation of pile in ground varies due to
stiffness of pile body.

Figure 6(a) and 6(b) show the curvature distributions calculated from the measured data of the strain of
longitudinal reinforcement. Figure 6(a), which is of each case at 50mm pile top displacement, has an agreement
with crack distributions in Figure 5. Regarding SP-1 as the case that pile is placed in no stiffness ground, it is
confirmed that the stiffer the surrounding soil, the shallower the location that plastic hinge occurs shifts. Also, by
comparing SP-3 and SP-4, the stiffer the pile is, the deeper the location of plastic hinge shifts. Therefore, the
position of plastic hinge generated by pile top loading is affected by the ratio of stiffness of pile body and
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surrounding soil. Figure 6(b) shows the variation from 10mm to 50mm pile top displacement of SP-3. From this
figure, with increase of amplitude of pile top displacement, maximum curvature location shifts gradually deeper.
This is caused by progress of soil deformation around pile body due to pile deformation.
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Figure S: Crack Distributions Figure 6 : Curvature Distributions

2.2.3 Deformation of Ground and Passive Earth Pressure

A remarkable phenomenon at ground surface around pile body in the cases of SP-3 and SP-4, reversed cyclic
loaded specimens, is the cone-shaped settlement as shown in Figure 7. This settlement gradually becomes large
with increase of pile top displacement amplitude, and finally reached its radius of about 15cm. Diagonal slip
surfaces appear from the corners of specimen, and upheaval at the passive side and settlement at the positive side
occur. This phenomenon causes the compaction of soil particles around pile body in the case of reversed cyclic
loading, and the difference of deformation between SP-2 and SP-3. By the way, there are some trials to theorise
soil passive wedge as observed in this experiment [Ashour et al. (1998)].

Figure 7: Photo of Ground Surface around Pile

Figure 8(a) and Figure §(b) show the skeleton curves of hysterisis of passive earth pressure measured by earth
pressure cells. They set at G.L.-5cm, G.L.-35cm, and G.L.-95cm on both side of pile body, but at G.L.-Scm,
earth pressure couldn't be measured due to the cone-shaped settlement shown in Figure 7. Comparing SP-2 and
SP-3, higher passive earth pressure acts to SP-3 than to SP-2, since soil deposit becomes dense with loading due
to the compaction by reversed cyclic loading, as mentioned above. In early stage of loading, i.e. until 40mm of
yield displacement, there is no remarkable difference between the results of SP-3 and SP-4, but after yielding,
passive earth pressure increases more rapidly in SP-4 than SP-3. This is caused by the difference of deformation
in ground due to stiffness of pile body, as stated in section 2.2.2. Additionally, at G.L.-35cm in both cases, after
a few decreases around 40mm of yield displacement, passive earth pressure increases again, but the tendency
like this is not observed at G.L.-95cm and it keeps constant except for the positive side of SP-4. Considering this
phenomenon with the results in section 2.2.2, it is due to that plastic hinge appears at around G.L.-60cm.
Because after yielding, lateral displacement of pile at G.L.-35c¢m shallower than the plastic hinge location is less
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than before yielding, passive earth pressure becomes low at that depth. But, because at G.L.-95cm deeper than
the plastic hinge location, lateral displacement is not vary comparing before and after yielding, earth pressure
keeps almost constant. With further increase of lateral displacement amplitude at pile top, the increment of
restoring force after yielding force is distributed above plastic hinge, therefore passive earth pressure at G.L.-
35cm starts increasing again.
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Figure 8 : Skeleton Curves of Hysterisis of Passive Earth Pressure v.s. Pile Top Displacement

3-DIMENSIONAL FINITE ELEMENT ANALYSIS
3.1 Analysing Method and Models

The establishment of reliable analytical method is necessary in order to evaluate the seismic safety of entire
structural system. In this research, 3-dimensional finite element analyses are perform so as to consider whether
or not existing analytical method can express the result of performed experiment mentioned in the previous
chapter. COM3, the 3-D FEM program to analyse RC structure, which is developed by university of Tokyo
[Okamura et al. (1990)], is used for analyses in this paper. Pile specimen and model ground is divided into
elements as shown in Figure 9. RC pile is modelled by 3-noded 3-D RC beam elements and ground is modelled
by 20-noded 3-D solid element. For material model of each components, 3-dimensional elasto-plastic
constitutive model of RC, which, hysterisis model for compression which can express the behavior of reinforced
concrete under loading, unloading and reloading, hysterisis model for tension which considers the tension
stiffening effect, and hysterisis model for steel which relates unloading-reloading behavior and bauschinger
effect, are assembled, is applied for RC beam element [Tsuchiya et al. (1998)], and Osaki model, which can be
applied for sandy and cohesive soil, is used for the material model of solid element [Osaki (1980)]. Details are
explained in references.

RC Beam Element

A—A -

Soil Solid Element

Figure 9: Finite Element Idealization of Pile-Soil System
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3.2 Analytical Results

Relationships between restoring force and lateral displacement at pile top are illustrated in Figure 10-12. Figure
10 shows those of SP-1 and SP-2, Figure 11 shows skeleton curves of SP-3 and SP-4, and Figure 12 shows
hysterisis curve of SP-3. From these results, this program can express the curve of monotonic loading and the
skeleton curve of reversed cyclic loading, but it describes smaller hysterisis loops compared with experimental
results. The variations of equivalent damping coefficient calculated from experimental and analytical hysterises
of SP-3 and SP-4 are shown in Figure 13. It can be acknowledged from this figure that hysterisis damping of the
system is evaluated as a half of the measured result. The causes of these results are considered to be the
compaction of soil particles around pile body in the experiments. Therefore, the material model of soil can be
applied for simple soil element, and it is necessary to install the additional model which can relates the soil-
structure interaction, caused by the existence of structure, such as the compaction effect in our experiment. In the
future, in order to apply this method for evaluation of seismic behavior of structural system, it is indispensable to
estimate the hysteritic-damping characteristic of the system accurately.

