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ABSTRACT: In Japan, it has become important to improve the seismic performance of
soil-foundation systems during large earthquake. Soil improvement is one of the meas-
ures implemented to mitigate ground damages, and soil-cement mixture is the material
often used to achieve this; however, this material sometimes exhibits brittleness, which
decreases the seismic capacity. Therefore, authors developed a new artificial soil that can
withstand large deformations. The new geo-material is used for soil improvement to
reinforce the earthquake response resistance of soil-pile-foundation. In this study, static
cyclic loading tests are conducted in an actual ground using steel pipe piles strengthened
with the newly developed composite geo-material. Then, 3-dimensional nonlinear FEM
simulation is carried out and the lateral resistance mechanism of the pile with soil
improvement is clarified.

1 INTRODUCTION

In recent earthquakes in Japan, there are many cases where damages on soil-foundation sys-
tems, such as damages on piles and footing beams caused by large ground deformation,
ground liquefaction and settlement around foundations, negatively affect the performance of
the superstructures (Architectural Institute of Japan 2011, Miyamoto 2017). Therefore, it has
become important to improve the seismic performance of soil-foundation systems.

Soil improvement is one of the measures implemented to mitigate such damages of soil-
foundation system, and soil-cement mixture is often used; however, this material sometimes
exhibits brittleness as the strength increases, which decreases the seismic capacity. Our labora-
tory has been conducting research on the seismic performance of composite soil materials
mixed with soil and dissimilar materials to develop improved soil with better performance
(Shimamura et al. 2011, Umakoshi et al. 2017, Miyamoto et al. 2018).

In this research, we focused on magnesium acrylate, which is used as waterproofing material
in civil engineering field (Miyazawa et al. 1972). When magnesium acrylate is mixed with an
oxidizing agent and reducing agent to form a polymer, it becomes a gel, which is elastic and
insoluble in water. By mixing sand before the commencement of the gelling process, sand
particles are combined with the polymer, and a cured material having high toughness and
damping capability is obtained (Kobayashi et al. 2017). This is called new composite geo-
material. In this study, the reinforcement effect of steel pipe head strengthened with the new
composite geo-material is clarified through static cyclic loading tests in an actual ground.
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Then, 3D-FEM simulations were carried out and the lateral resistance mechanism of the
pile with the new composite geo-material for soil improvement is investigated.

2 STATIC CYCLIC LOADING TESTS IN ACTUAL GROUND

2.1  Experimental condition

Figure 1 shows the soil properties and N value distributions of the test site. The site ground is
composed of almost parallel site layers, that is volcanic ash clay with an N value of 5 or less at
shallower depth than 3.2 m below the ground level and sandy soil with an N value of 15-40
beyond GL-3.2 m. The ground water level is GL-1.4 m.

Figure 2 shows an overview of the experimental device and sensors. Figure 3 shows photo
of the loading apparatus. The loading device consists of a test pile, a reaction structure and a
hydraulic force. The test pile is a JIS G 3444 general structural carbon steel (STK) pile with
outer diameter, material thickness, and length of 267.4 mm, 9.3 mm, and 5 m, respectively. It
was projected 200 mm from the ground surface. The reaction structure is a combination of
four steel pipe piles with diameter, thickness, and length of 406.4 mm, 12.7 mm, and 6 m,
respectively.

The center-to-center distance between the test pile and the reaction structure was 4 m. The
test pile was pin-jointed to the hydraulic force and loaded under a condition that allows free
rotation of its head.

The lateral displacement (GL+100 mm) of the test pile was measured using a displacement
gauge, the pile head load was measured using a load cell, and the bending strain of the pile
was measured using strain gauges. The strain gauges were installed inside the test pile at 100
mm intervals. The test pile was loaded in positive and negative directions gradually alternat-
ing in the order of horizontal displacements of 0.5, 1, 2, 4, 6, 8, 10, 15, 20, 40, 60, 80,100,
150 mm.

2.2 Experimental cases

Two types of experimental cases were conducted: one is a straight pile with no improvement
(ST), and the other is a straight pile with the new geo-material around the pile head (STIMP).
Figure 4 shows a sectional view of each test pile.

2.3 New composite geo-material

In this study, we used a new composite geo-material with superior strength and toughness for
ground improvement. Table 1 presents the composition of the materials used for the compos-
ite geo-material. In this experiment, soil around the pile head was replaced with the new com-
posite geo-material with dimensions of 1.0 m x 1.0 m x 1.0 m. Specifically, the original ground
around the pile head was excavated after installation of the test pile, and then premixed chem-
ical liquid and sand were poured. The curing period was more than 3 days.

