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1. Introduction 
 

Liquefaction-induced ground deformation is one of the 

major seismic hazards that cause damage to buildings, 

infrastructure, roads, bridges, and even loss of human life, 

as reported in previous seismic events (Cubrinovski et al. 

2011). Earthquakes in liquefiable areas are typically 

followed by settlement of surface structures. In the great 

earthquake of 2011 in eastern Japan, massive liquefaction 

damage occurred in the coastal areas of Tokyo Bay and in 

the Tone River basin. The subsidence and overturning of 

residential buildings was more than 27,000 buildings 

(Miyajima et al. 2019). October 2011 Van earthquake of 

Turkey which was felt in Urmia University (the place of 

this research), caused a lot of damage to buildings and 

lifelines (Ozden et al. 2014). Kayabasi and Gokceoglu 

(2018) conducted a series of studies to evaluate the 

liquefaction potential of Eskişehir, Turkey. Liu and Dobry 

(1997) carried out eight centrifuge tests to investigate 

settlement features of circular foundations situated on 

liquefiable soils. The result of their study indicated that 

settlement percentage is dependent upon the width of the 

foundation and thickness of liquefiable layer.  

Therefore, the liquifiable layer thickness is one of the 

governing factors in the adopted countermeasure technics. 

When choosing land reclamation methods to deal with  
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liquefaction, factors such as effectiveness, reliability, cost-

effectiveness, time, construction conditions, soil type, and 

environmental compatibility should be considered (Porbaha 

et al. 1999, Shahraki et al. 2018). Among the soil 

improvement methods, deep soil mixing (DSM) columns 

and gravel drain (GD) columns can be highlighted, 

especially in urban areas. These techniques have a short 

construction time and low cost. They also have much less 

vibration and noise pollution than compacting methods 

(Siddharthan and Porbaha 2008a, b). GD method is used 

from about 45 years ago when Seed and Booker (1977) 

proposed the design charts. This method has been carried 

out in hundreds of projects till now and is an economic 

method in soil treatment especially in shallow depths. On 

the other hand DSM method was first used in 1971 near 

Handa Airport in Japan. The first DSM project in the United 

States was carried out in 1986 under a dam on Lake Jackson 

and because of popularity of the method in this country, the 

FHWA in 1997 developed regulations (FHWA-RD-99-138) 

and criteria for executing the DSM method. Too many 

projecects have adopted DSM method to improve their 

problematic sites all over the world containing our country 

(Iran), especially in ports and marine structures. Based on 

the mentioned facts, the GD and DSM methods are 

completely adoptable in real-life which reflects that their 

cost-benefit ratio is acceptable especially in liquefaction 

cases. DSM is utilized to reduce shear strain, stress, and 

excess pore water pressure, and GD is used to increase 

drainage, shear reinforcement, and soil compaction during 

installation. In general, the main advantages of columnar 

reinforcement systems are increased bearing capacity, 
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lifelines. Before constructing structures on problematic ground, it is necessary to improve the site and solve the geotechnical 

problem. Among ground improvement methods dealing with liquefaction, gravel drain (GD) columns and deep soil mixing 

(DSM) columns are popular. In this study, the results of a series of seismic experiments in a 1g environment on a structure 
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water pressure ratio, and maximum acceleration. The time history of the input acceleration was applied harmonically with an 

acceleration range of 0.2g and at frequencies of 1, 2, and 3 Hz. The results show that the thickness of the liquefiable layer and 

the frequency of the input motion have a significant impact on the effectiveness of the improvement method and all responses. 

Among the two techniques used, DSM in thick liquefied layers was much more efficient than GD in controlling the subsidence 

and rupture of the soil under the foundation. Maximum settlement values, settlement rate, and foundation rotation in the thicker 

liquefied layer at the 1-Hz input frequency were higher than at other frequencies. At low thicknesses, the dynamic behavior of 

the GD was closer to that of the DSM. 
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reduced settlement, reduced shear strain, and the prevention 

of the transfer of overpressures to other parts of the soil to 

counteract liquefaction. DSM columns are often used under 

the foundation of tall buildings with different penetration 

depths. The rupture mechanism and bearing capacity in soft 

soils reinforced with these columns are complex in the 

presence of overhead (Zhou et al. 2018). DSM is one of the 

most effective methods for improving liquefiable soil 

(Hasheminezhad and Bahadori 2019, 2020, Yang et al. 

2021). Liquid layer thickness, input movement level, 

overhead pressure, foundation size effect, and the height-to-

width ratio of a structure can affect the dynamic response of 

the improvement technique (Bertalot et al. 2013). Porbaha 

et al. (1999) conducted studies on DSM using a shaking 

table. They concluded that the combination of DSM and 

drainage can treat and strengthen structures. Esmaeili et al. 

(2014) investigated the effectiveness of DSM in loose 

sandy soils using laboratory experiments. The results show 

that the effectiveness of DSM depends on various 

parameters such as sand density and the water-to-cement 

ratio of mortar. In addition, DSM significantly increases the 

internal friction angle and soil adhesion. During the 1995 

Kobe earthquake, DSM walls were found to be effective 

against liquefaction (Namikawa et al. 2007). Asgari et al. 

(2013) and Green et al. (2008) studied the performance of 

DSM using physical models. The results of centrifuge 

experiments showed that wall distances, wall depth, and the 

frequency of input movement are effective parameters in 

the shear performance of DSM columns, as they influence 

overcurrent overpressure. Tang et al. (2015) evaluated the 

impact of GD on the reduction of lateral soil displacement 

induced by liquefaction using numerical simulations. 

Bahmanpour et al. (2019) studied the effect of DSM 

columns to counteract liquefaction using a shaking table 

while considering several parameters such as input motion 

frequency, distance, the length and diameter of columns, 

and boundary conditions. They observed that the most 

important parameter affecting the performance of the 

columns is the flexural rigidity of the column. Also, the 

constraint effect of the columns to decrease the shear 

deformation accumulation in the soil is cited as the main 

effect of using columns as a countermeasure 

against liquefaction. Therefore, it is necessary to evaluate 

the response and deformation of reinforced soil against 

strong movements for critical structures in order to choose 

the most appropriate improvement method.  