8.0 - . - 8.0
e SP-1(Cal) ; : i : :
g X SP-1(Exp)| ! ; j Z ! ; ! ! :
8— 6.0 |- SP-2(Cal) [T T C g 60 | ---- I Gl
5 X SP2(Bxp)| ’ 5 ; ;
o 40 T o R IR i v -
£ . . : £ ] - :
2 o A o £ ) Lol SP-3 (Cal)
2 2.0 ; ; - : @ 2.0 } ; : W SP-3 (Exp)
o XXX " : o SP-4 (Cal)
0.0 £xX . ; . ; 0.0 A SP-4 (Exp)|]
0 20 40 60 80 100 0 20 40 60 80 100
Displacement, mm Displacement, mm

Figure 10 : Relationships between Restoring Force Figure 11 : Skeleton Curves of SP-3 and SP-4
and Lateral Displacement at Pile Top

6.0 ‘ 03 4 O SP-3(Exp) ,
—SP-3(Exp) : = —=—SP-3(Cal) | o "
4.0 8 0.25 A SPA(Exp) | . _ A .-
- - 8P-3(Cal) © (Ca )
X Q
s 2.0 O
o g
s £
L 0.0 g
£ 3
g 20 =
2 8
o (0]
-4.0 =
v
-6.0
-100 -50 0 50 100 0 20 40 60 80 100
Displacement, mm Displacement, mm
Figure 12 : Hysterisis Curves of SP-3 Figure 13 : Equivalent Damping Coefficient

Figure 14(a) shows the curvature distributions at 50mm pile top displacement in each case, and Figure 14(b)
shows the variation of curvature distribution of SP-3 from 10mm to 50mm pile top displacement. A good
agreement with experiment is achieved in the cases of SP-1 and SP-2, but the curvature maximum depth is lower
than the plastic hinge locations of SP-3 and SP-4. Same tendency can also be recognised in Figure 14(b).
Additional phenomenon occurs between pile and ground due to reversed cyclic loading, and that this
phenomenon is not evaluated accurately causes the disagreement between the results of experiments and
analyses. Considering these results, the phenomena may occur in real cases as follows; first, loose ground made
of dry sand is compacted by the reversed cyclic deformation of pile, and secondary, the compacted soil ground
has small restoring force after large deformation, and finally, the settlement of sand provides the opposite-
directed large restoring force in the active side of pile. Consequently the restoring force at pile top rapidly

54



decreases when unloading. This characteristic causes a large damping effect of the pile behavior under reversed
cyclic loading. In order to express these experimental results analytically, the appropriate model which can
relates above-mentioned phenomena should be applied, and further consideration is needed, including the
hysteritic model of soil under large deformation and the model of boundary between pile and ground.

e 10MM
—— 20mm
—— 30mm
| ——40mm

- 50mm

Depth, cm

0 05 1 1.5 0 0.5 1
Curvature, 103/cm Curvature, 10-3/cm

(a)50mm Disp.(Cal) (b)SP-3(Cal)

Figure 14 : Curvature Distributions calculated from Analyses

CONCLUSIONS

In this paper, some loading tests and analytical considerations are performed on the restoring force characteristic
of pile-soil system, aiming at the establishment of the evaluation method of seismic behayior of the structure-
pile-soil entire system. Derived conclusions are listed as follows.

Pile placed in soil ground has higher restoring force than that of pile body itself due to the effect of earth
pressure. In addition, the location of plastic hinge shifts according to the ratio of stiffness of pile and ground.

Under reversed cyclic loading, passive earth pressure becomes high with the increase of displacement amplitude.
This is caused by the compaction of soil particles around pile body, and the restoring force of compacted soil
ground may provides the remarkable progress of damage of pile.

Regarding the restoring force characteristic of RC pile, applied analytidal method can express the skeleton curve
of force-displacement relationship at pile top, but cannot produce the large hysterisis loop measured from
experiments. This is because the model, which expresses the compaction effect, as stated above, is not installed
in the used analytical method. In order to establish the reliable evaluation method of seismic behavior of the
structural system in the future, the damping characteristic of the system should be accurately estimated, and the
material model of each component and the model, which can relate the phenomena between pile and ground,
should be developed. :

In order to complete the development of evaluation method, further investigation is needed on the restoring force
characteristic of RC pile, such as the difference between static and dynamic response behavior, the effects of
strain rate dependence and frequency dependence, and so on.
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Fig. 1: Dimensions of PRC piers. Fig. 2: Loading setup.
g g g p
Table 1: Experimental variables.
Series{Spec. Variables of PRC Pier Specimens Flexural| Shear {Ratiooff Disp. | Test
No. [ Mech. Cross Sec. Reinforcing Bars & PC Shear Normal Stress | Capacity | Capacity| M g, | Ductility Type:’
Prestress Tendons in Cross Section Reinforcement MPa M o Py | - Factor !
Test
Ratio ()] Dim. | a/d | Rein. | % pPC % Ties A, /bs} Axial| PC | kN.om | kN.m My R(,su“s)
S-1 0.00 [40*40}5.43|32D13} 2.65 X x | D6@3cm | 0.47 1.0 0.0 312 368 1.55 9.4 |Cyclic

S |S2| 066 140%*40|5.43116D10]0.79 8 SWPR7B ¢ 12.70.63| D6@3cm | 047 | 1.0 4.0 280 354 1.66 13.1 [ Cyclic

S-3| 0.00 40*40]5.43|32D13] 2.65 X x | D6@3cm | 047 | 1.0 | 0.0 315 | 368 1.54 7.8 PSD

S-4| 0.66 [40*40|5.43]16D10]0.79 8 SWPR7B ¢12.7.0.63| D6@3cm | 047 | 1.0 | 4.0 291 354 1.60 8.2 PSD

E-1] 000 [30*30/4.20{12D16]2.68 X X { D6@7cm | 027 | 1.0 | 0.0 128 137 1.18 59 |Cyclic

E-2| 025 130*30;4.20|10D16]2.22| 2SBPR ¢13 |0.30| D6@7cm | 6.27 | 1.0 1.5 139 142 1.07 5.4 | Cyclic

E |E-3| 021 [30*30/4.20{12D16/2.68! 2SBPR ¢13 10.30|D6@5.5cm} 0.34 | 1.0 1.5 149 163 1.14 5.5 |Cyclic

E-4| 037 [30*30[4.20|10D16|2.22] 2SBPR ¢17 {0.50|D6@5.5cm| 0.34 1.0 3.0 156 166 1.11 4.9 | Cyclic

E-5] 025 |30*30|4.20[10D16]2.22| 2SBPR 413 ]0.30| D6@7cm | 0.27 | 1.0 1.5 143 142 112 7.4 PSD

1) ultimate displacement / yielding displacement, -
In which, ultimate displacement : displacement when load reaches 80% of maximum load earrying capacity,
yielding displacement : displacement when load reaches calculated yielding load.
2) Cyclic : reversed cyclic loading test, PSD : pseudo-dynamic test

