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Abstract

This paper describes the numerical procedure of solving liquefiable ground problems and its verification and application
based on a three-dimensional effective stress analysis method incorporating cyclic elasto-plastic constitutive model of
soil. The following conclusions were drawn from the study: (1) The developed model was extended and confirmed to
reproduce the behavior for various ranges of soil density. (2) The applicability of the procedure considering the material
non-linearity of both the soil and RC structure was verified, simulating the centrifuge model test of a RC pile
foundation in liquefiable ground with a similitude of 1/25. (3) The seismic effectiveness of lattice-type cement-treated
soil improvement adjacent to an underground RC structure was confirmed based on the response results of the structure
and soil improvement body. Moreover, rational and acceptable specifications of cement-treated soil improvement were
presented.
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1. Introduction

In the seismic performance evaluation of underground reinforced concrete (hereinafter referred to as RC)
structures, it is necessary to grasp the nonlinear response characteristics of the soil-structure interaction
system. In addition, on the seismic reinforcement of underground structures installed a soil improvement
body in which cement is mixed with the original ground on both sides of the structure (hereinafter referred to
as the “cement-treated soil improvement”), it is necessary to consider the nonlinear response characteristics
of the cement-treated soil improvement body same as the surrounding ground. With the increase in the level
of design input seismic motion, the use of ground deformation and structural deformation that allows
structural damage as an index for seismic performance evaluation leads to a performance-oriented design.
The finite element method considering all in one the soil-structure interaction system is expected as a
powerful tool for seismic design.

To apply a seismic reinforcement such as cement-treated soil improvement method, adoption of the seismic
analysis including non-linear effects of the surrounding ground, the RC structures and the cement-treated soil
improvement body entirely is desirable. For example, in the case of seismic reinforcement of underground
structures with a block-type cement-treated soil improvement (an overall improvement pattern by
overlapping and integrating cylindrical solid bodies) installed on both sides, the reinforcement effect has
been studied based on the lateral loading test and its pushover analysis [1]. Similarly, a countermeasure
against liquefaction, utilizing a lattice-type cement-treated soil improvement (an improved pattern in which
cylindrical solid bodies are overlapped in a lattice type, such as the “TOFT”), as an economical block-type
cement-treated soil improvement method [2], is used. In this case, seismic performance is mainly evaluated
using a two-dimensional analysis in which the soil improvement body is replaced with the outer and inner
walls, and the unimproved ground inside the lattice and the liquefiable ground are simplified with plane
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strain condition. On the other hand, in nonlinear seismic response using a three-dimensional analysis that
precisely reproduce the shape of the actual ground, structures and cement-treated soil improvement, there are
few examples in which the analysis accuracy has been verified by comparison with experimental test results
[3], [4]. In non-linear seismic response analysis including RC structures and cement-treated soil
improvement body in the liquefiable ground, an effective stress analysis method incorporating a constitutive
model of soil is required adequately expressing the process of pore-water pressure generation, accumulation
and dissipation during and post-earthquake.

In this study, we first show the expansion and applicability of the constitutive model of soil used for
liquefiable ground and cement-treated soil improvement body that reproduce the strength and deformation
characteristics of materials with a wide range of soil density from loose saturated sand to dense saturated
sand. Next, a three-dimensional effective stress analysis method was developed incorporating the expanded
constitutive model of soil. From the comparison between the existing centrifuge model test results of RC
pile foundation in liquefiable ground and its reproduction analysis, its applicability to the nonlinear coupled
the soil-structure behavior was verified. Finally, assuming the countermeasure against liquefaction with a
lattice-type cement-treated soil improvement for the underground RC structure in the liquefiable ground, a
three-dimensional effective stress analysis was performed, and rational specifications of soil improvement
were presented based on the response of the structure and cement-treated soil improvement body.

2. Constitutive model of soil and cement-treated soil improvement body

2.1 Subloading surface model

A subloading surface model (Hashiguchi et al.) was introduced as a constitutive model of soil and cement-
treated soil improvement body. This model is an elasto-plastic constitutive equation for soil based on the
concept of the rotational hardening and the subloading surface with tensile yield strength expressing cyclic
plasticity [5] - [7]. Fig. 1 shows the relationship between the normal-yield surface and the subloading
surface of on the p-q plane (p: mean effective stress, g: deviator stress, F: the normal-yield surface, f: the
subloading surface, H: the isotropic hardening variable and g: the anisotropic variable). The subloading
surface used in this study has a similar center fixed at the origin, a similar shape to the normal-yield surface
through the current stress point ¢ and a normal-yield subloading surface size ratio R (the size of the
subloading surface relative to the normal-yield surface). In this study, we introduced the tensile strength
ratio £( £=0 for the soil and & #0 for the cement-treated soil improvement body) so that the behavior of the
cement-treated soil improvement with tensile yield strength can be expressed in the same framework as soil.

