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Abstract 
A chain event of the 2016 Kumamoto earthquakes caused considerable geo-
technical damage related to liquefaction in many places around Kumamoto 
plain. Many low-rise houses and traditional Japanese style houses, which were 
constructed on shallow foundation, suffered differential settlement and tilting 
due to liquefaction. To mitigate the building damages due to the liquefaction, 
a new countermeasure method of jet grout grid form with a horizontal slab is 
introduced in this study. The effectiveness of the proposed technique was 
evaluated through physical modelling and numerical modelling. As a part of 
the physical modelling, a set of 1 g shaking table tests for unimproved case 
and improved case were performed, in which the mitigation effects of the grid 
form with a horizontal reinforcing slab were examined based on the accelera-
tion, excess pore water pressure ratio as well as ground settlement. Numerical 
simulation was also performed for assessing the effect of improved method 
on soil-structure interaction and building settlement during the earthquake. 
The physical and numerical results confirmed that the grid form with 
horizontal slab reinforced method is effective in settlement control and offers 
favorable contribution in liquefaction mitigation. 
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1. Introduction 

The 2016 Kumamoto Earthquakes are a series of strong earthquakes including a 
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6.5 magnitude foreshock and a 7.0 magnitude main shock, both struck at Ku-
mamoto City, Kumamoto Prefecture on Kyushu Island, Japan. Subsequently, a 
chain of earthquakes triggered significant damage to infrastructures including 
the renowned cultural heritage of Kumamoto castle, buildings, roads and river 
embankments. In addition, there were geotechnical damages mostly related to 
liquefaction and associated lateral spreading in a few districts of Kumamoto City 
and in the port areas [1]. Especially, the Mashikitown and Minami ward of Ku-
mamoto City experienced liquefaction extensively and intensively. Several tradi-
tional Japanese style houses and low-rise buildings suffered differential settle-
ment and tilting as the consequences of liquefaction in those areas. Figure 1(a) 
indicates the building damage due to differential settlement observed in a resi-
dence in Makishi town, Kumamoto City. Furthermore, a new private hospital in 
Hirata district of Minami ward was one of the most affected buildings due to li-
quefaction. The ground subsidence about 40 cm was observed around the 
building as shown in Figure 1(b). According to the Kumamoto City report, ap-
proximately 2900 buildings suffered severe damage caused by liquefaction dur-
ing the 2016 Kumamoto earthquake [2]. 

In view of the aforesaid statements, liquefaction can cause substantial damage 
to buildings in the form of ground subsidence and bearing capacity failure of the 
soil. In order to mitigate the damage caused by such future liquefaction, it is ne-
cessary to take appropriate remediation measures in geotechnical engineering 
practice. Several countermeasure methods have been developed to mitigate li-
quefaction and strengthen ground, such as gravel drain method, sand compac-
tion pile method, cement deep mixing method, etc. Among many ground im-
provement techniques, a grid shaped cement mixing method is frequently used 
in Japan and its high applicability effect has been evaluated in many earth-
quakes [3] [4]. Many centrifuge models tests, large scale shaking table tests and 
numerical analyses were performed to assess the effectiveness of grid form me-
thod in liquefaction mitigation, proposing the design procedures and guidelines 
[5] [6] [7]. However, the number of researches for grid form method in liquefac-
tion mitigation is very limited and some issues still remain in facilitating con-
ventional grid form countermeasure method in residential areas. Firstly, the  
 

    
(a)                                    (b) 

Figure 1. Buildings damage due to differential settlement in Kumamoto City (a) Mashiki 
town; (b) Hospital building in Minami wards [1]. 
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construction cost is high, and it may not be economical to install under normal 
detached houses. Secondly, the equipment used in conventional method requires 
space and is difficult to utilize in residential areas. Thirdly, the construction of 
grid form directly under existing houses is not feasible, thereby grid spacing ra-
tio is wide to avoid the house and it leads to increase the liquefaction potential. 
To overcome these problems, the present study is aimed at proposing a new grid 
from liquefaction countermeasure method with more economical and effective 
construction approach. The new countermeasure method of jet grout columns 
with horizontal slab introduced in this study offers low cost construction ap-
proach and fulfils the space restraint requirement. In addition, it is applicable to 
apply near boundaries of existing structures. Due to enforcement with the hori-
zontal slab, it also enables to strengthen the soil and provide support to the 
structure similarly as the large diameter jet grout wall used in conventional me-
thod, despite having thinner walls (0.15 m). Moreover, the use of small grid 
spacing ratio (0.2) in this method helps to suppress the generation of excess pore 
water pressure. 