Table 2: Mechanical properties of materials.
Table 3: Experimental variables used for

Yield | Ultimate | Young's pseudo-dynamic tests.
Material Type Strength | Strength | Modulus
(MPa) | (MPa) | (GPa) Mass | Yielding Input Time
SD295 D3 249 401 192 Specimen | (t) [ Stiffness |Acceleration| Scale
Reinforcing | SD345 D6 387 566 206 (MN/m) (gal)
Bars SD345 D10 401 565 206
SD345 D13 M 567 206 5-3 378 16.6 563 1.00
SD345 D16 403 597 202 S-4 36.7 16.1 474 1.00
B E-5 18 13.8 1227 0.50
SWPR7B ¢12.71 1753 1935 191
PCTendons| SBPR ¢13 1349 1432 198
SBPR ¢ 17 1197 1281 203

(9%}

59



200 [

100

Load (kN)

100 [

-200

Displacement (mm)

a) Specimen S-1 (RC, A =0.0).

Load (kN)

-200

-100 F

200

100 |-+

Displacement (mm)
b) Specimen S-2 (PRC, A = 0.66).

Fig. 3: Load-displacement curves (S-1and S-2).
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Fig. 4: Characteristics of S-1 and S-2 specimens.
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SEISMIC BEHAVIOR OF PARTIALLY PRESTRESSED CONCRETE PIERS

Hiroshi MUTSUYOSHI, Wael A. ZATAR and Takeshi MAKI

Based on the experience obtained from the Hyogo-Ken Nambu 1995 earthquake, a reduction in residual displacements is necessary to
achieve seismic resistant bridges. The objective of this study is to investigate the effectiveness of partiallil prestressed concrete (hereafter
PPC) to reduce residual displacements of bridge piers. A series of experiments was carried out using small-scaled pier specimens. The
experimental program basically showed an effectiveness of using PPC to reduce residual displacements after earthquake excitations.
Additionally, a new hysteretic restoring force model for PPC piers was proposed and its applicability was verified. Furthermore, inelastic

residual displacement spectrums were introduced for piers having different quantities of PC tendons.
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SEISMIC BEHAVIOR.OF PRESTRESSED CONCRETE PIERS

Wael ZATAR (Graduate School of Eng., Saitama University)
Hiroshi MUTSUYOSHI (Dept. of Civil Eng., Saitama University)

1 ABSTRACT ~

A common type of highway concrete bridges consists of prestrcssed concrete (PC) or
reinforéed concrete (RC) girders and reinforced concrete (RC) piers [1]. The benefits of using
the RC piers are to obtain high energy dissipation characteristics and high values of ductility
factor during earthquake excitations. In spite of their energy absorption capacities, some bridge
piers suffered from severe damage during the Hyogo-ken Nanbu 1995 earthquake thus
showing the necessity for a wide range of researches towards improving the ductility factor of
such piers. Additionally, high residual displacement values [2] were observed for the same
piers after the earthquake. Yet not enough researches have been conducted in order to achieve
either lower residual displacements. or lower cracking widths after the earthquake excitation.
Consequently, the objectives of the current study are to reduce such residual displacements.

The usefulness of using the PC elements are to obtain low dead loads and achieve low
values-of residual displacements while they suffer from low energy absorption characteristics
and ductility factor. As a consequence, a new technique is being examined in the current study
in which partially prestressed concrete (PRC) piers [3] were implemented in such a way to
make a compromise between the merits and demerits of both the RC and the PC piers,

.Three specimens representing such PRC piers were examined using pseudo-dynamic test in
which amplified excitations of. the 1995 Hyogo-Ken Nanbu earthquake (NS direction) were
used. The first specimen is a control RC specimen while the other two specimens are PRC pier
specimens. No grouting was done for the second specimen while the third one was grouted.
Experimental results in terms of hysteretic load-deformation characteristics and time histories
were obtained. The plastic deformability in: terms of ductility factor was also examined.
Response analyses, based on Takeda's model for RC and modified Takeda’s model for PRC
[4], were also conducted for the same specimens in order to check the validity of the available
analytical hysteretic models. Finally, a comparison between experimental and analytical results
was also conducted. The study revealed that the usage of PRC piers has a tendency to reduce
the rcsidual displacements after the earthquake excitations.

2. SPECIMENS AND EXPERIMENTAL PROCEDURES

2.1. Test specimens 5
Three specimens were tested in this study. The main difference between specimens (S-1)

and (S-2) is-the usage of ungrouted prestressing tendons.. Specimen (E-1) has grouted
prestresssing tendons but with a lower ratio than that (S-2) and also has a smaller ratio of shear
reinforcement to clarify the influence of strength ratio on the resulting failure mode. Details of
specimens are shown in Fig. | and in Table 1. Concrete compressive strength is about 36
N/mm?, yielding stresses of reinforcement are 401 N/mm?2 for D13 and 411 N/mm? for D16
while the yielding stresses of prestressing tendons are 1421 N/mm?2 for SBPR12.7 and 1315
N/mm? for D13. All specimens were tested using the same setup shown in Fig. 2. The bottom
parts of specimens were rigid enough to represent footings for these piers. All specimens were
fixed to the testing floor. The yielding displacements considered in this study are the
displacements corresponding to yielding loads of the reinforcing bars.
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Table I: details of specimens

| Specimen Cross | a/d | Reinforcing bars |Presfressing tendons| Shear reinforcement |Natural Flexural Shear strength
No. 1Sectiort Ralio | Rein. |(As/bd) %{ Tendons| (Aps/bd) %| Hoops {{Ashvbs) % Period |Capacily|Capacily} Ratio |

(sec.) | (tm) | (tim)

S1 |4040| 40032013 265 | — | -— |D6@3cm| 047 | 030 | 312 | 4688 | 15
S2 |4040] 400[16D10] 079 |8D127| 063 |D6@3cm| 047 | 0.30 | 27.82 | 48.75 | 1.75
E-1 |30'30| 410 |[10D16]- 222 | 2013 | 03 |D6@7cm| 027 | 023 | 139 .| 154 | 111