2.2 Extension of subloading surface model

In this study, in the evolution law of the normal-yield subloading surface size ratio R that defines the plastic
strain increment, U(R) is reduced associated with the cumulative plastic deviatoric strain ,"as shown in Egs.
(1) and (2). Consequently, the occurrence of shear strain is reproduced that rapidly increased to a few
percent can be obtained as that of undrained cyclic shear behavior observed in loose saturated sand [8].

R=URI|l, & =D (1

UR) =—- InR, el = flle*ll dt (2)

u
exp({; - &7
Here, DP is the plastic strain rate, D, is the plastic deviatoric strain rate, u is a constant that defines the
increment of plastic strain, and {; is a constant that defines the effect of plastic deviatoric strain. In isotropic
hardening/softening due to shear, D" in Eq. (3) reduces the same as in Eq. (2) with cumulative plastic
deviatoric strain g, and adjusts the degree of isotropic hardening/softening due to shear. Thus, the
generation of shear strain is reproduced so that the gradual increase to about several percent as that of
observed in undrained cyclic shear behavior of dense saturated sand.

(o]
DI = w||D? ||( .

- md> exp({y - €P7) (3)
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Fig. 1 Normal-yield surface and subloading surface in p-q plane

Table 1 Mechanical properties

Material Silica sand No. 7 ( D=60%)
Compressional index p, M1+ eq) 0.00211
Swelling index y, K/(1+ eq) 0.00047
Internal frictional angle & 33°
Initial normal-yield surface I 100kN/m?
Poisson’s ratio v 0.33
Limit surface of rotatinal hardening Db 33°
Evolution of rotatinal hardening by 100
Evolution of normal-yield subloading surface size ratio R i 5000
G 1000
u 0.1
Isotropic hardening/softening due to shear* Pd 26.6°
@ —10
Reference effective mean stress 0 'm, ref 100kN/m?
Elastic modulus at reference effective mean stress Eret 218647kN/m?

* Isotropic hardening/softening due to shear is not available at pu=0.

Here, ¢ is the deviatoric stress, Ds” is the plastic volume strain rate of isotropic hardening/softening due to
shear, « and mg (function of ¢q) are the material constant of isotropic hardening/softening due to shear.
is a material constant that regulates the effect of plastic deviatoric strain due to isotropic hardening/softening
due to shear, and the behavior of loose, medium to dense sand is reproduced by -co <{><0.

Table 1 shows the mechanical properties of the subloading surface model of silica sand No. 7 (D;=60%). In
the subloading surface model, the Modified cam-clay model is applied to the normal-yield surface, so the
mechanical properties inherent to the subloading surface model consist of 7 parameters as, (a) Limit surface
of rotational hardening ¢, (b) Evolution of rotational hardening by, (c), (d) Evolution of normal-yield
subloading surface size ratio u and &, and (e), (f), (g) Isotropic hardening/softening due to shear u, @4, (2.
The main mechanical properties are set to be based on the physical and mechanical constants obtained in the
material test of silica sand No. 7 (D=60%), and other constants are set to be on a trial.
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(Isotropic hardening/softening due to shear is not available) (Isotropic hardening/softening due to shear is available)

Fig. 2 Computed results of saturated sand behavior under undrained cyclic simple shear condition

2.3 Simulation of saturated sand behavior under undrained cyclic shear condition

Fig. 2 shows the simulation results obtained under undrained cyclic simple shear condition (shear stress ratio
of 0.2), coefficient of earth pressure at rest Ko=1.0, initial mean effective stress o0 =100kN/m?, in case of
concerning the isotropic hardening/softening due to shear in Table 1 for loose and dense sand. In case of the
loose sand, parameter p is set as O for neglecting the isotropic hardening/softening due to shear. In the case
of loose saturated sand, the effective stress path in the vicinity of the failure shows rapid approach to the
origin and the shear strain increases rapidly. In the case of dense saturated sand, the effective stress path in
the vicinity of the failure gradually approaches to the origin and the shear strain increases gradually. These
tendencies are similar to the behavior of saturated sand with various density observed in the material test.