However, almost few comprehensive studies have been 

performed on the effect of different liquefaction layer 

thickness on the seismic performance of DSM and GD 

columns so far. In order to fully understand the performance 

of columns in the form of efficiency, performance and 

economic justification, it is necessary to study the dynamic 

behavior of columns at different thicknesses of liquid-prone 

sand layer. The shaking table test is an acceptable approach 

for learning about the dynamic performance of reinforced 

ground due to the inadequacy of in situ data (Zeng and 

Schofield 1996). In this study, a shaking table model test 

with a flexible box was used to analyze the seismic 

responses of free-field, GD and DSM columns containing 

soil layers. Models were implied harmonic loads with 

different frequency domains. The effects of the DSM and 

GD columns on the nonlinear dynamic response of different 

thicknesses of the liquefaction-prone sand layer were 

investigated by using parameters such as acceleration 

response, settlement, excess pore water pressure ratio and 

dynamic response of the whole system. Furthermore, the 

rupture of the columns in a similar area replacement ratio 

(Ar) is focused. 

 

 

2. Model preparation 
 

Fig. 1 shows the box in plan. Both improvement 

techniques were placed in one model to simultaneously 

evaluate the effectiveness of the improvement methods in 

the same conditions. It is noteworthy that the two 

foundations were placed at a suitable distance from one 

another to eliminate the effects of interaction. According to 

Lou et al. (2011), if the distance between two similar 

structures is more than 2.5 times the width of the 

foundation, the interaction effects can be neglected, and if 

the distance between two structures is less than the width of 

the foundation, the response of the structure due to 

interaction is about a 10% increase or decrease. In 

engineering projects, the diameter of GD and DSM columns 

is usually designed and executed between 0.5 to 1.50 

meters. Furthermore, based on the site and the subsurface 

layers, the length-to-diameter ratio is 6 to 20. The area 

replacement ratio is applied between 5% and 30%, which 

primarily depends on the layer thickness and the degree of 

relative density (Yang et al. 2021). The geometry of the GD 

and DSM columns is similar in the model. In the prepared 

model, the arrangement of the columns is triangular, there 

are eight of them on each side, and their diameter is 5 cm.  

The area replacement ratio (Ar) is equal to 18.2% as 

calculated in Fig. 2. The dimensions of the foundations are 

22 cm in width, 30 cm in length, and 6 cm in thickness, 

with a weight of 30 kg. The material of the foundation is 

cast iron alloy and its specifications are the same in all tests. 

The foundation used represents a building of about 10 

floors with a stress of 90.91 kPa beneath the foundation. 

The model consists of two layers: a layer of dense sandy 

soil at the bottom and a layer of loose sand at the top. 

The modeling of DSM columns in the laboratory has 

been studied by various researchers. Bahmanpour et al. 

(2019) conducted a series of experiments on DSM columns' 

ability to reduce liquefaction hazards. They modeled DSM 

columns with PVC pipes with an outer diameter of 5 cm, a 

thickness of 2 mm, and a height of 1 m. They filled the 

inside of the pipes with dry sand to make them heavy 

enough to withstand liquefied sand-induced uplift force. 

Kitazume (1996) and Kitazume et al. (2000) performed a 

series of experiments using a centrifuge device to model the 

breakwater on DSM columns with a modified surface ratio 

of 79%. The diameter of these columns was 20 mm, and 

their length was 250 mm. The columns were modeled with 

PVC pipe with an inner diameter of 20 mm. Bouassida and 

Porbaha (2004) conducted a series of shaking table tests on 

DSM columns with a modified land bearing capacity. The 

area replacement ratio was equal to 18.8% for columns of  
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Fig. 1 Model plan (dimensions in centimeters) 

 

 
Fig. 2 Calculation of area replacement ratio (Ar) in 

triangular pattern 

 

 

different lengths. The diameter of the columns was 20 mm, 

and they were created by the pipe. 

In the present study, the construction of columns in the 

sand was not feasible without special arrangements. Thus, 

for this purpose, PVC pipes with an outer diameter of 5 cm 

were used in compliance with the simulation rules. The 

pipes were first placed on the hard soil layer by a template 

and fixed. Then, the loose soil profile was created with a 

certain density. This method simulates the process of long 

auger drilling to install columns without compacting the soil 

in situ. A wet tamping technique was adopted to prepare the 

soil model, following Fattah et al. (2017). In this modeling 

process, the specific gravity of the dense layer and loose 

layer is 1700 kg/m3 and 1527 kg/m3 with 5% moisture, 

respectively. Sampling and sand cone tests were performed 

to control the relative density of sand layers. After the soil 

profile was created to produce DSM and GD columns, the 

pipes were taken out of the soil one by one. Then the 

cavities created by specific materials were filled. The 

mortar filling operation in the cavities in each DSM was 

performed in five stages. Each layer was compressed with 

the same number of strokes with the compression lever. The 

amount of uniaxial resistance and three-day modulus of 

elasticity in the saturated DSM column created by this 

method were 350 kPa and 25.5 MPa, respectively. The 

density of the GD column was equal to 1650 kg/m3. The 

amount of material, the number of vibrations, and the height 

of the fall in both types of columns were determined by trial  

 
(a) Sand cone test 

 
(b) Uniaxial test      (c) Wet sand sampling 

 
(d) Preparing a DSM column 

 
(e) GD column 

Fig. 3 DSM and GD columns implementation process 
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Fig. 4 A typical target and applied displacement time 

history of shaking table (test D5F2) 

 

 

and error to achieve these goals. During compaction, the 

soil around the cavity should not be compacted. Fig. 3 

shows the process of DSM and GD column execution. 