This present study focuses on evaluating the effectiveness of proposed grid 
form countermeasure method with the horizontal slab in reducing liquefaction 
risk. In this paper, the previous researches and development of the new coun-
termeasure method are introduced first. Subsequently in the later sections, the 
experimental modelling and numerical simulation performed were described in 
alignment with their corresponding results. For experimental modelling, 1 g 
shaking table tests for unimproved case and improved case were conducted un-
der different dynamic loading conditions. The salient results of the acceleration 
response, excess pore water pressure ratio and settlement observed from both 
cases were discussed to assess the effectiveness of the soil improvement method. 
In numerical case, an effective stress-based model UBC3D-PLM was employed 
in liquefiable sand and the parameters used in this model were calibrated prior 
to the analyses to confirm the reliability of the numerical results. Herein, for 
both unimproved and improved ground, the focus is given to the significance of 
the settlement and distribution of shear strain under the building evaluated by 
using the numerical PLAXIS software. 

2. New Countermeasure Method for Liquefaction Mitigation 

One widely used existing method against liquefaction is grid type soil reinforc-
ing method. In this method, the stiff grid walls are made of overlapped inde-
pendent columns constructed using soil cement mixing method or jet-grouting 
method. It is expected to restrict shear deformation of the liquefiable soil within 
the grid form, so that excess pore water pressure generation can be suppressed. 
This mechanism of the grid from improved method is presented in Figure 2. In 
fact, the grid form method was developed since after early 1990s, but its effec-
tiveness was first evaluated in the Hyogoken, Nanbu earthquake in 1995 [3]. 
Many numerical analyses, physical model tests and field tests were performed to  
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Figure 2. Liquefaction mitigation mechanism of grid form wall (a) Earthquake induced 
large shear deformation occurred in unimproved case (b) Reduced shear deformation due 
to reinforcing effect of the improved grid form method. 
 
investigate the performance of the grid spacing, interaction between improved 
ground and surrounding soil and revealed that the grid form improved method 
is effective in liquefaction mitigation [4] [5] [6]. 

Regarding the design procedure and guidelines of the grid type improvement 
method, the Ministry of Construction proposed that the grid wall spacing to 
thickness of loose sand layer ratio (L/H) should be smaller than about 0.8 to as-
sure the effect of liquefaction prevention [7]. Therefore, the typical grid spacing 
ratio used as common design practice for construction site is about 0.5 - 0.8. 
Nevertheless, it is still insufficient to reduce the risk completely because the ef-
fectiveness of improvement method in liquefaction prevention is depending on 
many factors, such as cement column stiffness, wall thickness and grid wall 
spacing to grid height ratio, etc. [8]. The research group of the Port and Airport 
Research Institute also indicated that the grid spacing is a key factor to control 
the generating of excess pore water pressure and settlement in liquefaction miti-
gation [9]. It means that the amount of excess pore water pressure and settle-
ment could escalate with the increase in grid spacing ratio. Besides, jet grouting 
machines are huge in size and difficult to utilize in city areas. To arrive at the 
most economic and efficient design methodology, some researchers have been 
developed new design reinforced methods. For instance, Isobe et al. proposed a 
hexagonal grid form method, in which hexagonal shaped grid form with small 
diameter of jet grouted walls (0.16 m) were utilized for liquefaction counter-
measure [10].  

