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ABSTRACT 
 

     The saturated sand liquefaction is a major cause of damage in road and bridge pile 
foundation during earthquakes. To deal with these problems, the permeable pipe pile 
has been widely adopted as a new anti-liquefaction treatment measure in the liquefiable 
site. In this paper, both experimental and numerical studies were attempted to simulate 
the dynamic response of the permeable pipe pile in liquefiable sand site. First, the 
constitutive model of Simple ANIsotropic Sand (SANISAND) as a newly developed 
fabric-dilatancy bounding surface in the framework of critical state, was adopted to 
reproduce the cyclic behavior of the liquefiable sand (i.e., Nanning River sand), and a 
series of monotonic and cyclic laboratory tests were performed to calibrate the 
SANISAND model. Second, FLAC 3D v7.0 was used to numerically simulate a group of 
shaking table tests on the permeable pipe pile in liquefiable sand site. Numerical results 
show that compared with the traditional pipe pile, the permeable pipe pile can effectively 
mitigate liquefaction of sand by dissipating excess pore water through the drainage holes. 
The dynamic responses of the permeable pipe pile displacement reduce significantly. 
The results provide a means of representing the seismic performance of the permeable 
pipe pile and pile-pinning at sites with liquefaction and can be helpful in practical 
engineering applications. 
  
1. INTRODUCTION 
     Saturated sand layers rapidly developed excess pore water pressure under 
earthquake loading, leading to soil liquefaction and loss of strength (Sharma et al. 2020). 
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Implementing measures that can rapidly provide drainage channel for liquefied sand 
under dynamic loading conditions is an effective method to prevent liquefaction around 
piles (Janalizadeh and Zahmatkesh 2015). Many existing technologies focus on 
confinement, strengthening, drainage, and densification as effective methods to reduce 
soil liquefaction and mitigate related damage to pile foundations (Jimenez et al. 2019). 
One innovative approach involves the development of a new type of pile known as a 
permeable pipe pile (Fig.1). The permeable pipe pile incorporates drainage holes along 
its length, allowing excess water pressure in the soil to dissipate rapidly (Mei et al. 2019). 
The existing research on permeable pipe piles mainly focuses on the strength influence 
of drainage holes on the pile body and the soil compaction effect during pile driving. 
Laboratory tests (Ni et al. 2017a; Ni et al. 2017b; Ni et al. 2018; Chen et al. 2021) have 
shown that the bearing capacity of permeable piles remains pile body strength when the 
opening ratio of the pile surface is less than 0.5%. Theoretical analyses (Xiao et al. 2022; 
Chen et al. 2021) further suggest that permeable piles can enhance soil consolidation, 
particularly during the initial stages of consolidation. This paper aims to study the 
performance of the permeable pipe pile in the liquefiable sand under dynamic loading. 

 

Fig.1 Schematics of a permeable pile 
      
     As widely recognized, shaking table tests and numerical simulations are effective 
methods for investigating the seismic response of Soil-Structure-Interaction (SSI) 
(Ramirez and Barrero 2018). Shaking table tests are commonly employed to study 
various soil types, pile designs, and superstructure configurations, as they can replicate 
natural earthquake motions. Shaking table tests clarify the seismic response of different 
superstructures, the development of damage in pile foundation, and the dynamic 
response in soil layers (Hussein et al. 2022). A crucial aspect of the numerical 
methodology is also the accurate representation of complex soil responses under 
dynamic loading. The accumulation of excess pore pressure is more pronounced in 
looser initial states (lower densities and/or higher confinement stresses), and post-
liquefaction, the sand tends to experience shear strain accumulation. Three-dimensional 
fully coupled effective-stress dynamic SSI analyses, incorporating both soil and pile 
foundation, were conducted to explore system responses and obtain reliable estimates 
of permeable pile foundations using the finite difference code FLAC3D (Tasiopoulou  
and Gerolymos 2016). It employs an explicit solution algorithm well-suited for highly 
nonlinear problems and supports User-Defined Models via its C++ plug-in option, 
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facilitating accurate simulations of complex soil response patterns as anticipated use the 
software of in FLAC 3D. Cheng (Cheng and Detournay 2021) implemented the Simple 
SANISAND model in FLAC 3D, developed by Dafalias and Manzari, is part of the 
SANISAND family of models and has been widely used to simulate the monotonic and 
cyclic behaviors of sands materials. The SANISAND constitutive model is grounded in 
bounding surface plasticity theory within the framework of critical state soil mechanics. It 
offers a unified description of various soil pressures and densities, incorporating fabric 
dilatancy effects in a multi-axial context (Dafalias and Manzari 2004). SANISAND's 
primary advantage lies in its ability to simulate sand's cyclic response under both drained 
and undrained conditions, including the stress-dependency of elastic response at very 
small strain ranges and the potential for soil liquefaction driven by large-strain plasticity 
(Reyes et al. 2021).  
     In this paper, the modification of sand cyclic stress path under SANISAND 
constitutive in FLAC3D. To this end, the paper first evaluates the monotonic drained and 
undrained comparison laboratory tests results of Nanning River sand to obtain a detailed 
description of the parameters. A shaking table test of the permeable pile site was 
conducted in liquefiable soil using micro-concrete reinforcement piles to get the dynamic 
performance of the permeable pipe pile. The accurately simulating the liquefaction sand 
to get the dynamic performance of the permeable pile by results included excess pore 
water pressure in soil, soil acceleration, and settlement of piles. 
  