2.2. Experimental procedures

In order to obtain inelastic response _'r_'l_"f)‘_&_"r_?j
behavior for the above-mentioned PC piers, a — "" el
pseudo-dynamic testing technique [5] was used . 2 .
in which load was applied quasi-statically ‘ I X 1 Seo. (x-x)
during the test and the restoring force was T Els
measured directly from the loading test system. E-'; @E
The used ground acceleration was the modified E 2
Hyogo-Ken Nanbu 1995 (NS direction) &° |
earthquake. For specimens (S-1) and (S-2), the = .
time scale was kept the same as the original : _ See. (x=x)
one while the maximum acceleration was _Jm_,’ == Specimen (5-2)
considered as 563 gal (Fig. 3) and 474 gal E : “%‘2;-
respectively. The time -interval was taken as MRl [T 7] B j
0.01 sec. For specimen (E-1), the time scale 1‘:’ ‘40 ‘ w;‘w 3l
was reduced as half the original one while the e 2 c::" = } _ Sec. (x=x) _
maximum ground acceleration was 1227 gal. ' ' Specimen (E-1)
The time interval was taken 0.005 sec. An Fig.1: Details of specimens
axial stress value of 1 Mpa was applied at the

top of pier specimens. The used testing system consisted .of the specimen, loading actuator,
loading jack, loading cell, displacement transducers, data logger, personal computer that
analyzes the inelastic -carthquake response and controls the input data, measuring devices and
another personal computer that controls the output data.
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0il Pump e ' 5o e
Loading Frame Hydruulle Jnek i L
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Fig.2: Loading setup and instrumentation
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B
3. TEST RESULTS

Fig. 4 shows the load-displacement curve for specimen (S-1) obtained from the pseudo-
dynamic test. Stiffness degradation can be observed from the test. The maximum displacement
reached about 5.4 times the yielding displacement in the left side of the curve while it was
about 2.1 times the yielding displacement in the right side of the curve, showing that the
deformations occurred due to the earthquake excitation were drifting in the negative direction
of loading. It can be observed from the figure that high energy was dissipated during the test.
Fig. 5 shows the displacement time history obtained during the test. The maximum attained
displacement was about -0.11 m that occurred at the negative excursion after which the
displacement time history showed a shift towards the negative side. At the end of the test a
residual displacement of about -2.5 cm was observed. Fig. 6 shows the acceleration time
history of the same specimen. The maximum attained acceleration during the test was about -7
m/sec?,

Fig. 7 shows the load-displacement curve for specimen (S-2). It can be observed that
softening occurred after unloading as a result of bauschinger effect of the reinforcing bars.
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Stiffness degradation during unloading was
clear in both directions of loading. Also,
pinching [6] manifested in marked changes
in slope during rcloading was clear.
Pinching can be attributed to the fact that
prestressed members usually show marked
elastic recovery even after considerable
inelastic deformations. Energy absorption
was lower than that of a comparable RC
specimen (S-1) duc to such pinching.
Flexural crack widths were lower than that
of specimen (S-1) during the test that can
be considered as a merit of using such
PRC. The residual tensile forces in the PC
tendons enabled to close previously opened
cracks. Because of the existence of closely-
spaced transverse hoops, crushing was
delayed inside the concrete core and
buckling occurred only between two
successive hoops in the plastic hinge
locations. Fig. 8 shows the experimentally
obtained displacement time history in
which the maximum displacement was
about -0.075 m. Although the difference
between thec maximum negative amplitude
and the following positive amplitude is
higher than that of a comparable distance in
Specimen (S-1), no shift of the response in
the negative side was  observed.
Additionally, at the end of the test, the
residual displacement was much smaller
than that for specimen (S-1), and this can
be considered as a great advantage of using
such PRC piers. On the other hand,
damping was lower than that of RC
specimen (S-1). Fig. 9 shows the
acccleration time history of specimen (S-2).
The maximum attained acceleration during
the test was about -7.5 m/sec?.”

Fig. 10 shows the load-displacement
curve  for  specimen  (E-1). The
displacement in the left side reached about
8 times the yielding displacement of the
reinforcing bars while this value reached
about 4.1 in the right side of the curve. It

Displacement (m)

Acceleration (m/sec?)

Load (kN)

FRN Y P

Fig. 8: Displacement time
history for specimen (S-2)

10 —~r—rrrs

Time (sec)

Fig. 9: Acceleration time
history for specimen (S-2)

150
100 |

50 ¢

Displacement (mm)

Fig. 10: Load-displacecment
curve for specimen (E-1)

was clear from the curve that the specimen suffered from severe damage after the peak in the
ncgative excursion of excitation at about [.2 second, after which a permanent drift in the
response was observed (Fig. 11). The residual displdcement at the end of the test was about -2
cm. This can be attributed to the fact that the specimen has a low ratio of prestressing tendons
as compared to specimen (S-2). Consequently, the behavior is, more or less, similar to RC
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specimens. Fig. 12 shows the acceleration time history of specimen (E-1). The maximum
attained acceleration during the test was about -12.7 m/sec2. Also, because of the low strength
ratio given to specimen (E-1), shear cracks were noticeable with marked widths. Spalling of
concrete cover and buckling of all reinforcing bars were pronounced. Furthermore, extension
of crushing inside the core concrete occurred and a final shear failure was observed.

0.12
€ oos [. ‘§
© 0.04 »
5 £
£ o :
8  -004 2
& -0.08 o
© o H g
<
0o 1 2.3 4 5 8 7 o 1 2 3 4 5 & 7
Time (sec) Time(sec)
Fig. 11: Displacement time Fig. 12: Acceleration time
history for specimen (E-1) history for specimen (E-1)
4. ANALYTICAL RESULTS

Response analyses was conducted for the three specimens. Takeda's tri-lincar model [7]
that includes the characteristic behavior of concrete cracking, yielding and strain hardening
was used for the RC pier. Such a realistic conceptual model recognizes the continually
degrading stiffness due to bond slip and energy absorption characteristics during load
application. A modified Takeda's model [4] for PC that takes into consideration the effect of
prestressing tendons was used for the other PRC specimens. The unloading stiffness K,
previously proposed for PC girders with grouted prestressing tendons where axial force was
ignored [4], is defined based on the contribution of the prestressing tendons to the resulting
flexural strength [A].