In this study, a new countermeasure method, the grid form with additional 
horizontal slabs, is introduced as shown in Figure 3. Herein, grid spacing ratio 
of 0.2 was considered, which is equivalent to 2 m and 10 m of grid wall spacing 
and thickness of the liquefiable layer, respectively. The grid wall (0.15 m diame-
ter) and horizontal slab (0.5 m thickness) are constructed by means of jet grout-
ing procedure, in which a small machine is used for easy access to the urban  
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Figure 3. New grid type model for liquefaction mitigation. 

 
areas and applicable to deploy near the boundaries of existing structures. In ad-
dition, the liquefiable loose soil is improved by the stiff jet grout grid wall in 
both vertical and horizontal directions, thereby controlling shear force generated 
in the ground during an earthquake. And also, this horizontal slab is expected to 
act as bracing element between the walls to increase the grid wall stability by re-
ducing the shear forces and bending moments. In order to evaluate the effec-
tiveness of grid form with the horizontal slab in reducing liquefaction risk, both 
physical modeling and numerical simulation were performed for unimproved 
case and improved case under different dynamic loading conditions. In experi-
mental modelling for 1 g shaking table tests, the response of acceleration, excess 
pore water pressure ratio and settlement were used to assess the effectiveness of 
the soil improvement method. On the other hand, settlement and distribution of 
shear strain under the building were evaluated for unimproved ground and im-
proved ground by using the numerical PLAXIS software. 

3. Shaking Table Test 

Shaking table test is one of the essential requirements in earthquake geotechnical 
engineering that helps in studying the behavior and performance of earth struc-
tures during earthquake. Several researches have been carried out to understand 
the liquefaction failure mechanisms and the effect of various ground improve-
ment techniques by using shaking table tests. Koga and Matsuo performed a se-
ries of shaking table tests for embankment models on liquefiable sandy ground 
[11]. Most recently, Bahamanpour et al. also stated the use of 1 g shaking table 
tests in assessing the effect of underground columns on the mitigation of lique-
faction [12]. According to the results, the shaking table test provides valuable in-
sight into liquefaction, post-earthquake settlement, rate of generation and dissi-
pation of excess pore water pressure and soil-structure response. In this re-
search, the 1 g shaking table tests were conducted for unimproved case and im-
proved case to verify the effectiveness of a new countermeasure method in li-
quefaction mitigation. Acceleration, excess pore water pressure and settlement 
were measured during the experiments. 
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3.1. Experimental Set up 

The experimental set up and instrumentations for the tests are shown in Figure 
4. The test models were constructed in a transparent soil container made of 
acrylic plates and steel frames. The dimensions of the soil container were 1800 
mm Length (L), 400 mm Width (W) and 800 mm Height (H). In the experi-
ments, a prototype to model ratio (N) of 33 and the similitude relationship pro-
posed by Iai [13] were adopted to determine the various parameters for the test. 
The ground in the model was prepared in two layers using Toyoura sand; a 
non-liquefiable base-layer with relative density, Dr 90%, and an upper liquefiable 
soil layer with relative density, Dr 50%. The physical properties of the Toyoura 
sand are shown in Table 1. For construction of ground model, the lower hard 
layer was prepared by heavy compaction to achieve the desired density while the 
upper liquefiable sand layer was prepared using air pluviation by controlling 
height and flow rate of sand pouring. In the improved case, the grid form model 
was placed at the center of the container. For model construction, the stiff grid 
wall was made of acrylic plate with the stiffness of 2000 MPa, and its thickness 
and length were determined according to the simulate law. The length of the 
grid wall was set as the same measurement with the thickness of upper loose 
sand layer, and thus, the bottom of the improved grid form model rested on top 
of the non-liquefiable layer. 
 

 
Figure 4. Experimental setup and instrumentations for 1 g tests in model scale (a) Un-
improved case (b) Improved case. 
 
Table 1. Physical properties of Toyoura sand. 

Soil particle 
density, 
(g/cm3) 

Maximum 
dry density, 

(g/cm3) 

Minimum 
dry density, 

(g/cm3) 

Maximum 
Void ratio 

Minimum 
Void ratio 

Mean 
grain size, 

(mm) 

2.64 1.645 1.335 0.973 0.609 0.17 
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The test models were equipped with accelerometers, displacement gauges and 
pore water pressure gauges to measure horizontal accelerations along the shak-
ing direction, settlement and excess pore water pressure during and after the 
seismic loadings. To minimize the boundary effects on the measurements, the 
sensors were installed at the center of the container. After the model construc-
tion, saturation of the model was carried out from the bottom of sand layer us-
ing steady water flow with very low discharge rate to dissolve air and to fully sa-
turate the voids. 