2. Shaking table test on the permeable pipe foundation 
 
     2.1 Test apparatus 
     At Guangxi University, test was conducted on an MTS uniaxial seismic shaking 
table with a size of 3 × 3 m to investigate the dynamic response of the permeable pipe 
pile foundation. The test setup of model box, which had internal measurements of 1.5 m 
× 1.0 m × 1.6 m (length, width and height), was made up of 13 layers of steel frames to 
replicate the shaking of soil in a free field (length, width and height) (Fig.2). Each frame 
had a height of 100 mm and they were connected by four pulleys, which moved 
horizontally with low friction. A high damping rubber membrane and sponge are posted 
inside of the box, which cannot only prevent the leakage of soil and water but also 
weaken the reflections during excitations. 

 
Fig. 2 The shaking table desk and the laminar shear box 

      
        2.2 The model soil material 
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     The model soil profile included three soil layers as shown in Fig.2: from the surface 
to the substratum are composed of 100 mm thick of clay crust, 400 mm of sand with a 
relative density Dr = 0.48, and overlying a bottom non-liquefiable dense sand layer with 
a relative density Dr = 0.78. The characteristics of the sand from Nanning River sand are 
listed in Tab.1.  The clay had natural liquid and plastic limits of 0.29 and 15.9, a plasticity 
index of 13.3, and a density of 1680 kg/m3 in its natural state. 
 

Tab.1 Properties of tested Nanjing River sand 
Parameter value 

Mean particle size D50 (mm) 0.88 
Coefficient of uniformity, Cu 4.0 
Coefficient of curvature, Cc 0.69 
Specific gravity, Gs 2.65 
Maximum void ratio, emax  0.79 
Minimum void ratio, emin  0.50 

 
        2.3 The design of the pile 
   Uniaxial compression tests on the concrete pile used in the shaking table test 
determined an elastic modulus of 18 GPa for the pile, which has a diameter D = 60 mm 
and a pile length L = 500 mm. As shown in Fig.3, the design reinforcement ratio of the 
pile meets the Chinese code (Zhou and Chen 2017) and design drawings (Zhou and 
Chen 2017). The connection between the pile and cap is created by the longitudinal 
reinforcement of the pile penetrates into the cap. The pile steels design with 4 mm 
galvanized iron wire longitudinal reinforcement and 1 mm stirrup (Zhou and Chen 2017). 
Five layers constitute the pile body with the permeable holes, which is located at the 
liquefiable layer. Each layer has four equally sized permeable holes that are 4 mm in 
diameter. 

 

 (a)                         (b) 

Fig. 3 Model pile foundation designed for the test; (a) distributed steels in rigid bearing 
and piles, and (b) photo of model piles (unit: mm) 

 
        2.4 transducers arrangement 
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    In Fig. 4, the accelerometer and pore water pressure transducer locations, buried 
inside the soils, are shown, represented by symbols ‘A’ and ‘P’, respectively. They were 
positioned near the pile body, i.e. about 60 mm and 120 mm from the pile body side. 
Four accelerometers which measure horizontally (A1, A2, A3, and A4), along with four 
pore water pressure transducers (P1, P2, P3, and P4), were positioned to align with the 
two depths (the 200 mm and the 350 mm depth) in soils around the traditional pipe pile. 
The same to the traditional pile transducer’s position in soils, the four accelerometers (A5, 
A6, A7, and A8) and the four pore water pressure transducers (P5, P6, P7, and P8) in 
soils around the permeable pipe pile. The Displacement transducers D1 and D2 measure 
vertical displacement at the positioned with the center of the traditional and permeable 
pile cap.   