The model is saturated before applying the harmonic 

load. For this purpose water flowed with a very low flow 

rate from the bottom level, and gradually the soil model 

started to become saturated. After the water level was 

visible on the soil surface, the saturation process was 

completed. It should be remembered that in order to achieve 

full saturation of the soil model, carbon dioxide gas was 

passed through the soil model before the start of the water 

flow process. By controlling the amount of settlement on 

the surface of the soil mass during the saturation process, 

changes in relative density were cotrolled. The variation of 

relative density of soil mass while saturation was negligible. 

 

 

3. Section title: Level 1 
 
3.1 Shaking table 
 

A shaking table model with table deck dimensions of 

3*2 meters and a maximum loading capacity of five tons is 

located in the Center for Crisis Management and 

Infrastructure Engineering of Urmia University. This 

shaking table could work with a maximum acceleration of 

1.5 g, a maximum frequency of 18 Hz, and a maximum 

displacement of 240 mm. This device has two drive motors, 

each of which can reach a speed of 150 mm per second 

(Fig. 5). 
It should be noted that seismic loading is controlled by 

displacement. In our experiments, a harmonic acceleration 

time history was implied in the models. A target 

displacement time history was built considering desired 

maximum acceleration, frequency and time of loading.  

 

Fig. 5 A view of shaking table and laminar shear box 

 

 

Based on the measured displacement on the dynamic 

actuator, the control software guides the applied loading 

utilizing a PID control system. Fig. 4 is an example of 

target and applied displacement time histories at a 

frequency of 2 Hz. The input acceleration time history was 

measured based on the mentioned displacement control 

system. 

 

 

4. Laminar shear box 
 
A flexible tank on the shaking table was designed for 

testing. The model tank was a rectangular laminar shear box 

with internal dimensions of 135.5 cm in length, 85.6 cm in 

width, and 72 cm in height. This tank was made of 18 

single laminates supported by each other and made of 

aluminum profile pieces. The cross-section of the laminates 

was rectangular, with dimensions of 40 mm by 66 mm. The 

laminates were stacked one on top of the other and 

separated by ball bearings. The mass of each laminate was 

equal to 1.7 kg. Considering the relative density of the loose 

layer (Dr = 25%) and the dense layer (Dr = 80%), the ratio 

of the relative mass of a single laminate to the containing 

sand was 10.1% for the loose layer and 9.1% for the dense 

sand. Because the mass of the sand was much higher than 

the mass of the tank wall, the effect of the inertial force of 

the tank in the experiment was negligible (Prasad et al. 

2004, Yang et al. 2021). A rubber layer on the inside of the 

box sealed the box and protected the bearings. The 

thickness of this layer was 2 mm, which gave it good 

flexibility. The basic design of the box was intended to 

minimize the lateral rigidity of the box because of the 

dominance of the soil in the response of the box-soil 

system. Due to the flexibility of the laminar shear box 

boundaries, the absorption of seismic waves occurred at the 

boundaries, and, as a result, the wave reflection and return 

to the model were almost negligible (Araei and Towhata, 

2014). The bottom laminate of the box was fixed to the 

shaking table. The flexible box was free to move only along  
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one direction and along the horizontal plane. Lee et al. 

(2012) and Turan et al. (2009) investigated the design and 

performance of the laminar shear box and the boundary 

effects on the seismic responses obtained from the 

acceleration and pore water pressure transducers based on 

centrifuge experiments. The results of their studies showed 

that if the transducers are located at a distance of more than 

one-twentieth of the model length from the end of the wall, 

then the boundary effects of the box on the maximum 

amplitude of acceleration, fundamental frequency, 

acceleration time delay, and acceleration magnification 

factor will be negligible. 

 

 

5. Material  
 
5.1 soil  
 
Firoozkuh Sand No. 161, which is a clean and uniform 

sand, has been used in this study, the specifications of 

which are given in Table 1 and Fig. 6. According to the Soil 

Classification System (USCS), this sand is in the category 

of poorly graded sand (SP) (Bahadori et al. 2008, 

Farahmand et al. 2016).  

 
5.2 Gravel drain (GD) columns 
 

The particle size distribution for gravel drains is 

illustrated in Fig. 6. The mechanical characteristics of the 

gravel can be found in Table 1. In coarse materials, 

increasing the particle size leads to increases in 

permeability. However, the empty space between the 

particles also increases, and, as a result, the capacity for 

clogging increases. Therefore, the empty spaces are filled 

with ambient soil, and the permeability of gravel columns is 

reduced. Studies by Seed and Booker (1977) have shown 

 

 

 
that the permeability of gravel columns must be at least 200 
times greater than the permeability of the surrounding soil 
to control the clogging and the quality index of gravelly 
materials. The state in which the drains act as an empty well 
is used as the basis for selecting the drain, mathematically 
expressed by Eq. (1). 

Kd > Ks(
ℎ

𝑎
)2 (1) 

where Kd and Ks are coefficients of the permeability of 

drain and sand material respectively (in cm/s) and h and a 

are the drain depth and the drain radius, respectively. In 

order to control the clogging and the quality index of 

gravelly materials, it is necessary to satisfy Eq. (2). 

𝐷𝐺15

DS85
< 5 (2) 

Where 𝐷𝐺15  is the particle diameter of drainage 

materials finer than 15% and DS85 is the diameter of soil 

particles finer than 85%. The value of this ratio is equal to 

4.87, which is within the allowable range. Also, if the 

quality index of drainage materials (SN) is less than 10, the 

degree of suitability of drainage materials will be excellent. 

This index can be expressed by Eq. (3) (Bayati and 

Bagheripour 2019, Brown 1977, Orense et al. 2003). 