A = (Aps.Fpy) / (As.Fsy+Aps.Fpy) (1
o
K = (Mc+My) / (8c+8y) |0y/6m| (2)
where a=05 if A<0.5 and a=A" if A205
Aps = Area of prestressing tendons. Fpy = Yielding stress of prestressing tendons.
As = Area of reinforcing bars. Fsy = Yielding stress of reinforcing bars.
Mc = Cracking moment of the pier. My = Yielding moment of the pier.

0 ¢ = Rotation angle of the pier at cracking. - 0 y = Rotation angle of the pier at yielding.
8 m = Maximum Rotation angle of the pier.

Fig. 13 shows the analytical load-displacement curve for specimen (S-1). Although the
unloading stiffness is slightly different from the experimental one, the total energy dissipated is
of a relatively good accuracy. The analytical displacement time history shown in Fig. 14
declared that the residual displacement was about -2 cm. Although there was a smaller shift in
the displacement time history after the negative pcak acceleration, the overall response can
well simulate the experimental results.

Fig 15 and Fig. 17 show the analytical load- displacement curves for specimen (S-2) and

(E-1) respectively. A considerable accuracy was obtained when comparing with the previous
experimental results especially for specimen (E-1). The displacement time history for specimen

— 373 —



Load (KN)

Displacement (m})

LAELAELAELENE BRI SN LA

200

Analytical

100 [

0} f
-100
.200 |44 .............
- s i - ]
100 -50 0 50 100

Displacement (mm)

Fig. 13: Analytical load-displacement
curve for specimen (8-1)

Load (Kn}

Displacement {(mm)

Fig. 15: Analytical load-displacement
curve for specimen (S-2)

0.12 (- N 0.1 S ——
0.08 1 : : = 0050 ... m
0.04 Joendidinn S I W . é
0 § 0
: 3
0.04 1 B 005
-0.08 e e} :
-0.12 b i P -0.1 e Ertm e d it
O 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (sec) Time (sec) .
Fig. 14: Analytical displacement Fig. 16: Analytical displacement
time history for specimen (S-1) time history for specimen (S-2)
150 =
Analytical
100 | : _
50 |
z C
EC’ [
e} 0
« L
Q L
= C
-50 |-
-100 | -
JPPrS VUV R B S
~-100 -50 0 50 100

Displacement (mm)

Fig. 17: Analytical load-displacement curve for specimen (E-1)

— 374 —



(S-2) obtained analytically is shown in Fig. 16. The comparison between the experimental and
the analytical load-displacement curves for specimen (S-2) shows a difference in the total
energy dissipated. This shows that the previously proposed model [4] has to be further
modified in case that higher prestressing ratios and/or ungrouted tendons are to be used. The
analytical displacement time history for specimen (E-1), shown in Fig. 18, indicates that
although a relatively smaller response and residual displacement were obtained, an overall
good accuracy, when compared to the experimental results, can be observed.

0.12 P T T T T T T e e T T T

0.08 |~ ......... Ana]y"cal ..‘.:

0.04 b o e

-0.04 |-t o) : :
0,08 [ .........
N e ds

Displacement (m)
<

Time (sec)

Fig. 18: Analytical displacement time history for specimen (E-1)

5. CONCLUSIONS :

In order to clarify the inelastic response behavior of partially prestressed concrete piers
under scvere carthquake, three small-scaled specimens were tested. The first specimen (S-1)
was RC control specimen while the other two were PRC specimens. Specimen (S-2) had a
higher amount of prestressing tendons relative to specimen (E-1). Specimen (S-2) was
ungrouted specimen while specimen (E-1) was grouted. The specimens were tested using
pseudo-dynamic testing technique. Response analyses were also conducted for the samc
specimens using Takeda’s model for RC specimen and modified Takeda’s model for PRC
specimens. A comparison between the experimental and analytical results was carried out. It
can be concluded that the usage of PRC piers has the following merits and demerits:

1. The usage of PRC piers has the advantage of deciéasing the residual displacement, as
compared to RC piers, when excited with the Hyogo-Ken Nanbu (NS direction) 1995
ground acceleration.

2. The residual cracking patterns, after earthquake excitation, of PRC piers are better than
that of ordinary RC piers. Reduced cracking widths can be obtained when higher values
of prestressing tendons are to be used.

3. The damping for PRC piers is smaller than that of comparable RC piers.

4. A lower energy 'dissipation capacity, depending on the used relative ratio of
prestressing tendons, is obtained. Consequently, the ratio of prestressing tendons, to be
used, should be chosen in such a way that balances the merits and demirits.

5. A good agreement between the experimental and analytical results for the case of RC
and PRC piers with low ratio of grouted prestressing tendons was achieved.

6. For PRC piers with a high ratio of ungrouted- prestressing tendons, the analytical results
can simulate the experimental results to some extent. A modification to the model has
to be further developed.
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CONTROL OF RESIDUAL DISPLACEMENTS
OF RC PIERS BY PRESTRESSING

Wael A. Zatar' and Hiroshi Mutsuyoshi®

ABSTRACT:

The main objective of this research is to establish a tool to reduce residual displacements of RC
bridge piers after earthquake excitations. Since prestressed concrete (PC) members usually show
elastic stiffness recovery during unloading, it was proposed in this study to apply prestressing to
RC piers to reduce residual displacements. On the other hand, prestressed concrete has small
energy absorption characteristics. Consequently, a new technique of implementing partially
prestressed concrete to bridge piers has been examined in this study. Specimens representing
such piers were prepared and statically reversed cyclic loading and pseudo-dynamic tests were
carried out. The experimental variables include relative ratio of prestressing tendons to non-
prestressing reinforcement and type of testing. Based on the test results, inelastic response
behavior of partially prestressed concrete piers was clarified. Additionally, merits and demerits
of their implementation were clearly identified. The study revealed that implementing
prestressing tendons for bridge piers could result in a subsequent reduction of the residual
displacements after earthquake excitations.

INTRODUCTION

Response of RC bridge piers designed according to current seismic design philosophy is
expected to be inelastic. Allowing some inelastic deformations to take place and using reduced
base shear force has been employed for economic reasons. The ability of RC piers to withstand a
severe earthquake depends mainly on formation of plastic hinges near the pier-footing interface.
Energy dissipation capacities of RC piers during earthquake excitation can be increased by
confining the plastic hinge regions so as to ensure high values of ductility factor. However,
during previous earthquakes, it was found that, in spite of their high-energy dissipation
capacities, high values of residual displacements were observed. It is clear that high residual
displacements may prevent both serviceability and damage recovery of the piers after the
earthquake. The objective of this study is to establish a tool to reduce such residual
displacements. In order to achieve the target, a new technique of implementing partially
prestressed concrete (PPC) [Zatar et al. 1998 and Ito et al. 1997] for bridge piers to make use of

"'Post Doc. Fellow, Dept. of Civil and Env. Eng., Saitama University, 338-8570 Urawa-shi, Japan
2 Prof. Dr., Dept. of Civil and Env. Engineering, Saitama University, 338-8570 Urawa shi, Japan
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the advantages of having high ductility factor, associated with RC elements, and reduced
_ permanent displacements, associated with reduced unloading stiffness during earthquakes, of PC
elements [Thompson and Park 1980].