3. 3D effective stress analysis method

3.1 Overview of centrifuge model test results for verification

A centrifuge model test was conducted [9], [10] in order to obtain the verification data for the 3D effective
stress analysis method considering the material nonlinearity of the structure and the liquefiable ground, to
investigate the response characteristics of the RC pile foundation to the nonlinear range in the liquefiable
ground. Fig. 3 shows the profile and instrumentations of test specimen under the similitude of 1/25 scaled
model and the time history of the shaking table acceleration obtained for the shake event No. 5, at which the
reinforcing bar of piles had yielded. Here, the test results obtained with the event No. 5 are shown in Fig. 6
together with the three-dimensional effective stress analysis results. The details of the centrifuge model and
test results can be referred to [9] and [10]. The pile damage after the final event No. 6 is shown in Photo 1.

3.2 Method

In the analysis, “FINAL-GEQO”, a large-scale high-speed nonlinear FEM analysis program was used [11]. In
“FINAL-GEO”, in addition to the constitutive model of reinforced concrete, Biot's multi-dimensional
consolidation of saturated porous media [12] and the effective stress analysis incorporating the constitutive
model of soil in Chapter 2 are used. The seismic response of saturated ground and RC structures can be
obtained in consideration of the generation and dissipation processes of excess pore-water pressure according
to the during and the post-earthquake. Here, in the formulation of the finite element method for saturated
ground, the u-U formulation using the absolute displacement of pore-water is adopted [13].

- 4b-0017 -



4b'001 7 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

3.3 Model

Fig. 4 shows the analytical model which the symmetry in the shape and loading conditions concerned.
Therefore, half in the width direction is modeled as shown in Fig. 3. Hexahedral elements are adopted for
steel superstructures, footings and ground, truss elements are adopted for reinforcing bar and lateral bar of
shear in pile foundation, and quadrilateral elements are adopted for footing steel mold. Relative slip between
concrete and reinforcing bars is not modeled. The joint elements with a shearing stiffness of zero for the
interface between the footing, pile and the liquefiable ground are installed considering the slip between each
other. An infinite normal stiffness at the time of tensile stress action is assumed as well.

3.4 Boundary conditions

The model is completely fixed at the bottom boundary. Because of utilizing the shearing stack container, a
subordinate condition is given so that the horizontal displacement of the nodes on both sides of the ground
(displacement in the x direction in Fig. 4). The mass of the container is considered as concentrated mass and
the stiffness is considered as a shear spring. The reproduction analysis was performed for the event No. 5 at
which the yielding of reinforcing bar on the pile was observed. The recorded acceleration obtained at the
bottom of the shearing stack container was used as the input motion.

3.5 Physical and mechanical properties

Table 2 shows the physical and mechanical properties of liquefiable ground. The relative density of 63% was
prepared for the liquefiable ground in the test, the material constants for isotropic hardening/softening due to
shear is set as x=0. Elasticity was assumed as the supporting ground.

3.6 Reinforced concrete model

Fig. 5 shows the relationship between principal stress and equivalent uniaxial strain of concrete under
monotonic loading. The Modified Ahmad model [14] was used for the ascending region, the Nakamura
model [15] for the softening region in the compressive side and the coefficients at compressive failure in the
Ottosen model [16] was used proposed by Hatanaka et al. The tensile side was assumed to be linear up to
the cracking, and after the cracking was assumed to be softened [17]. The hysteresis characteristics under
cyclic loading were expressed by Naganuma et al. The stress-strain relationship of the reinforcing bars was
assumed to be a complete elasto-plastic model with the yield strength as the break point.

3.7 Results

Fig. 6 shows the time history of footing, ground surface acceleration and excess pore-water pressure ratio of
saturated ground, footing displacement, and reinforcing bar of strain at pile head (tensile: positive,
compression: negative). In saturated ground, the excess pore-water pressure ratio reaches about 1.0 in about
0.4s to 0.5s, and liguefaction occurs. After the liquefaction, the acceleration of the ground surface is
attenuated, but the footing has a significant oscillation continuously. Its tendency is the same as the
centrifuge model test. The excess pore-water pressure ratio in the analysis rises slightly faster than the test
results, but the time to reach liquefaction is sufficiently reproduced. In the strain response of reinforcing bar,
the footing displacement is positive (to the right in Fig. 3), the reinforcing bar of pile head B1-M1 is in
compression and the reinforcing bar of pile head B1-M6 is in tension. Pile head strain of B1-M1 and B1-M6
were consistent with the phase characteristics of reinforcing bar. In the centrifuge test, a tensile strain of
3247u was generated at pile head B1-M6, and the yield of the reinforcing bar was observed. However, a
tensile strain of 918 at pile head B1-M6 is observed in the analysis, which far from the yield of reinforcing
bar. The footing displacement is also underestimated compared to the test results. This is possibly due to the
insufficient reproductivity of liquefied soil response. Because of the shear strain of the ground near the
failure is almost steady in the constitutive model of soil as shown in Fig. 2, the occurrence of a large shear
strain is interfered in liquefied soil elements.