𝑆𝑁 = 1.7√(
3

(𝐷50)
2
+

1

(𝐷20)
2
+

1

(𝐷10)
2
) (3) 

Where D50, D20 and D10 are the grain diameters of 

which 50%, 20% and 10% of the sample grains are finer 

than them, respectively. In this model, the quality index is 

equal to 1.43. As can be seen the gravel materials used in 

the gravel columns provide non-clogging conditions, 

quality marks, and permeability. The graphs provided by 

Seed and Booker were used to calculate the drainage 

capacity of GD. In these diagrams, the characteristics of 

Table 1 Characteristics of Firoozkuh sand No. 161 and the utilized gravel 

Material Gs emax emin D50 (mm) FC(%) Cu Cc K(cm/s) 

Firoozkuh sand 2.65 0.874 0.548 0.27 1 1.87 0.88 0.0125 

Gravel 2.66 ..... ...... 8.5 1 2.74 0.91 7.31 

 

Fig. 6 Water content changes with time (evaporation rate) for treated and untreated samples 
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liquefiable soil, production and excess pressure ratio of pore 

water, as well as the properties of liquefied soil 

consolidation and earthquake loading, are assumed. In the 

design of the columns, it is common to consider a 

maximum excess pore water pressure ratio (rumax) of 0.25-

0.5 (Brennan and Madabhushi 2002, Iai 1986).  

 
5.3 Deep soil mixing (DSM) columns 
 
The materials used to build DSM columns include 

ambient soil (Firoozkuh sand#161) and Portland cement 

type II, which have been created in situ with a water-to-

cement ratio of unity and cement content of 110 kg/m3. 

Esmaeili et al. (2014) conducted a series of laboratory 

studies to investigate the effectiveness of DSM column in 

stabilizing loose sandy soil. The results of their research 

showed that the best ratio of water to cement is unity. In 

determining the mechanical characteristics of DSM 

columns in a laboratory model, first, the average shear 

modulus (Gavg) of the ambient soil mass and DSM column 

in the laboratory model is obtained. Then, based on the area 

replacement ratio (Ar), the amount of shear modulus and 

DSM column modulus of elasticity are obtained. In this 

research, different ratios in the mix design were 

investigated. Considering the execution method and the 

amount of uniaxial resistance of DSM column (between 

2000 and 5000 kPa), modulus of elasticity, and curing 

period while applying scale laws, the percentages of the 

final mix design in accordance with DSM column 

mechanical specifications were obtained. 

The mechanical specifications of the DSM column 

prototype include Diameter (Ddsm=1 m), area replacement 

ratio (Ar=18.2%), modulus of elasticity (Edsm=100 MPa), 

shear modulus (Gdsm=42 MPa), and uniaxial resistance 

(qu=3.5 MPa). 

 

 

6. Scale law 
 

Although it is impossible to estimate all the simulation 

requirements in 1g experiments, a number of important 

factors influencing the experiments can be considered. One 

of the most important parameters is the improved ground 

shear modulus (Gavg), which plays an important role in the 

effect of the group of underground columns on liquefaction 

and foundation subsidence. The reason might be related to 

the effect of columns on maintaining the stiffness of the 

surrounding soil. In this study, the simulation relationships 

extracted by Iai (1989) were utilized. According to the 

engineering projects and the dimensions of the box, the 

geometric scale was set to 20. Estimated increases in the 

shear strength of soil due to DSM columns can be 

determined by different methods. One method is based on 

shear strain compatibility between columns and ambient 

soil, and another method assumes that there is a shear strain 

difference between DSM columns and ambient soil. These 

analytical methods can be used to obtain a moderate shear 

modulus for modified soils. Shear strain incompatibility 

increases when the stiffness of the columns relative to the 

surrounding soil is increased. According to Rayamajhi et al.  

Table 2 Scale relationships between model and prototype 

Parameters 
Scale factors 

(Prototype/model) 
Prototype Model 

Geometry N(equal to 20) 1.00 0.05 

Pile Diameter (cm) N 100.00 5.00 

Density of soil 

(kN/m3) 
1 15.27 15.27 

Foundation stress 

(kPa) 
N 90.91 4.55 

Acceleration 1 0.20 g 0.20 g 

porosity of soil (%) 1 0.44 0.44 

Average shear 

modulus (Mpa) 
(N)0. 5 10.1 2.24 

 

 

(2014), the ratio of the average shear modulus for modified 

soil (Gavg) to the shear modulus at low strain for unmodified 

soil (Gs) can be estimated by Eqs. (4) and (5). 

𝐺avg

Gs
= (

𝜏𝑎𝑣𝑔

𝛾𝑎𝑣𝑔
) .

1

𝐺𝑠
=
1 + 𝐴𝑟 . (𝛾𝑟 . 𝐺𝑟 − 1)

1 + 𝐴𝑟 . (𝛾𝑟 − 1)
 (4) 

𝛾𝑟 =
𝛾𝑠𝑜𝑖𝑙−𝑐𝑒𝑚𝑒𝑛𝑡

γsoil
= 1.04(Gr)

−0.65 − 0.04 

Gr =
𝐺𝑐
𝐺𝑠

 
(5) 

In which τavg and γavg are the average shear stress and 

shear strain in the soil, respectively, and Gc is column shear 

modulus at low strain. Meanwhile, γr is the shear strain 

ratio, γsoil-cement is the shear strain in the cement-soil column, 

Ar is the area replacement ratio of the columns, and γsoil is 

the shear strain in the soil. These formulas consider the 

shear strain incompatibility conditions between the columns 

and the surrounding soil using the γr parameter. When the 

value of γr is equal to unity, these equations consider the 

shear strain compatibility conditions between the 

surrounding soil and the columns (DehqanKhalili et al. 

2020). In this case, the average shear modulus value will be 

Gavg = Gs.(1-Ar) + Gc.Ar. Due to the lack of large stiffness 

differences between the columns and the soil, shear strain 

compatibility conditions were considered in the 

calculations. The scale relationships and results are 

presented in Table 2. 

 

 

7. Monitoring tools 
 

Fig. 7 shows the location of the transducers in the 
model. Nine acceleration, four pore water pressure, and 
three displacement transducers were utilized. Acceleration 
transducers were placed at three heights of 25, 45, and 60 
cm from the base. One acceleration transducer was located 
on the table to record the input, and two acceleration 
transducers were placed on the foundations. Four pore 
water pressure sensors were located at two heights of 35 
and 52.5 cm from the bottom of the box. The subsidence of 
the foundations was controlled by LVDT transducers 
located at the center of the foundation surface. 