Results of four specimens, as a part of a comprehensive program that aims to evaluate the
applicability of the use of PPC piers, were presented in this study. Two specimens were tested
under simulated earthquake loading in the form of statically reversed cyclic loading tests.
Another two specimens were tested under pseudo-dynamic tests in which amplified excitations
of the Hyogo-Ken Nanbu 1995 earthquake, in Japan, were used. Based on the test results,
characteristic behavior of PPC piers were clarified. Finally, merits and demerits of the usage of
PPC are presented.

RESEARCH SIGNIFICANCE

Serviceability of RC bridges, after earthquake excitations, is of a major concern. Current design
methodologies could satisfy the requirement of increased ductility factor of bridge piers.
Unfortunately, in spite of their high-energy dissipation capacities, high residual displacements
after earthquake excitations, that may prevent their serviceability, could not be reduced yet. The
objective of this study is to insure a reduction in the residual displacements as well as to insure
moderate energy dissipation capacities of bridge piers. In order to achieve the target, the use of
PPC for piers was examined. Finally, recommendations pertaining to proposals of havmg
seismic-resistant bridge piers are presented.

EXPERIMENTAL PROGRAM

Results from four small-scaled RC and PPC specimens that represent actual bridge piers are
presented herein. Strength ratio is defined here as the ratio of shear capacity to flexural capacity.
The strength ratios of specimens were chosen to be higher than 1.50 to obtain flexural dominant
behavior for each specimen. Values of shear capacity (Ms;) shown in Table 1 are based on JSCE
code requirements for RC and also PC members having axial and shear forces. Values of
flexural capacity, used for defining strength ratio, are the experimentally obtained ones. The first
experimental variable is the mechanical prestressing ratio (A) [Zatar 1999], which can be defined
as the contribution of the PC tendons in overall capacity of the cross section, as can be shown in

Eq. (1).

A= Y(Apsi.Fp) | (JAs.Fs; + JApsi.Fp;) (1)

where:
Aps; = Area of each layer of PC tendons
Fp; = Stress of each layer of PC tendons
As; = Area of each layer of reinforcing bars
Fs; = Stress of each layer of reinforcing bars



The second experimental variable is the testing technique. Two types of testing were used.
Statically reversed cyclic loading tests to obtain the fundamental behavior of such PPC piers
were conducted. Also, pseudo-dynamic tests in which amplified excitations of a real earthquake
were also conducted. A constant axial stress level was used for all specimens.

Specimens

. Each specimen consisted of a column part cast integrally with a bottom stub. The column part
represents a pier of a regular bridge while the bottom stub represents a footing for such pier. The
dimensions of the pier sections are 40x40x165 cm and that of the footing are 45x60x130 cm.
Dimensions and details of specimens are given in Figure 1. Main reinforcement and prestressing
tendons were arranged all over the whole cross sections. Specimens S-1 and S-3 are control RC
specimens having A = 0.0 while specimens S-2 and S-4 are PPC specimens having unbonded PC
tendons with A = 0.64.
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Figure 1: Specimens Details

In order to monitor the behavior of the pier specimens during testing, complete fixation of stubs
to steel base was insured through the use of eight auxiliary prestressing tendons. Eight strain
gauges were attached to the PC tendon surfaces to allow strains monitoring during loading.
Allowing appropriate reinforcement detailing ensured prevention of damage to concrete
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Reinforcing steel

Main longltudmal deformed bars (diameters 10 and 13 mm) with yield strengths of 374 N/mm®
and 401 N/mm? respectively were used. Ratio of main reinforcement to effective area of cross
section ranged from 0.79 percent, for PPC specimens, up to 2.68 percent for RC specimens.
Longitudinal bars were extended through the footings to about 60 mm from the bottom of the
specimens and anchored perpendlcularly

Prestressing tendons

Prestressing tendons (strand type, diameter 12.7 mm) with yield strengths of 1421 N/mm” were
used. Ratio of prestressing tendons to effective area of cross section ranged from 0.0 up to 0.63
percent. Prestressing tendons were anchored at the top of piers and at the bottom of footings to
minimize their slippage.

Reinforcing ties

Ties ( diameter 6 mm) with yield strength of 355 N/mm? were used. Volumetric ratio of ties to
concrete core was 0.47 percent. This percentage was reduced to 0.24 percent at the upper half
part of the columns.

Instrumentation

Concrete and steel strains at various locations, deflections along specimen length, axial and
lateral loads were monitored during each test through the use of extensive instrumentation. A
total of 44 strain gauges for each specimen were mounted for each specimen. Longitudinal
concrete strains were measured by using Linear Voltage Displacement Transducers (LVDTs)
over gauge lengths of 50-100 mm and covered a length of 30 cm from the pier-footing interface.
Transverse deflections at three locations along the length of the specimens were measured using
(LVDTs) having gauge lengths of 100-200 mm. A total of 12 LVDTs were installed in each test.
Data logger, A/D converter, D/A converter and personal computer to control input/output data
were employed.

Testing

All specimens were tested under constant axial load and reversed cyclic loading in the test frame
illustrated in Figure 2. A 200 KN capacity hydraulic jack and a load cell of 500 KN capacity
were used to apply and monitor axial load. Axial load of 1 MPa was applied to all specimens.
Measuring devices were used for alignment of specimen. An actuator, of 200 KN capacity and
maximum stroke of £100 mm, fixed horizontally on the loading frame, was connected to the
specimen at a height of 150 cm from the footing top surface of the specimens.