As for the damage of the piles in Photo 1, mainly bending cracks were observed, but no shear cracks
occurred. From the comparison with the crack location observed after the centrifuge test, in both cases,
bending cracks occurred at the pile head, pile end and pile middle, and there were no oblique cracks due to
shear, and the qualitative tendency could be reproduced in the reproduction analysis.
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Table 2 Physical properties and mechanical properties

Material Silica sand No. 7 (D;=60%)
Grain density Ds 2.648t/m?
Pore-fluid density Di 1.0t/m®
Porosity n 0.472
Grain bulk modulus K 1.0x10*kN/m?
Pore-fluid bulk modulus K 2.25%10°kN/m?
Permeability k 7.0x10°m/s

(Centrifuge model test)

(Effective stress analysis)

Photo 1 Comparison of damage of pile foundation between centrifuge model test and effective stress analysis
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4. 3D effective stress analysis of cement-treated soil improvement

4.1 Model

Fig. 7 shows profile of a target model (a representative case as replacement ratio of 50%), of which the
countermeasure against liquefaction utilizing a lattice-type cement-treated soil improvement is implemented.
As previously mentioned, this countermeasure is more economical than the block-type cement-treated soil
improvement. The rational replacement ratio of the countermeasures for the underground RC structure in the
liquefiable ground is examined as an example. The underground RC structure shown in Fig. 8 is designed in
accordance with the open-cut railway tunnel standard [18]. The structural specifications are followings. (a)
Design concrete strength of Fc=24N/mm?, (b) Reinforcing bar of SD345, (c) The ratio of tensile reinforcing
bar P is 1.13% (outside) and 1.59% (inside) on upper slab and side wall, (d) The ratio of tensile reinforcing
bar P is 0.79% (both outside and inside) on bottom slab and center wall and (e)The ratio of shear reinforcing
bar Py is uniformly 0.25%, respectively. Table 3 shows the dimensions and specifications of the lattice-type
cement-treated soil improvement body. Here, the aspect ratio of lattice is defined as the ratio of the
unimproved ground length inside the lattice (=internal of lattice/height of improvement). Analytical cases
are chosen as the unimproved case and cases with replacement ratio a, of 40%, 50% and 60%. Fig. 9 shows
a 3D profile of analytical model (a, =50%). The depth of the model is same as one unit of the interval of
lattice (same as width of improvement) including the unimproved ground inside the lattice. Fig.10 shows
seismic motion, NS component of JMA Kobe wave as Level 2 earthquake motion with duration of 14s.

4.2 Physical and mechanical properties of liquefiable ground and cement-treated soil improvement body

In the liquefiable ground, D,=60% (liquefaction strength ratio Rz of 0.2) is assumed, which is relatively
weak, so the mechanical properties =0 and the physical properties in Table 1 and 2 are used as parameters
for the subloading surface model. The supporting ground is assumed to be elastic (p=2.0t/m?, Vs=700m/s).
Table 4 shows mechanical properties of cement-treated soil improvement body. The initial value Fo of the
normal-yield surface and the tensile strength ratio & are chosen simultaneously satisfying the two points
corresponding to the compressive strength oc of 2250kN/m? and tensile strength o of 450kN/m2, and the
critical state lines on the compression side and extension side as M= 1.636 and M=1.059 on the p-q plane of
the Modified cam-clay model. Therefore, this reflects the nonlinear behavior of stress and strain considering
both compressive strength and tensile strength of the cement-treated soil improvement body precisely.

4.3 Reinforced concrete model

Concrete is a constitutive model similar to that of Section 3.6, but Ottosen's model [16] under the condition
of compression failure, and the Naganuma model for shear transfer characteristics after cracking is used in
this analysis. Details of the constitutive model can be provided in Ref. [14]. Reinforcing bars are modeled as
embedded reinforcing bars, which added the rigidity of concrete elements with the rigidity equivalent to that
of reinforcing bars. The constitutive model of the reinforcing bars is the bilinear model with the vyield
strength as the break point, the stiffness after exceeding the yield point is 1/100 of the initial stiffness. The
material model and constants of the structure are the same as in Ref. [18].