As shown in Fig. 7, the foundations are placed on a 

gravel blanket with a thickness of 2.5 cm on the top of  
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columns. This layer acts as a load transfer platform, and its 

main function is to transfer overheads on DSM and GD 

columns by reducing vertical loads on soft soils. This layer 

reduces the differential displacement between modified and 

unmodified soils. The columns are placed on a hard layer at 

the bottom. 
 
 
8. Performed shaking table tests 
 

In this study, 10 experiments (one non-improved land 
model and nine improved land models) were performed. 
The details of the experiment are shown in Table 3. In these 
experiments, the effect of liquefiable soil layer thickness on 
the performance of two improvement methods (GD and 
DSM columns) was investigated. The peak input 
acceleration for all tests was approximately 0.2 g and was 
applied at frequencies of 1, 2, and 3 Hz. 

 
 

9. Test results 
 

In the present study, a series of experiments was 
performed to investigate the effects of liquefiable layer  

 

 
 

thickness, frequency, column length, and an improvement 
method to control liquefaction. Due to the existence of two 
layers with different thicknesses and relative densities and 
the existence of initial static shear stress, the dynamic 
behavior of these sites was complex (Bertalot et al., 2013). 
In the following part, the parameters are discussed 
separately. 
 

9.1 Acceleration 
 
Acceleration can be an indicator of both detecting 

liquefaction initiation and the effectiveness of methods for 
dealing with it. After liquefaction occurs, the strength and 
stiffness of the soil decrease severely, so the shear waves 
get attenuated and the amplitude of accelerations at the 
ground is decreased. By utilizing improvement methods 
such as DSM and GD columns to counteract liquefaction, 
the values of damping and shear strains are reduced and the 
values of accelerations at the ground surface become higher 
than in the unimproved case. The time histories of the input 
base acceleration at frequencies of 1, 2, and 3 Hz are 
presented in Fig. 8. The loading of the system was 
harmonious, and the loading time in all the tests except Test 
A was eight seconds. The loading time of test A was 20 

Table 3 Details of performed tests 

Test series Test NO.: Number of tests 

DSM & GD 
Loading frequency 

 (Hz) 

Thickness of layers (cm) 

Diameter 

(cm) 

Length 

 (cm) 

h2 

(cm) 

h2 

(cm) 

1 A … No No 2 65 5 

2 D5F1 

D5 5 

65 1 65 5 

3 D5F2 65 2 65 5 

4 D5F3 65 3 65 5 

5 D30F1 

D30 5 

40 1 40 30 

6 D30F2 40 2 40 30 

7 D30F3 40 3 40 30 

8 D50F1 

D50 5 

20 1 20 50 

9 D50F2 20 2 20 50 

10 D50F3 20 3 20 50 

The relative density of the loose layer is equal to 25% and the relative density of the dense layer is equal to 80% 

 

Fig. 7 Box section and model (dimensions in centimeters) 
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(a) 1 Hz 

 

 
(b) 2 Hz 

 

 
(c) 3 Hz 

Fig. 8 Input acceleration time history and frequency content (a,b,c) 

 

Fig. 9 Acceleration peak on the foundation at all tests 
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seconds. Because in the test A(untreated), 
liquefaction(ru=1) was occurred in two seconds, so this test 
was loaded in much longer time in order to investigate the 
liquefaction effects on foundation such as sinking, 
overturning and etc. The number of load cycles depending 
on the input load frequency for the frequencies of 1, 2, and 
3 Hz was 8, 16, and 24 cycles, respectively. Baseline drift 
modification and band-pass filters between 0.01 and 20 Hz 
were conducted to eliminate noise in the high-frequency 
range and drift in the low-frequency range (Rayhani and El 
Naggar 2008).  

The values of maximum accelerations on the foundation 

surface (A2, A6) in the improved and unimproved ground at 

different loads were considered to investigate the effects of 

liquefiable layer thickness on the dynamic responses of the 

foundation system and the improved soil. The results are 

presented in Fig. 9. In this diagram, the ratio of maximum 

acceleration at the foundation level (Af,max) to maximum 

base acceleration (Ab,max) in all the tests was calculated. 

In the improved ground in the D5 series tests (i.e., the thick 

liquefaction-prone layer), liquefaction occurred after a 

number of applied cycles. Despite the increase in 

acceleration amplitude in the first loading cycles, it finally 

decreased due to liquefaction of acceleration amplitudes. 
According to Fig. 9, only in the unimproved site (Test 

A) was the ratio of maximum acceleration on the 
foundation to the maximum base acceleration (Af,max/Ab,max) 
less than unity. The mentioned acceleration mitigation is 
due to liquefaction, a considerable decrease in soil stiffness, 
and increased damping. In contrast, this ratio is more than 
unity in the improved sites and is much higher in the 
modified ground with DSM columns than that with GD 
columns. In the unimproved case, structural damage due to 
inertial forces was much less than in the improved case. At 
D50F1 to D50F3 tests, the thickness of the liquefiable layer 
(h1) was the least, and the amount of (Af,max/Ab,max) in both 
improvement techniques became much closer. At the 3-Hz 
input frequency, the (Af,max/Ab,max) ratio in two different 
improvement methods was more dissimilar than at other 
frequencies. 
 

9.2 Time history of the excess pore water pressure 
ratio 

 
Excess pore water pressure is an important factor to 

consider when studying the seismic behavior of saturated 
loose sands. The excess pore water pressure ratio is defined 
as (𝒓𝒖 = ∆𝐮/𝝈𝟎

/
). In a loose saturated soil mass prone to 

liquefaction, if the soil layer is thick, the tendency to settle 
and produce excessive pore water pressure will be high. In 
this case, the degree of softening of the soil under the 
foundation will also be increased. Conversely, in loose 
saturated sandy soils, as the thickness of the layer is 
decreased, the amount of pore water pressure produced will 
be proportionally reduced. Further, the softening of the soil 
beneath the foundation and, consequently, its subsidence 
will be reduced. Meanwhile, the loading frequency can 
affect the pore water pressure response in any thickness.  