STATICALLY REVERSED CYCLIC LOADING TESTS

Two specimens were tested using statically reversed cyclic loading tests. Specimen was
subjected to pre-determined displacement excursions as can be seen in Figure 3. In the first
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footings. Special groove was made at bottom of the footing to allow post tensioning of the
prestressing tendons. ‘

Details of reinforcing bars, prestressing tendons and shear reinforcement are given in Table 1.
Strain gauges allocation along reinforcing bars and PC tendons are also given in Figure 1.
Locations of such strain gauges were chosen to monitor yield strains at expected hinge locations
as well as to monitor occurrence of yield penetration [Priestley et al. 1992].

Table 1: Details of Reinforcing Bars and Prestressing Tendons in Specimens

Specimen Variables of PC Pier Specimens
No. Mechanical | Cross Sec. Reinforcing Bars & PC Shear Normal Stress
Prestressing Tendons in Cross Section Reinforcement MPa

Ratio Dim. | a/d | Rein. | % PC % Ties WA w/b.s| Axial| PC

S-1 0.00 40*40] 5.43132D13 | 2.65 X x |{D6@3cm| 047 | 1.0 | 0.0

S-2 0.66 40*40| 5.43 | 16D10 | 0.79 | 8 SWPR ) 1271 0.63 | D6@3cm | 047 | 1.0 | 4.0

S-3 0.00  140*40{5.43132D13} 2.65 | X x | Dé6@3cm| 047 | 1.0 | 0.0

S-4 0.66 40*40| 5.43|16D10| 0.79 | 8 SWPR ¢ 12.7| 0.63 | D6@3cm | 0.47 | 1.0 | 4.0

Table 2: Experimental Variables of Specimens and Test Results

Specimen |Mechanical | Flexural Shear Ratio of |Displacement Type
No. Prestress Capacity | Capacity M, Ductility of Testing
Ratio M .. M, Factor

(kN.m) (kN.m) M., (Test Results)

S-1 0.00 312 484 1.55 9.4 Statically Reversed Cyclic Loading
k3
S-2 0.66 280 465 1.66 13.1 Statically Reversed Cyclic Loading
S-3 0.00 315 484 1.54 7.8 Pseudo-dynamic Testing
S-4 0.66 291 465 1.60 8.2 Pscudo-dynamic Testing
Materials
Concrete

Ready-mixed normal weight concrete with an average slump of 145 mm was used. The average
28-day compressive concrete strength was 35 N/mm™.
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cycle, the specimens were subjected to displacements equivalent to cracking displacements. In
the second cycle, the specimens were subjected to first yield displacements (&), which can be
defined as the lateral deflection corresponding to attaining the estimated yield load (Py) of
reinforcing bars. It should be noted that both &, and P, were calculated using theoretical
sectional characteristics of unconfined pier and integrating curvatures along the length of the
specimens. Moment generated by axial load was not taken into consideration in calculation of J,
since its effect is negligible in earlier stages of the specimen response. In the third cycle, the
specimens were subjected to displacements equal to £/200, where £ is the distance between the
_ footing top surface and the actuator level. The Specimens were then subjected to sequentially
increasing displacements of 2£/200, 34/200 and so on until load decreased to about 80 percent of
the maximum load.
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Figure 2: Experimental Loading Setup

Cyclic Test Results

Behavior of each specimen is presented graphically in the form of column shear force versus tip
deflection relationships. Deflections were determined from readings of upper LVDT located at
the same level of the loading actuator (Figure 2). For all specimens, failure occurred at expected
plastic hinges located nearby the footings. The characteristics of PPC were obtained from the
test results and represented graphically in the form of absorbed energy, accumulated absorbed
energy, residual displacements and equivalent damping factor.

—310—




[} 100 LA RN S L A B L B R LI AL B R L
c r : : : 13 4
o -2 10;1112 T
3 50 {--{€

® .

Q.

@

e 0

S

@

g

>4 -50

5

o3 - H : : : i
= -100~1!)Jill!lilllll‘lll|ljlll}1-

Input cycles
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Cyclic Test Observations and Discussions

First sign of distress in all specimens were cracks formed in the expected plastic hinge locations.
Ductility factor is defined here as the displacement corresponding to either 80 percent of M, or
M,, whichever is smaller, divided by the yield displacement. The yield displacement is defined
as intersection of stiffness after cracking and stiffness after yielding (in the strain-hardening
portion). It was found, for the RC specimen S-1, that fat hysteretic load-displacement curve was
obtained showing high energy dissipation during cycles. No pinching was recorded and very
stable loops were obtained. Almost no strength degradation was observed as can be seen in
Figure 4. Ductility factor at both directions of loading was about 9.4 which is a considerably
high value résulting from having RC section with high strength ratio of 1.55.
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Figure 4: Hysteretic Load-Displacement Curve of RC Specimen S-1
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gure 5 shows the hysteretic load-displacement curve of specimen S-2 having A = 0.64.
Although the strength ratio is about 1.66, pinching [Sattcioglu 1991] manifested in marked
change of slope during reloading was clear. Pinching can be attributed to the fact that
prestressing tendons usually show marked elastic recovery even after considerable inelastic
deformations. Consequently, energy absorbed during the test was less than that of the
comparable RC specimen S-1. Flexural crack widths were smaller than that of specimen S-1.
Prestressing tendons yielded in the plastic hinge location when the tip displacement was equal to
68 mm after which strength degradation was clearly pronounced. Residual tensile forces in the
PC tendons enabled to close previously opened cracks. Maximum attained ductility factor was
about 7.8 that is lower than that of specimen S-1. Ductility factor reduction for specimen S-2 can
be attributed to the low ratio of non-prestressing reinforcement. Because of the existence of
closely-spaced transverse ties, crushing was delayed inside core concrete and buckling occurred
only between two successive ties in the plastic hinge region. At high ductility factors, concrete
compressive strains in plastic hinge regions exceeded the unconfined compression strain
capacity and concrete cover spalling was noticeable. It was not until high displacement ductility
factors when crushing began to penetrate inside core concrete due to large number of cycles. For
the tested specimens, failure did not occur at the bottom of the pier, although this section was
subjected to maximum moment, due to additional confinement provided by the footing adjacent
to the pier section. A similar observation was recorded by Bayrak and Sheikh [1997]. Both
_ specimens S-1 and S-2 failed in flexural mode due to the imposed high strength ratio.
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Figure 5: Hysteretic Load-Displacement Curve of PPC Specimen S-2