3.2. Input Dynamic Loadings and Test Procedure 

The aim of the present research is to develop a new countermeasure method to 
mitigate building damage against liquefaction induced by moderate or large 
scaled earthquakes. Therefore, two types of seismic loadings were adopted. 
These input loadings were applied at the bottom of the soil container in the form 
of sinusoidal acceleration waves. The testing step, amplitude, frequency and time 
duration of seismic loadings applied in the experiments are presented in Table 
2. 

4. Experimental Result and Discussion 

A set of 1 g shaking table tests for unimproved and improved conditions were 
performed under different loading circumstances. The purposes of the experi-
ments were to determine 1) the effectiveness of new mitigation method against 
liquefaction 2) the seismic response of liquefiable soil with and without the 
presence of improved grid-form under dynamic conditions. The effectiveness of 
the jet-grout column with the horizontal slab was evaluated based on the accele-
ration, excess pore water pressure as well as settlement during and after the 
seismic loadings. 

4.1. Acceleration 

Liquefaction triggered the serious deterioration of soil shear strength and stiff-
ness. As the shear modulus of the soil becomes significantly smaller, the shear 
wave energy hardly reaches to the soil surface, and acceleration attenuation be-
havior occurs at the ground surface. Hence, the acceleration response of the soil 
surface becomes one of the identifying factors in evaluating the performance of 
the soil improvement techniques. The soil acceleration histories at the soil sur-
face together with the input motion (0.3 g) for the unimproved case and the im-
proved case are presented in Figure 5. In the unimproved case, it can be seen  
 
Table 2. Earthquake loading conditions. 

Step Acceleration (g) Frequency (Hz) Time (s) 

1 0.2 2 10 

2 0.3 4 10 
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Figure 5. Time histories of acceleration under 0.3 g loading (a) unimproved case (b) im-
proved cases. 
 
that the surface acceleration was notably de-amplified as a result of soil softening 
induced by larger generation of excess pore water pressure, indicating complete 
liquefaction. Conversely, the soil stiffness remained sustaining within the grid 
form for the improved case. Thus, seismic wave was effectively transferred from 
the base to the soil surface within the grid form, resulting amplification behavior 
occurred at the soil surface. In view of this phenomenon, the new countermea-
sure method by means of grid form with the horizontal slab, indicates a potential 
to control the liquefaction occurrence against the earthquake. 

4.2. Excess Pore Water Pressure 

The grid spacing ratio is one of the essential design factors for the grid type im-
provement method. It is because, the stiffer grid wall provides shear reinforce-
ment to the soil and minimize the excess pore water pressure generating against 
earthquake. Expressly, the excess pore water pressure ratio can increase with the 
grid spacing ratio due to insufficient reinforcement to the soil. Hence, the ratio 
of grid wall spacing to the improved grid height (L/H) is used as 0.2 in this 
study. In aspect of the time histories of excess pore water pressure ratio ( vu σ ′∆ ) 
at different depths, the performances of the improved ground model under the 
different earthquake loadings are presented comparing to the unimproved 
ground model in Figure 6 and Figure 7. In these cases, the mitigation effect of 
the jet grout column with horizontal slab method was observed at pore water 
pressure gauge P1 and P2 since they were installed in the liquefiable loose sand 
layers. In unimproved case, the corresponding loose sand layer was in a com-
plete liquefied state as the excess pore water pressure ratio ( vu σ ′∆ ) reached to 
1under both 0.2 g and 0.3 g loadings. From the time histories of unimproved 
case, the chronological agreement between the maximum excess pore water 
pressure and the drastic attenuation of surface acceleration amplitude can be 
obviously seen in Figure 5 and Figure 7. In this case, the surface acceleration 
amplitudes attenuated as a result of high level of excess pore pressure generated 
in the soil during the 0.3 g cyclic loading. On the contrary, for the improved  
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Figure 6. Time histories of excess pore water pressure ratio under 0.2 g loading (a) un-
improved case (b) improved case. 
 