The use of soil improvement methods such as DSM and 
GD columns can affect the amount of excess pore water 
pressures and, consequently, the percentage of soil 
softening under the foundation. Fig. 10 shows the diagram 
of the pore water pressure in Test A at a loading frequency 

of 2 Hz. Regarding Fig. 10, the value of ru at a depth of 35 
cm (P2) is greater than at a depth of 17.5 cm (P1), meaning 
the amount of effective stress reduction at a depth of 35 cm 
will be greater than at a depth of 17.5 cm. This occurrence 
was the reverse of what was expected and is related to the 
effect of the presence of the foundation. Due to the presence 
of static shear stress, the soil showed a dilative behavior, 
and, therefore, the values of excess pore water pressure 
below the foundation were lower (the p1 and p3 
transducers). Meanwhile, the cyclic liquefaction behavior 
changed to cyclic mobility beneath the foundation. 
Furthermore, the durability of the pore water pressures at 
the p1 transducer was greater than at the p2 transducer, 
which can be attributed to the formation of hydraulic 
gradients and the movement of pore water pressure 
produced from deeper levels to higher levels (Shown by 
dashed lines(. In other words, the excess pore pressure 
dissipation started from the deeper parts and then expanded 
to the shallower parts. This trend occurred during the 1995 
Kobe earthquake, in which upward seepage was observed 
on Rokko Island until one hour after the earthquake. Such a 
transfer of water to the surface layers severely reduces soil 
resistance and creates secondary liquefaction and large 
deformations of the soil (Sadrekarimi and Ghalandarzadeh 
2005). As it is clear from Fig. 10(a), complete liquefaction 
occurs approximately in the second loading cycle. The 
formation of vertical and horizontal hydraulic gradient 
causes a further increase of ru at p2 transducer and even 
exceed the excess pore pressure ratio of 1. This 
phenomenon has also been reported by Tsukamoto et al. 
(2012).  

In the following, the excess pore water pressure ratio in 

Test A is compared with reinforced models (Fig. 10). For 

example, the results of Test D5F2, which has the liquefiable 

layer thicknesses similar to Test A, are presented. The 

amount of ru in the improved model has been decreased 

significantly. It is also observed that in the improved site 

with GD columns, the graph has a sharp peak compared to 

the improved site with DSM columns. The values of ru in 

place of DSM columns are lower than GD columns, and 

this shows that the DSM columns had better controlled the 

shear strains. 

Another point was the time to reach the maximum value 

of ru in the models. As can be seen, at Test A, the time to 

reach full liquefaction (ru=1) is very short (almost in the 

second cycle), but at the improved models, the time to reach 

the maximum ru (ru<1) is much higher than the 

unimproved model and this time in DSM columns is much 

higher than GD columns. The results are shown at Fig. 10 

as red dashed lines with arrows. Fig. 11 shows the 

parameter rumax at depths of 35 cm and 17.5 cm at the 

improved site with GD and DSM columns with different 

liquefiable layer thicknesses and loading frequencies. The 

thickness of the liquefiable layer and the frequency of the 

input motion have important effects on the maximum values 

of the ru. The rumax values in the unimproved ground (Test 

A) were higher than in other cases, and complete 

liquefaction occurred. However, in other tests, due to soil 

improvement under the foundation, soil behavior and 

responses changed significantly, and the value of the excess 

water pressure ratio was generally reduced. The rumax 

values reached a maximum value of 0.75 with the  
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application of soil improvement, which indicates a 

reduction of at least 40% of liquefaction potential. In 

general, the values of ru decreased significantly with 

decreasing the thickness of the liquefiable layer. In the 

surface layers (level of transducers P1, P3), rumax at 

different thicknesses of the liquefiable layer was affected by 

the frequency of the input motion. At 2 Hz, rumax deceased 

regularly as the thickness of the liquefiable layer decreased, 

but at other frequencies, this process was slightly irregular. 

In general, the rumax value is a very convenient parameter 

for explaining the interior circumstances of the complicated 

problem of liquefaction with different influencing factors. 

 
9.3 Settlement 
 
Foundation movement due to liquefaction originates 

from three different mechanisms: ejecta-induced, shear- 

 

 

induced, and volumetric-induced deformations (Bray and 

Dashti 2014). Ejection is ground loss beneath the 

foundation and was not observed in our experiments. Shear-

induced settlement from punching failure or soil-structure-

interaction ratcheting, which is a considerable part of the 

occurred settlement. The third mechanism is volumetric-

induced settlement from sedimentation or post-liquefaction 

consolidation. Consolidation occurs due to the 

disappearance of excess pore water pressure. The response 

and participation of each of these settling mechanisms in 

the general displacement of the structure is a function of 

soil and structural properties and ground motion 

characteristics. In the liquefiable soil case, the phenomenon 

of settlement could also be considered subsidence because 

of its abrupt occurrence.  

Bahmanpour et al. (2019) showed that foundation 

subsidence is a key parameter in determining the  

 

 

(a) Test A 

 
(b) Test D5F2 

Fig. 10 Excess pore water pressure ratio (a,b) 
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effectiveness of soil reinforcement columns. Soil failure 

under a foundation is the result of a decrease in soil strength 

due to an increase in the pore water pressure and a sharp 

decrease in effective stresses. In the unimproved ground 

(Test A), after the dynamic load was applied at the second 

loading cycle, the foundations were completely sunk into 

the ground and penetrated 65 cm deep into the soil. The 

reason for this catastrophic event is the considerable depth 

of the liquefied layer and the loss of stiffness and shear 

strength of the soil due to the generation of excess pore 

water pressure in the loose soil mass under the foundation.  