Figure 5 shows the relationship between the axial strain, ¢ and the compressive stress, o
measured by unconfined compression test for the composite geo-material and soil-cement
mixture. The new composite geo-material has peak strength strain of approximately 15% and
is significantly tougher than soil-cement. In addition, its ductility is maintained even at a
strain of 20% as can be seen in Figure 6. Figure 7 shows the relationship between the shear
strain, y and the shear modulus, G/Gy, as well as the damping ratio, # measured by cyclic
simple shear test. For all vertical stresses, the shear moduli decreased and the damping ratios
increased nonlinearly with increase in the shear strain. Figure 8 shows the relationship
between the initial shear rigidity, Gy, and the vertical stress, o,. The initial shear rigidities
increased with increase in the vertical stresses and the relation can be represented as a func-
tional equation as shown in Figure 8.
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Table 1. Material composition of the composite geo-material
Density Particle size range
Category Material name g/em’® mm
Chemical Magnesium acrylate solution (29 wt. %) 1.17 -
Sodium thiosulfate 1.67 -
Ammonium peroxodisulfate 1.98 -
Soil Silica sand (Tohoku silica sand No.6) 2.58 0.075 - 0.425
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Figure 6. Condition of composite geo-mater-
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Figure 9. Pile head load — reference displacement curves

2.4  Results of cyclic loading tests

Figure 9 shows the relationship between the pile head load and the reference displacement for
the ST and STIMP cases. As the loading progresses, the initial stiffness of the loading curves
gradually decreased due to plastic deformation of the ground from small loading level. In add-
ition, as the reference displacement further increased, the stiffness of the loading curves increased
near the maximum displacement and the loops seemed to be an inverted S-shape. This is mainly
due to the effect of separation between the pile and the ground as for the ST case or the improved
ground and the site ground as for the STIMP case. We found that the STIMP case had larger
pile head load and the effect of reinforcement by soil improvement was confirmed.

Figure 10 shows the bending moment distributions in the depth direction at ground dis-
placements of 20 mm and 60 mm. The STIMP case had a larger bending moment distribution
of up to GL-1 m compared to the ST case.

Figure 11 shows ground surface deformation at displacement amplitudes of 60 mm. For the
ST case, many cracks occurred, which spread radially around the pile, whereas for the STIMP
case, few cracks occurred around the pile and many cracks occurred between the improved
ground and the site ground.

3 SIMULATION ANALYSIS OF CYCLIC LOADING TESTS

3.1 Modeling of finite element method

In the analysis, the test pile and soil were modeled using LS-DYNA (JSOL Corporation 2007).
LS-DYNA is a three-dimensional finite element analysis program for dynamic contact prob-
lems, based on the explicit method. The explicit method is a time history response analysis that
obtains the response of each time step and can directly solve the equation of motion of the cur-
rent state. A stable solution can be obtained even in a dynamic problem with strong nonlinearity
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Figure 11. Cracks of the ground surface around test pile (disp. 60 mm)

because convergence calculations are not required. Figure 12 shows an overview of the finite
element model for the STIMP case. The pile was modeled using shell element to approximate its
cross section to a regular hexadecagon shape, and had a bilinear type nonlinear characteristic.
The soil was solid element, and the dimensions of soil model were 6 m in the loading direction,
2.6 m in the direction perpendicular to the load, and 7.8 m in the depth direction. Moreover, the
soil was divided into eight layers and the material properties were set as indicated in Table 2.
The physical property values were obtained by PS logging for all layers, and tri-axial compres-
sion test for clay layers (Kuroboku soil, weathered volcanic ash and volcanic ash).

The stress-strain relationships of the ground were set using the polygonal line approxima-
tion of the Hardin-Drnevich model as follows (Architectural Institute of Japan 2006):

Gy
G=——— 1
1+ GOV/Tmax ( )

where G is the shear rigidity and y is the shear strain.