 
Figure 7. Time histories of excess pore water pressure ratio under 0.3 g loading (a) un-
improved case (b) improved case. 
 
case, the excess pore water pressure ratios measured at P1 and P2 in the soil 
within the grid form were found to be less than 1, showing respective peak val-
ues about of 0. 3 and 0.8 under 0.2 g loading and 0.3 and 0.5 under 0.3 g loading. 
Moreover, the dissipation duration of excess pore water pressure at post shaking 
in the unimproved case took a longer than that in the improved case. It indicates 
that the unimproved ground experienced substantial cyclic shear deformation 
and negative dilatancy was accumulated during the cyclic loading. At the pore 
water pressure gauge P3, the excess pore water pressure ratio did not reach to 1 
as expected, since it was installed in the non-liquefiable hard layer. In view of the 
measurements at P1 and P2, it can be stated that the use of small spacing ratio of 
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grid form with horizontal slab is effective in controlling the built up of excess 
pore water pressure. 

4.3. Settlement 

As aforementioned, the ground settlement is consequences of soil liquefaction 
that adversely harm buildings after an earthquake. Therefore, countermeasure 
against structure damages due to the ground subsidence is essential in liquefac-
tion mitigation. To address this, the efficiency of the new mitigation method on 
ground settlement control was studied under the different dynamic loadings. In 
Figure 8, the settlement result of the unimproved case was compared with the 
settlement result measured within the grid form of the improved case. With ref-
erence to Figure 8, in both cases, over 90% of the ground settlements occurred 
during shakings, while only a small amount of settlement was contributed by 
post-shaking soil reconsolidation owing to excess pore water pressure dissipa-
tion. Therefore, Liu and Dorby [14] mentioned that the inertial forces due to 
shaking plays a decisive role in the deformation. In grid form improved method, 
the stiffer and confined grid walls help to resist earthquake induced destructive 
forces, thereby reducing the seismic force in the native soil within the grid form. 
As a consequence, the settlement within the grid form remains small. Hence, the 
total settlement of unimproved case was found to be about 17 mm after the 0.2 g 
and 0.3 g shaking loadings, with a rapid initial settlement due to intensive soil 
softening. However, a delayed response of initial settlement and a lesser amount 
of total settlement value of about 5 mm were observed in the improved case. In 
addition, the larger amount of settlement occurred in the 0.2 g loading case 
compared to the 0.3 g in unimproved case. It indicates that the unimproved 
ground underwent large shear deformation imposed by the initial test loading of 
0.2 g, accompanying with larger amount of ground settlement. Subsequently, 
only less amount of settlement was observed in the unimproved case under 0.3 g 
loading because of soil densification caused by the previous loading. In the im-
proved case, the small amount of settlement occurred under both 0.2 g and 0.3 g 
loadings since the stiff grid wall provides reinforcement and reduces destructive 
forces induced shaking. In view of the abovementioned observations, it can be 
determined that the ground settlement could be remarkably reduced by using 
the proposed jet-grout column with horizontal slab reinforcing technique. 
 

 
Figure 8. Time histories of settlement under 0.2 g and 0.3 g loadings. 
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5. Numerical Simulation 

A partial or total structure collapse may result in liquefaction -induced settle-
ments under a structure, especially when differential settlement takes place. In 
order to consider remediation measures on vulnerable housing in liquefaction 
prone regions, numerous researches have been developed under the topic of soil 
liquefaction and ground improvement. The researches covered both experimen-
tal and numerical approaches to predict the soil and structural behavior under 
the earthquake condition [15] [16] [17]. Dashti and Bray [18] studied the me-
chanism of volumetric and deviatoric settlement components in shallow founda-
tion settlement induced by liquefaction, using UBCSAND constitutive soil mod-
el validated with centrifuge tests. The experimental and numerical results reveal 
that the building settlements accumulate mainly during the shaking period and 
the deformation are especially associated with deviatoric strains attribution as 
the result of foundation contact pressure and the response of soil and structure 
inertial force. Volumetric strain is accounted only for a small portion of the ac-
cumulated seismic settlement since drained condition is not allowed at this 
stage. Therefore, the deviatoric strains from the shear loss in the soil is one of the 
pivotal mechanisms driving the building settlement. In this section, a set of nu-
merical studies were conducted using PLAXIS software to assess the effective-
ness of jet-grout wall with horizontal slab in building settlement mitigation 
against liquefaction. The UBC3D-PLM model was used to capture the liquefiable 
soil behavior and deviatoric displacements induced with the presence of the 
building under the earthquake loading. The effectiveness of new countermeasure 
method is evaluated based on the settlement due to distribution of deviatoric 
strains during the earthquake. 