4.4 Results

Fig. 11 shows the time history of the excess pore-water pressure ratio at the center of unimproved ground,
inside the lattice of the left and right lattice-type cement-treated soil improvement (G.L.-7.75m). The time
history obtained in liquefiable ground at free field is also shown. It is pointed out that, as the replacement
ratio increases, the same as the aspect ratio of lattice decreases, the excess pore-water pressure ratio of the
unimproved ground inside the lattice gradually becomes smaller than that of the free field.

Fig. 12 (a) shows the time history of the relative displacement, which defined as the difference between the
top and bottom slab, of the center wall at the middle depth of the structure according to the replacement ratio
including unimprovement case. The reinforcing effect corresponding to the replacement ratio is obtained by
normalizing the displacement of the unimprovement case in Fig.12 (b), as well. Here, regarding with the
replacement ratio, the interval of lattice (width of improvement) is different for each of 40%, 50% and 60%.
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Fig. 7 Target model (Lattice-type cement-treated soil improvement, replacement ratio of 50%)

Table 3 Dimension and specification for lattice-type cement-treated soil improvement body

Replacement ratio Interval of lattice Internal of | Aspect ratio Equivalent .
ap (width of improvement) lattice of lattice replacement ratio a
Unimproved — — — —
40% 7.1m 5.5m 1.00 67%
50% 5.5m 3.9m 0.71 50%
60% 4.35m 2.75m 0.50 38%
Remarks Thickness of wall : 0.8m
Height of improvement : 5.5m
Table 4 Mechanical properties (cement-treated soil improvement)
Compressional index p, M1+ eq) 0.31125
Swelling index 7, Kk/(1+ eq) 0.01085
Internal frictional angle bt 40°
Initial normal-yield surface Fo 2927kN/m?
Poisson’s ratio v 0.167
Limit surface of rotational hardening B 0
Evolution of rotational hardening by 0
Evolution of normal-yield subloading surface size ratio R éL:Il 50000
Ratio related to initial normal-yield surface é 0.0728
Elastic modulus Eo 3500000kN/m?
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Fig. 10 Time history of earthquake motion

Therefore, the equivalent replacement ratio a, is newly defined normalized by the interval of lattice at
replacement ratio a,=50% of 5.5m as obtained by Eq. (4). Table 3 shows the equivalent improvement ratio
ap together with improvement ratio a,. In case of the unimproved case, the deformation angle of the center
wall of the RC structure is 1.56%. Because of the reduction in relative displacement on the side wall and
center wall of underground structures, as the replacement ratio increased, the deformation angle of the center
wall is reduced to 0.19% at replacement ratio of 50%.

Fig. 13 shows distributions of deformation and reinforcing bar strain of the structure for soil unimproved
case at t=5.75s. Distributions of the octahedral shear stress and octahedral shear strain of the cement-treated
soil improvement body with a replacement ratio a, =50% at t=5.65s are shown in Fig. 14. For unimproved
case, the maximum bar strain of 0.66% in the x-direction, and that of 1.03% in the z-direction are analyzed.
In case of the replacement ratio a, =38%, the bar of strain is 0.10% in the x-direction and 0.21% in the z-
direction. The shear stress and shear strain at the bottom corner of the cement-treated soil improvement
body are 1252kN/m?and 0.21%, which exceed the yield stress and strain. On the other hand, at replacement
ratio a, =50%, bar yield is suppressed as well as the shear stress at the bottom corner of the soil
improvement body with regard to the yield limit. Therefore, the economical replacement ratio of about a, =
50% can be confirmed to be appropriate for the lattice-type soil improvement in this example.

5. Summary

As a nonlinear analysis method for RC structures in liquefiable ground, a three-dimensional effective stress
analysis method is developed incorporating an extended constitutive model for a wide range of saturated
sand that expresses the generation, accumulation and dissipation of excess pore-water pressure during and
post-earthquake. The following summarizes the findings obtained in this study.

1) Conducting the three-dimensional effective stress analysis method to the reproduction analysis of the
centrifuge model test of RC pile foundations in liquefiable ground, the response of structures, liquefiable
ground and RC piles tends to be qualitative in test and analysis and was confirmed that the coupled nonlinear
behavior of the liquefiable ground and the RC structure can be reproduced.

2) On the lattice-type cement-treated soil improvement as countermeasure against liquefaction, based on
the 3D effective stress analysis, underground RC structure with a soil improvement width equivalent to the
height of is structure and a replacement ratio of 50% was shown to be secured during strong earthquake.

3) In the seismic design for countermeasure against liquefaction by the lattice-type cement-treated soil
improvement, if the 3D effective stress analysis method is applied, it is expected to be a reasonably improved
specification compared to the conventional 2D effective stress analysis.
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