From the previous hysteretic curves, it can be observed that in general, the use of prestressing
tendons could, to some extent, reduce the residual displacement because of the tendency to have
an elastic unloading recovery even after high inelastic excursions.
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Figure 6 shows a comparison between the characteristic behavior of specimens. It can be
observed from Figure 6 (a) that absorbed energy, which can be defined as the area under load-
displacement curve, during each cycle for the PPC specimen S-2 was considerably smaller than
that of the RC specimen S-1. Difference in accumulated absorbed energy for both specimens
verified the last fact. Reduction in the accumulated absorbed energy, encountered with the PPC
specimen S-2, can be considered as a disadvantage of using prestressing tendons for bridge piers.
Also, the ratio of residual displacement after each cycle, which is the displacement
corresponding to zero load, divided by maximum displacement was considerably small for the
case of the PPC specimen S-2. Reduction in the residual displacements of PPC specimens can be
considered as an advantage of their usage. On the other hand, a disadvantage of their usage is the
reduced accumulated absorbed hysteretic energy. Another disadvantage is the reduced
equivalent damping factor of PPC specimens when increasing displacement excursions as
compared to RC specimens.
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Figure 6: A Comparison between Characteristic Behavior of RC and PPC Specimens




Effect of A

A comparison between the hysteretic curves of specimens S-1 and S-2 shows that the use of high
mechanical prestressing ratio (A = 0.64) in S-2 lead to ‘significant changes in the behavior.
Unloading stiffness became smaller. Also, residual displacement after each cycle became
smaller as compared to specimen S-1. Strength degradation after yielding of prestressing tendons
was pronounced. Overall flexural cracking widths were smaller than of the comparable RC
specimen S-1.

PSEUDO-DYNAMIC TESTS
Two specimens, named S-3 and S-4, were tested using pseudo-dynamic testing technique [Shing

and the restoring force was measured directly from the loading test system. The used ground
acceleration was the modified Hyogo-Ken Nanbu 1995 (NS direction) acceleration in Figure 7.
Time scale was maintained as per original one while maximum acceleration was considered as
563 gal and 474 gal respectively. Time interval was taken as 0.01 second. A personal computer
that analyzes inelastic earthquake response and controls input data and another personal
computer that controls output data were used during the tests.

Pseudo-Dynamic Test Results

Behavior of each specimen is presented graphically in the form of pier shear force versus tip
deflection relationship and displacement time histories. It can be observed from the test results
that the usage of prestressing tendons in the PPC specimens with high A has the advantage of
reducing the residual displacement (Jz) as compared to the RC specimens. Also, an enhanced
residual cracking pattern, after earthquake excitation, of the PPC specimens as compared to the
RC specimens was obtained. On the other hand, Damping and energy dissipation for the PPC
specimens were lower than that of the RC specimens.

Acceleration (gal.)

Time (sec.)

Figure 7: Acceleration of the Hyogo-ken Nanbu 1995 Earthquake
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and Mahin 1988 and Mutsuyoshi et al. 1996]. During tests, the load was applied quasi-statically’
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Pseudo-dynamic Test Observations and Discussions

The hysteretic curve of specimen S-3 is shown in Figure 8. Maximum attained response ratio
was 13.1 on one side while it was 4.5 at the other side showing that the deformations occurred
due to earthquake excitation were drifting towards negative direction of loading. High energy
was dissipated during the test.
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Figure 8: Pseudo-dynamic Hysteretic Load~Disp1acefnent‘
Curve of RC Specimen S-3

The displacement-time history, shown in Figure 9, shows that the maximum displacement was
about —10.5 cm that occurred at the peak negative excursion after which displacement
flocculated around a negative value. At the end of the test, dz of about -2.5 cm was observed.
The acceleration-time history of the RC specimen S-3 is shown in Figure 10. It was observed
that a maximum of 7.95 m/sec® was recorded during the test.
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Figure 9: Displacement-Time History of RC Specimen S-3
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Figure 10: Acceleration-Time History of RC Specimen S-3

The hysteretic curve for specimen S-4 in Figure 11 shows that stiffness degradation during
unloading was clear in both directions of loading. Pinching was also clear and can be attributed
to the elastic recovery of prestressing tendons. Maximum attained response ratio was about 8.2
at the negative side of curve while it was around 7.8 at the other side. Flexural crack widths were
smaller than that of specimen S-3 that can be considered as a merit of their use.

The displacement-time history, shown in Figure 12, shows that maximum displacement was
about -7.5 cm. No drift of response in the negative side was observed. Consequently, the use of
prestressing tendons can ensure less drift, depending on the used A value, when a pier is excited
by an earthquake excitation. Additionally, at the end of the test, dz was much smaller than that of
the RC specimen S-3 that can be considered as an advantage. On the other hand, low energy was
dissipated during the excitation. The acceleration-time history of the PPC specimen S-4 is shown
in Figure 13. It was observed that a maximum acceleration of -7.9 m/sec” was recorded.
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Figure 11: Pseudo-dynamic Hysteretic Load-Displacement
Curve of PPC Specimen S-4
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Figure 13: Acceleration-Time History of PPC Specimen S-4

CONCLUSIONS

In order to examine the effectiveness of partially prestressed concrete (PPC) to reduce the
residual displacements of bridge piers after earthquake excitations, two types of tests were
performed. Statically reversed cyclic loading tests were conducted in order to obtain the
characteristic behavior of PPC bridge piers. Additionally, pseudo-dynamic tests were conducted
in order to clarify their inelastic response behavior under severe earthquake excitations. The
experimental variables were the mechanical prestressing ratio (A) and the testing technique.

Based on test results, it can be concluded that the use of PPC piers has the following merits:

1) It has the advantage of having reduced residual displacement after earthquake excitation
when compared to ordinary RC piers. Also, it has the advantage of minimizing drift that
might occur due to strong earthquake excitation. The degree of minimization is highly

- dependent on the used mechanical prestressing ratio.

2) Residual cracking patterns after earthquake excitation, of PPC piers are better than that of

RC piers. Flexural crack widths are smaller than of RC piers.
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On the other hand, the following were found to be demerits of the usage of PPC piers:

1) A lower energy dissipation per cycle resulting in a lower accumulated absorbed energy
capacities were found as compared to RC piers.

2) A-lower damping was observed.

Based on the previous discussion of the merits and demerits of PPC piers, it is strongly
recommended to use PPC piers when residual displacements, after earthquake excitation, is of a
primary concern. In such cases, the mechanical prestressing ratio should be chosen in such a way
that can allow having a compromise between their advantages and disadvantages.
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