5.1. Numerical Model and Boundary Conditions 

The numerical studies aim to provide insight into the seismic performance of jet 
grouted wall in liquefiable soil under the building. Hence, the numerical simula-
tions for building on unimproved and improved ground conditions were stu-
died. In terms of soil profile for numerical model, an idealized three-layer of soil 
column was used. The water table was assumed to be located at a depth of 1 m 
under the ground level. The effectiveness of ground improvement was measured 
at the 10-m-thick sand layer with Dr 50%, which is overlying 16 m of clay. The 
underlying stratum of sand and clay layers was presumed to be bedrock where 
the earthquake data of the Kumamoto (2016) was imposed with the maximum 
peak ground acceleration of 0.24 g. This earthquake data was recorded at the 
Mashiki site where major building damage occurred due to the strong motion. 
The time history of acceleration was depicted in Figure 9. In the simulation, a 
two-story building with 7 m height and 10 m width, was modelled on the lique-
fiable soil. As a reference model, the numerical model considered for improved 
case in the analyses is shown in Figure 10. All units used in the numerical model 
are in prototype scale. 
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Figure 9.Seismic input motion applied in the Analyses 

 

 
Figure 10. Finite element model of the improved case. 
 

In these numerical analyses, 15 nodes triangular plain-strain elements were 
used to create a mesh distribution. Fine mesh option was selected in the analyses 
to meet the minimum required finite element length as suggested by Kuhlemyer 
and Lysmer [19]. Moreover, the mesh closer to the region of the embedded 
footing was refined to provide a better discretization in the area of interest. The 
horizontal dimension of the soil profile was chosen to be large enough to mi-
nimize the boundary condition effect. Default fixities were applied for the static 
stages. In the dynamic phase, the vertical boundaries were modelled with tied 
degree of freedom while reflected base was selected at the base. To define the 
Rayleigh damping coefficients, damping ratios and related frequencies were 
considered based on the proposed method by Hudson et al. [20]. 

5.2. Constitutive Models and Parameter Determination 

In this study, an elasto-plasticity based model, UBC3D-PLM was used to meas-
ure the development of excess pore water pressure and capture the onset of li-
quefaction in loose sand under the earthquake loading. The liquefaction 
UBC3D-PLM model is a 3D generalized extension of the UBCSAND model in-
troduced by Puebla et al. [21]. Tsegaye [22] developed the first version of this 
generalized 3D formulation of the model and then, Petalas and Galavi [23] fur-
ther improved the model capabilities, especially for monotonic loading. In the 
model, the primary and secondary yield surfaces are utilized to account for the 
effect of soil densification and to predict the smooth transition into the liquefac-
tion state under undrained loading. Additionally, a soil densification rule, fdens, is 
implemented to better predict the evolution of pore pressures during cyclic 
loading.  

Even though UBC3D-PLM is an advanced model, it is relatively simple to ap-
ply due to its reasonable number of parameters that can be extracted from la-
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boratory or in-situ tests. The input liquefaction parameters are derived based on 
the corrected clean sand equivalent SPT blow-count number (N1)60 in accor-
dance with the proposed correlations by Beaty and Byrne [24]. However, the se-
lection and determination of parameters play a significant role to obtain reliable 
results. In this study, the constitutive parameters were calibrated based on the 
curve fitting of the cyclic resistance ratios of sand with different relative densi-
ties, reproduced by means of cyclic direct simple shear test implemented in soil 
test facility of PLAXIS. The undrained cyclic direct shear tests were performed 
under stress-controlled conditions by applying a constant shear stress amplitude 
in each step for a total of 20 cycles for different relative densities. To determine 
the CRR of the soil using the UBC3D-PLM model, the criterion for the begin-
ning of the liquefaction process introduced by Seed et al. [25] was used. For a 
seismic magnitude of 7.5, liquefaction is found to occur when ru reached greater 
than 0.85 for 15 load cycles. Figure 11(a) presents the development of excess 
pore water pressure ratio against number of cycles for different relative densities. 
Figure 11(b) shows the comparison of cyclic strength curves obtained from the 
numerical and the semi-empirical methods.  