In other models, the value of settlements was drastically  

 

 

reduced by soil reinforcement. The results of the settlement 

of foundations and free field are presented in Fig. 12 for all 

tests. As it is depicted, with the reduction of liquefiable 

layer thickness, the maximum values of settlements 

decrease considerably. In general, the maximum settling 

values in the foundation located on GD columns (LVDT3) 

were higher than the foundation settlement of DSM 

columns (LVDT1). This settling difference was much more 

pronounced in models with thicker liquefiable layers. Free-

field settlement (LVDT2), which is attributed to volumetric 

settlement, ranged from 4 to 15 mm, which is much less 

than foundation settlements. One important parameter  

 

 

 
Fig. 11 Distribution of maximum ru values in different thickness and loading frequency 
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affecting the performance of long load-bearing elements 

such as DSM columns is the confining stress, which has a 

direct effect on the flexural and axial strength and 

effectiveness of columns. The effect of confining pressure 

on columns with low axial stiffness, such as GD columns, is 

very decisive. Due to the conditions of the experiment 

(saturated loose subsurface layers), the values of confining 

stresses were very low. Thus, when the GD column was 

built on very soft ground, there was not enough lateral 

limitation of the surrounding soil. Therefore, in GD 

columns that have less stiffness than DSM columns, lower 

lateral stresses led to the formation of bulging failure at 

shallow depths of 1.5 ~ 3 times the diameter of the column 

(Castro 2017) and caused more subsidence and severe 

reductions in effectiveness. Therefore, GD columns are not 

proposed in thick liquefiable stratum.  

In the case of DSM columns, as the depth of the burial 

of the column increases, its resistance value becomes more 

active. This is why, despite the high thickness of the 

liquefiable layer (D5 class tests), the values of foundation 

settlement on DSM columns were less than on GD columns. 

However, the stiffness of DSM columns affects their 

performance in reducing settlements in liquefiable soil. 

According to the maximum foundation settlements diagram, 

when the thickness of the liquefiable layer decreased (D50 

series tests), the settlement in the foundation located on the 

GD columns also decreased. According to Fig. 11, it can be 

seen that in the reinforced models, the excess pore water 

pressure ratio reached less than 0.75, so in these models, the 

complete liquefaction phenomenon did not occur, and the 

settlements are caused by pore pressure buildup and the 

cyclic softening of the underlying sand layers. 

 

 

 

Based on the settlement measurements, it can be 

concluded that thin liquefiable layers result in similar 

foundation settlements located on both GD and DSM 

columns. Due to the fact that the implementation of DSM 

columns requires special equipment and labor and costs 

more than GD columns, in cases where the thickness of the 

liquefiable layer is low, GD columns can be preferred. 

Important structures can utilize the combined method of GD 

and DSM columns for much more precise control of 

settlements. 

 

9.3.1 Impact of frequency on subsidence 
The variation of shear wave velocity during shaking at 

the center of a loose liquefiable layer of test series D5 is 

presented in Fig. 13. The calculation was implemented 

based on the time lag between two acceleration transducers.  

The Acceleration transducers used in the models have 

high data recording accuracy and their sampling rate is 

1000 sample per second. As depicted, the shear wave 

velocity decreased from 36 m/s to 4 m/s which is due to 

pore pressure buildup and the softening of the underlying 

sand layers. Also, by utilizing Eq. (6), the characteristic 

period (Ts) corresponding to the fundamental frequency can 

be calculated (Kramer 1996). 

TS =
4ℎ

𝑣𝑠
 (6) 

Where, h is the thickness of the loose soil layer, and vs 
is the shear wave velocity.  

Of course, assuming the shear strain compatibility, the 
calculated velocity was equal to the average shear wave 
velocity equivalent to the improved ground. Therefore, the  

 
Fig. 12 Maximum settlement of foundations and free field area 

 
Fig. 13 Improved ground shear wave velocity versus load cycles in D5F3 test 
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Fig. 14 Distribution of maximum settlement at different 

frequencies in the improved site with GD 
 

 
Fig. 15 Distribution of maximum settlement at different 

frequencies in the improved site with DSM 
 
 

dominant frequencies in the D5 test series at the beginning 
and end of the test were estimated to be 14 Hz and 1.45 Hz, 
respectively. In other words, the dominant frequency of the 
system is decreased due to pore water pressure buildup. The 
amount of input frequency in the soil system and foundation 
at different thicknesses in liquefiable soil has diverse effects 
on the subsidence behavior of the foundation. As can be 
seen from Fig. 14, the maximum settlement values at 
different thicknesses of the liquefiable soil layer are related 
to its input frequency. In GD columns in the D5 test series, 
where the thickness of the liquefaction layer was high, the 
maximum settlement value was much higher at 1 Hz 
compared with higher frequencies. Also, in the D30 series 
tests, where the thickness of the liquefiable layer was 40 
cm, the amount of subsidence at 2 Hz was higher than at 
other frequencies. In the D50 series tests, where the 
thickness of the liquefiable layer was low, the subsidence at 
a frequency of about 3 Hz was more than at other 
frequencies. This general trend could be attributed to the 
reality that in thick liquifiable layer the dominant frequency 
is lower and so in low input frequencies the resonance 
phenomenon causes larger settlements.   

According to Fig. 15, which is related to DSM, it seems 

that the changes in settlement at different thicknesses based 

on the frequency of input movement to the model are very 

small. Therefore, in the improved site with DSM columns, 

the effect of input motion frequency on the maximum 

settlement of the foundation is not very obvious, especially  

 
(a) 

 
(b) 

Fig. 16 Fracture of DSM columns at D5F1 test (a,b) 

 

 

at higher frequencies. The lower influence of input 

frequency on the settlement values in DSM columns as 

compared with GD columns can be attributed to the larger 

stiffness of the DSM columns. 