Up to the 5th layer, the maximum shear strength, 7., Was calculated using the following
equation

Tmax = G0 * 7p5 (2)
where G is the initial shear rigidity and y, 5 is the standard strain.
From the 6th to the 8th layer, G, was calculated as
Go=p- V¢ (3)

where p is the density and Vs is the shear wave velocity.
Tmax Was obtained from the following equation (Mohr-Coulomb’s standard formula)

P —; M in ¢+ ccos (4)

where o, is the vertical stress, gy, is the horizontal stress, ¢ is the internal friction angle and c is
the cohesion.
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Table 2. Material composition of the test site

Internal Initial
friction Poisson’s shear Maximum
Density Cohesion angle ratio rigidity shear strength
Depth p c ® v G Tmax
Type of soil m t/m>  N/mm?  degree - N/mm? N/mm?
Kuroboku  0to-0.55 1.28 0.029 1 0.29 12.2 0.0195
Weathered  -0.55to-1.4 1.34 0.035 1 0.33 15.5 0.0186
volcanic ash -1.4to-1.7 0.33 15.5 0.0186
-1.7t0-2.2 0.49 15.2 0.0182
Volcanic ash -2.2 to -3.2 1.64 0.09 1 0.47 15.2 0.0243
-3.2t0-4.7 0.45 58.3 0.0272
Sand -4.7t0-5.7 1.80 0.0011 30 0.47 35.3 0.0387
-5.7t0-7.8 0.49 35.3 0.0542

To reduce the analysis time, it was assumed that the pile head was displaced forcibly in one
direction. Friction was permitted between the pile and the site ground, and the coefficients of
friction for clay and sand were 0.3 and tan 30°, respectively.

In addition, for the simulation of the STIMP case, the soil around the pile head was replaced
with the improved ground, that is, the composite geo-material. Table 3 lists the compositions of
the composite geo-material. The improved ground was divided into four layers in the depth dir-
ection and the initial rigidity was determined using the equation given in Figure 8 based on the
overburden stress. The nonlinear characteristic is a polygonal line approximation of the Hardin-
Drnevich model similar to the site ground. The maximum shear strength was obtained from
Equation 4. Furthermore, the friction between the improved ground and the site ground and
that between the pile and the improved ground were 0.3 and tan 30.5°, respectively.

Table 3. Material composition of composite geo-material

Depth Gy p v c o

m N/mm?> t/m* - N/mm?> °
0to -0.22 7.93 1.7 0.45 0.225 30.5
-0.22 to -0.495 13.34

-0.495 to -0.72 16.86

-0.72 to -0.975 19.53
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3.2 Comparison of analysis and experimental results

Figure 13 shows a comparison of analysis and experimental results of the pile head load and the
reference displacement. The test pile is estimated to be plasticized at approximately 60 mm of
the pile head displacement, and is compared with experimental results for up to 60 mm. Both
ST and STIMP cases were able to simulate the trend of each experimental result. Figure 14
shows a comparison of analysis and experimental results of the bending moment distributions.
It can be observed that the trends of the results obtained from experiments can be reproduced.

3.3 Deformation of ground surface around pile in analysis

Figure 15 shows the state of deformation diagram and the von Mises stress distribution of
ground surface around the pile head at the pile displacement of 60 mm. In terms of the state of
ground deformation, the pile and the ground were largely separated in the ST case, whereas
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separation of the pile was small in the STIMP case, and the gap between the site ground and the
improved ground was large. These figures show the same trend as the deformation of the ground
surface observed in the experimental results (Figure 11). On the other hand, the von Mises stress
of the ground was very small in the ST case; however, in the STIMP case, the stress was concen-
trated in the improved ground. In particular, significant concentration of the stress was observed
at the front part of the pile and at the corner of the improved ground. It is considered that the
improved ground bore the stress and reduced the horizontal displacement of the pile.

4 CONCLUSION

In this study, the effect of steel pile strengthened with new composite geo-material was clari-
fied by conducting static cyclic loading tests in an actual ground and simulation analyses. The
following conclusions are drawn from this study:

1. The new composite geo-material made by mixing magnesium acrylate polymer and sand
has high deformation performance as indicated by the laboratory test results.

2. Results from static cyclic loading tests in an actual ground indicate that the pile head load
and the bending moment distribution of the steel pipe pile strengthened with the composite
geo-material were larger than those of the pile without improvement.

3. Simulation analysis using 3D-FEM represented well the response obtained from the experi-
ment and the deformation behavior of the ground surface. It was confirmed that the
ground improved by the composite geo-material has high strength.

In the future, we will analyze a pile foundation-building model with the improved ground
using 3D-FEM to verify the reduction effect of the seismic response of the pile foundation-
building system.
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