The results show that the PLAXIS UBC3D-PLM model is in good agreement 
with other cyclic strength curves. The properties of soil parameters used in 
UBC3D-PLM model are shown in Table 3. However, the UBC3D-PLM model is  
 

 
(a) 

 
(b) 

Figure 11. Calibration for parameters used in UBC3D-PLM model (a) development of 
pore water pressure ratios with number of cycles for different relative densities (b) cyclic 
strength curve obtained from UBC3D-PLM in comparison with other curves. 
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Table 3. Parameters used in UBC3D-PLM model. 

Parameter Symbol Value 

Peak friction angle (˚) pϕ′  33 

Constant volume friction angle (˚) cvϕ′  32.1 

Elastic shear modulus number e
GK  967.67 

Elastic bulk modulus number e
BK  677.37 

Plastic shear modulus number P
GK  458.4 

Elastic shear modulus index me 0.5 

Elastic bulk modulus index ne 0.5 

Plastic shear modulus index np 0.4 

Failure ratio fR  0.77 

Densification factor densf  0.45 

Post liquefaction factor postf  0.02 

Corrected standard penetration test ( )1 60
N  11.1 

 
not appropriate to use in static analysis since the parameters used in the model 
are designated to evaluate liquefaction in loose soils and suitable only for dy-
namic calculation [30]. Therefore, Hardening soil model was used in initial static 
phase to correctly generate the stress state of liquefiable soil prior to the dynamic 
phase. Furthermore, Hardening soil model was also applied in clay layer to si-
mulate the behavior of the stress dependent stiffness and cyclic subjected by 
earthquake loading. The properties of soil parameters used in Hardening soil 
model areee tabulated in Table 4. The underlying bed rock was modelled as 
Linear Elastic model with unit weight (22 KN/m3), Young modulus (6000 MPa) 
and Poisson’s ratio (0.2). In the improved case, Mohr-Coulomb model was em-
ployed in jet grout columns modelling. Elasticity modulus, Poisson’s ratio and 
Undrained shear strength of the columns were selected as 1000 MPa, 0.2 and 1 
MPa, respectively. For the building structure, a simplified modelling approach 
was adopted. In this approach, linear elastic material is used for the structural 
elements. The walls and floors were modelled with plate element while more ri-
gid elements were applied for the foundation slab. And, the columns were 
modelled as node to node anchors in 3 m spacing.  

5.3. Numerical Results and Discussions 

The contour of after earthquake vertical displacement for the unimproved and 
the improved cases are depicted in Figure 12. In the unimproved case, the con-
siderable punching failure of the building occurred due to the strong ground 
shaking. As a result, large settlement and uplift of the ground were observed 
underneath and surrounding of the building, respectively. The maximum vertic-
al soil displacement observed below the bottom left of the structure because the  
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Figure 12. Vertical displacements at the end of the earthquake (a) unimproved case (b) 
improved case. 
 
Table 4. Parameters used in Hardening soil model. 