 
 

Fig. 4 Cross section of the physical model along with the layout of mounted transducers 
 
        2.5 Input waves and test cases 
     The dynamic response of SSI systems is more straightforward to analyze under 
sinusoidal wave excitation. Many researchers, particularly in liquefaction conditions, 
have utilized sinusoidal waves due to their simplicity, consistent positive and negative 
amplitudes, ease of analyzing time history and phase characteristics, and their alignment 
with the low-frequency range typical of seismic waves (Hongli et al. 2017). In this study, 
a sinusoidal wave with a frequency of 5 Hz is employed as the loading condition. The 
waveform ramps up to peak load over 20% of its duration before and after reaching the 
peak, with the peak loading sustained for 14 s, and the entire wave lasts for 20 s. Figure 
4 illustrates this waveform, showing a peak acceleration of 0.2 g. 
 

 
Fig. 5 Input acceleration history of calculation 
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3. Soil constitutive models and model calibration 
 
      FLAC3D incorporates capabilities to model groundwater flow, pore water pressure 
dissipation, and full coupling between the deformable porous soil skeleton and viscous 
fluid flow within the pore space (Pham and Dias 2018; Itasca 2019). The modified 
SANISAND model is currently implemented in the commercially available geotechnical 
code FLAC3D based on the framework of the 3D finite volume numerical method. The 
model formulation is outlined in Section 3.1. Validations of the proposed model are 
presented in Section 3.2. The result includes a of model results with monotonic and cyclic 
triaxial laboratory texts. 
 
     3.1 Model formulation  
      The SANISAND constitutive model can be regarded as a bounding-surface model, 
which is an extension of their previous work by Manzari and Dafalias (Manzari and 
Dafalias1997), which is based on the bounding surface plasticity and critical state theory 
frameworks and can simulate the sand response under monotonic and cyclic loading 
conditions (Fig.6). A mapping rule from the origin along the unit-norm deviatoric tensor 
n, perpendicular to the yield surface at the deviatoric stress ratio tensor r (r=s/p), 
specifies image points on the bounding surface and dilatancy surface. The purpose of 
the yield surface as shown in Eq. (1), which is circular, is to provide a direction of the 
effective stress increment, or the loading direction.  

𝑓𝑓 = [(𝒔𝒔 − 𝑝𝑝𝜶𝜶): (𝒔𝒔 − 𝑝𝑝𝜶𝜶)]1 2� − �2
3
𝑝𝑝𝑝𝑝 = 0 (1) 

      The mean effective stress p=tr(σ) /3 is determined by the effective stress tensor 
σ, where tr(⋅) denotes the trace operator. The deviatoric stress tensor s= σ - pI is derived 
using the second-order identity tensor I. Fig.6 illustrates the model framework, depicting 
surfaces and primary state variables.  
      The bounding surface feature renders the model capable of reverse and cyclic 
loading response simulation. The critical surface is defined by the triaxial compression 
stress ratio and serves as the reference surface for both the bounding and dilatancy 
surfaces. The bounding surface defines the stress state at the peak stress ratio using 
Eq.2, and the dilatancy surface defines the stress state at the phase transition from 
contraction to dilation using Eq.3. This updated structure of constitutive relations fully 
aligns with critical state soil mechanics requirements and additionally allows for the 
simulation of softening in dense samples. 

𝑀𝑀𝑐𝑐
𝑏𝑏 = 𝑀𝑀𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑛𝑛𝑏𝑏𝜓𝜓)  (2) 
𝑀𝑀𝑐𝑐

𝑑𝑑 = 𝑀𝑀𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒(𝑛𝑛𝑑𝑑𝜓𝜓)  (3) 

Where ψ=e-ec , with nb and nd being positive material constants. 
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Fig. 6 Schematic illustration of model surfaces and mapping rules on the deviatoric 
stress ratio π plane 

      The distances from the current back-stress ratio α control the plastic modulus and 
dilatancy, respectively. The plastic modulus is defined in Eq. 4. 

𝐾𝐾𝑝𝑝 = 2
3
𝑝𝑝𝑏𝑏0(𝛼𝛼𝜃𝜃𝑏𝑏 − 𝜶𝜶):𝒏𝒏 (4) 

      The difference of current stress ratio α from dilatancy stress ratio Mcd, is a general 
function of the state variables, shown by a straight discontinuous line in Fig. 2. This is 
also known as the phase transformation line. A contractant (D>0), dilatant (D<0), or zero 
volumetric rate (D=0) response is obtained from the Eq.5 and Eq.6. 

𝐷𝐷 = 𝐴𝐴𝑑𝑑�𝒂𝒂𝜃𝜃𝑑𝑑 − 𝒂𝒂�:𝒏𝒏 (5) 
𝐴𝐴𝑑𝑑 = 𝐴𝐴0(1 + ⟨𝒛𝒛:𝒏𝒏⟩)�𝒂𝒂𝜃𝜃𝑑𝑑 − 𝒂𝒂� (6) 

 
where D is the dilatancy; and are Ad positive material constants; z is the fabric tensor; 〈 
〉 is Macaulay’s bracket. The term 〈 〉 accounts for the fabric change effect on the dilatancy 
behavior. 
      According to the macroscopic observations about the desired change of D along 
with the foregoing micromechanical observations lead to the following proposition. The 
fabric-dilatancy internal variable z is defined as Eq.7. 