 

9.4 Failure mechanism 

 
In DSM columns that were applied in a layer with a high 

liquefiable thickness (D5 series), fractures were observed as 

shown in Fig. 16. This fracture was not observed in DSM 

columns in D30 and D50 series tests. This indicates that if 

the DSM columns have more burial depth, the columns will 

bend and cut, and this will cause the columns to break in the 

thick liquefiable layers. On the other hand, Fig. 17 

illustrates the bulging of the GD columns. Due to the 

looseness of the layer and the lack of confining stresses of 

the columns of this model, failure in GD columns occurred. 
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(a) 

 
(b) 

Fig. 17 bulging and foundation settlement on the GD 

columns (a,b) 

 

 

9.5 Rate of settlement 
 
Another important parameter that can directly affect the 

percentage of damage to structures and vital lifelines is the 

rate of subsidence. Due to the importance of servicing vital 

buildings after an earthquake and the stability of service, 

this issue is crucial. The rate of subsidence of the 

foundation located on the loose liquefiable layer depends on 

many variables, including the foundation overhead stress, 

liquefiable layer thickness, relative density of subsurface 

layers, frequency content, and the type and arrangement of 

soil improvement elements. To calculate the rate of 

settlement of the foundation placed in the reinforced ground 

in each of the tests, the slope of the time settlement graph in 

the loading phase has been calculated. Fig. 18 shows the 

distribution of settlement rate at the foundations and the 

free field in different tests. As can be seen, the rate of 

settlement of the foundation increased when the thickness 

of the saturated loose layer was high. Decreasing the 

thickness of the liquefiable layer reduced the rate of 

settlement. The rate of settlement in the free field was very 

low due to the lack of static shear stress. DSM columns 

worked very well in controlling the rate of settlement. 

According to the interpretations made for the maximum 

settlement at different frequencies, the same events were 

reflected here. It was observed that in the liquefiable layer 

with great depth (D5 test series), the amount of the 

settlement rate at 1Hz was higher than at other frequencies. 

In the D50 test series, the amount of settlement rate at 3 Hz 

was higher than at other frequencies. Therefore, the 

thickness of the liquefiable layer and the frequency of input 

motion can significantly affect the response to subsidence.  

 
9.6 Rotation of the foundation 
 
In order to calculate the rotation of the foundation, after 

the completion of the test, the settlement at the corners of 

the rigid foundation was measured by a caliper and based 

on the trigonometric relations, the amount of rotation of the 

foundations was calculated. Fig. 19 shows the rotation of 

the foundation in units of degree in two improved sites. As 

can be seen in the non-improved site (Test A), the rotation 

of the foundation was very high. In this model, the 

foundation was completely immersed in the subsurface 

layer. In other tests, the amount of foundation rotation was 

reduced. In the improved site with a high liquefaction layer 

thickness (D5 test series) at a frequency of 1 Hz, the 

foundation rotation was higher than at other frequencies. In 

the D30 series test, the amount of foundation rotation at 2 

Hz was higher than at other frequencies. In the model with 

the thin liquefaction layer (the D50 series), the amount of 

rotation decreased as the frequency increased. As can be 

observed from diagram 19, in general, with the decrease in 

the thickness of the liquefaction-prone layer, the rotation of 

the foundation has also decreased significantly. Therefore, 

the thickness of the liquefaction layer and the input 

frequency have a significant effect on the rotational 

response of the foundation 

 

 

10. Conclusions 
 

The main purpose of this paper is to investigate the 

effect of liquefiable layer thickness on the dynamic 

behavior of the foundation placed on a saturated loose sand 

layer that has been improved by two techniques of deep 

mixing columns (DSM) and gravel drain columns (GD). 

Ten tests were carried out, one of which was unmodified 

and nine of which were modified with columns. The main 

results of the experiments are as follows:  

(a) Acceleration peak and input frequency affect the 

acceleration response at ground level. The ratio of the 

input acceleration peak to the horizontal acceleration 

peak at the foundation level in the non-improved model 

(Test A) was less than unity, while in the improved 

ground, this ratio was more than unity.  

(b) Deep mixing columns have significantly magnified 

ground surface accelerations compared with gravel 

drain columns, indicating that the ground is reinforced 

with deep mixing columns. 
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(c) In the thick liquefaction layer (Test A), the values of 

the excess pore water pressure ratio (Ru) are high, and 

their durability is much longer than in the rest of the 

tests. Thus, the time of redistribution of effective 

stresses and reaching a stable value is longer than in 

other tests. 

(d) In gravel drain columns, bulging, which is caused by 

the lack of confining stresses, causes large subsidence 

in the foundation. Meanwhile, in deep mixing columns, 

due to high stiffness compared to gravel columns and 

reduced excess pore water pressure, the value and rate 

of settlements decrease. 

(e) The range of maximum settlements in the foundation 

depends on the frequency of the input movement and 

the thickness of the loose sand layer. At higher 

thicknesses (D5 series tests), the maximum settlement 

values are highest at the 1-Hz input frequency. If the 

thickness of the saturated loose layer decreases, the 

settlement values at the higher input frequencies 

increases. 

 

 

 

(f) As the thickness of the saturated loose layer decreases, 

the effect and dynamic behavior of the gravel columns 

become closer to the deep mixing columns. Therefore, 

in variable thickness layers, time and cost can be saved 

by choosing the optimal improvement method. 

(g) Due to the frequency changes in liquefiable soil, the 

designer must model the entire system to identify the 

forces acting correctly on the foundation to obtain the 

system response. 

(h) In the unimproved site (Test A), nearly all the 

foundation settlements occurred at the beginning of 

shaking. On the contrary, most of the settlements in 

reinforced models are caused by the accumulation of 

excess pore water pressures and soil softening during 

the whole loading time history. 

(i) The thickness of the liquefiable layer is a key 

parameter in determining the best improvement 

technique that can directly affect the dynamic 

performance of the foundation and structure. 

 
Fig. 18 Settlement rate at improved foundations and free field 

 
Fig. 19 Rotation of the foundation at all tests 
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