Parameter Symbol Sand Clay 

Unit weight, (KN/m3) satγ  20 16 

Effective cohesion, (KN/m2) c′  0 22 

Effective friction angle (˚) ϕ′  33 13 

Dilatancy angle (˚) ψ  1 - 

Secant Modulus, (KN/m2) 50
refE  20,380 5435 

Tangent stiffness for primary oedometer loading, (KN/m2) ref
oedE  20,380 5436 

Unloading/reloading stiffness (KN/m2) ref
urE  61,130 16,310 

Power of stress-level decency m 0.5 0.8 

 
structure rotated about its bottom right-hand edge. And, this rotating mechan-
ism caused the significant soil heaving at the other side of the structure. On the 
other hand, such ground failure mechanism was not encountered in the im-
proved case. The measured settlements underneath the building were compared 
between unimproved case and improved cases, as shown in Figure 13. The 
reinforced ground with new grid form shows considerably lesser settlement 
compared to the unreinforced ground. The net accumulated settlement at the 
end of the earthquake in unimproved and improved cases were found to be 
about 760 mm and 80 mm, respectively. It indicates that the stiffer jet-grouting 
wall can help to restrict the soil displacement under the foundation and able to 
provide bearing support to vertical load imposed by structure. Moreover, lateral 
flow of foundation soil is one of the major causes resulting in ground settlement 
during the earthquake. In unimproved case, the soil particles mainly under the 
building can freely move, which resulting in large deformation. However, the 
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horizontal or lateral movement of the soil particles were restrained by the 
grouted wall in improved case as distinctly shown in Figure 14. Therefore, only 
small settlement was observed in improved ground. 

Furthermore, the deviatoric displacement mechanism, which governing the 
response of the building located on the liquefiable soil with and without im-
provement, were investigated to confirm the effect of the proposed liquefaction 
countermeasure method in settlement control. Figure 15 shows the distribution 
of the total deviatoric strain underneath the building at the end of the earth-
quake in unimproved and improved cases. As an obvious observation, the 
maximum values of total deviatoric strain accumulations occurred underneath 
the corner of the building at the end of earthquake in the unimproved case. It 
might be the consequence of the soil-structure interaction induced by founda-
tion rocking during the earthquake, prior to a punching-type failure mechanism. 
In addition, the magnitude of horizontal displacement was large in these loca-
tions. On the contrary, there was only negligible amount of deviatoric strain dis-
tribution observed in the improved case. This phenomenon took place because 
the structure only experienced small amount of settlement against the earth-
quake. In view of the above-mentioned numerical results, the proposed jet grout 
column with horizontal slab method considerably increases the serviceability of 
the foundation by means of reinforcing to the loose sand and increasing the 
strain characteristic, and effective in mitigating ground damage. 
 

 
Figure 13. Time histories of settlement obtained from numerical analyses. 

 

 
Figure 14. Horizontal displacement at the end of the earthquake (a) unimproved case (b) 
improved case. 
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Figure 15. Distribution of the deviatoric shear strains (a) unimproved case (b) improved 
case. 

6. Conclusions 

Mitigation techniques have become essential for buildings in vulnerable areas 
which are prone to severe damage caused by earthquake induced liquefaction. In 
this study, a new countermeasure technique of grid form with horizontal slab 
was introduced and its effectiveness in liquefaction mitigation was assessed by 
experimental modeling and numerical modeling. The following conclusions 
could be derived based on the experimental results and numerical results. 

1) Amplification behavior of the surface acceleration observed in the im-
proved case, clearly indicates that the shear strength degradation of the soil 
within the grid form was effectively sustained. 

2) The relatively small built up of excess pore water pressure in the soil within 
the grid form compared to the unimproved case shows that the use of grid spac-
ing ratio 0.2 in a new improved method is effective in liquefaction mitigation. 

3) The ground settlement is one of the pivotal measurements to evaluate the 
effect of ground improvement techniques. Considering both experimental and 
numerical results, the new grid form with horizontal slab improved method is 
significantly effective in settlement control. The numerical results show that the 
jet grout walls are able to increase bearing support for shallow foundations and 
maintain the structural integrity against liquefaction. 

4) The finite element analysis helped in better understanding of ground dis-
placement as well as shear strain distribution of the foundation soil underneath 
the existing building, for both unimproved case and improved case. It clearly 
depicts that the large settlement in the unimproved case was associated with the 
horizontal movements of foundation soils. On the other hand, the jet grout walls 
in the improved case helped to restrain soil movement and improve the strain 
characteristic, resulting lesser lateral displacement.  

In summary, installation of the jet grout grid form with horizontal slab under 
the building, helps to provide considerably improvement in the serviceability of 
the foundation, protect the influence of the seismic effects on the soils and re-
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duce the liquefaction potential of the loose soil. Nevertheless, in order to achieve 
more useful and efficient design for the grid type method, it is required to per-
form further detailed studies such as the external and internal stability of the 
grid wall, and the mechanism of the horizontal slab enhancement in ground im-
provement. 
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