𝑑𝑑𝒛𝒛 = −𝑐𝑐𝑧𝑧�−𝑑𝑑𝜀𝜀𝑣𝑣
𝑝𝑝�(𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚𝒏𝒏 + 𝒛𝒛) (7) 

      It is important to emphasize that the evolution of z occurs only when dεvp<0, i.e., 
during the dilatant phase of shearing. This will leave intact the value of Ad for loading 
which remains entirely in the contractive phase, thus facilitating the specification of A0 
from corresponding data before z is activated. 
      While the above equation was shown to be effective for monotonic loading, it has 
not overcome two shortcomings of the SANISAND model during cyclic loading: one is 
the repeating stress-path without further increases in shear strain amplitude after some 
cycles; the other is the overly high damping ratio at relatively large shear strain. Recalling 
the great advantage of bounding surface plasticity to define at will the coefficient of Kp 
(as long as Kp = 0 on the bounding surface), and to improve cyclic performance, two 
supplementary factors f1 and f2 are added into the formula for the modified model: 

𝐾𝐾𝑝𝑝 = 2
3
𝑝𝑝ℎ0𝑓𝑓1𝑓𝑓2𝐷𝐷𝑟𝑟𝐺𝐺

(𝜶𝜶𝜃𝜃
𝑏𝑏−𝜶𝜶):𝒏𝒏

(𝜶𝜶−𝜶𝜶𝒊𝒊𝒊𝒊):𝒏𝒏
 (7) 



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

  

where f1 and f2 are functions introduced to improve performance.  
𝑓𝑓1 = 100(1−𝑓𝑓𝑟𝑟)

100+𝑞𝑞𝜀𝜀𝑒𝑒𝑒𝑒
𝑝𝑝 + 𝑓𝑓𝑟𝑟   (8) 

f1 is a degradation factor of plastic stiffness and is introduced to eliminate the 
phenomenon of repeating stress-path without further increases in shear strain amplitude.  
f2 is introduced mainly to improve the cyclic performance of post-liquefaction and is 
defined by: 

0.1 ≤ 𝑓𝑓2 = � 𝑝𝑝
𝑝𝑝𝑧𝑧
�

(1−𝐷𝐷𝐷𝐷)
≤ 1   (9) 

      However, due to recognized limitations in predicting pore pressure rates 
quantitatively, the numerical values obtained in this study should primarily be considered 
qualitatively and comparatively. Nonetheless, the observed general trends are believed 
to hold. 
 
        3.2 Validation tests with SANISAND parameter calibration 
       Monotonic drained and undrained comparison laboratory tests (test CD and test 
CU) were performed on isotopically consolidated sand samples. The samples were 
prepared using either the moisture placement or wet tamping method within a mold 
measuring 50 mm in diameter and 120 mm in height. Before each test, the dimensions 
of the samples, enclosed within a 0.3-mm latex membrane, were recorded along with 
their dry unit weight. Carbon dioxide was applied to the sample under a low pressure of 
3.5 kPa for approximately 10 minutes, followed by deaired water flushed into the sample 
through bottom drain lines under a cell pressure of 20 kPa. All tested samples exhibited 
average B-values (Mikhailova et al. 2009) exceeding 0.96 after backpressure saturation. 

    
(a)                                (b) 

 

   
(c)                                (d) 
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Fig. 7 Deviatoric stress versus effective mean pressure in drained and undrain triaxial 

compression tests on Nanning River sand: (a and b) experimental data of initial 
effective mean pressure p = 50 and 100kPa; (c and d) numerical simulation results with 

SANISAND of initial effective mean pressure p = 50 and 100kPa. 
      Fig.3 compares simulation results with laboratory data from drained and 
undrained triaxial compression tests conducted on isotropically consolidated sand 
samples at confining pressures of p=50 kPa and p=100 kPa. Fig. 3 presents results from 
triaxial compression tests on isotropically consolidated sand, showing changes in 
drainage conditions from drained to undrained. The initial relative densities (Dr) for the 
simulation cases Dr =0.22,0.36,0.48,0.55 and 0.65 represent loose to dense sands, 
respectively. 
      Fig.4 compares the experimental stress path and stress–strain path with the 
numerical results obtained with modified SANISAND and with the original SANISAND 
model for Dr = 0.48, respectively. The modified SANISAND response is performance well 
agreement with the experimental curves and fully captures the cyclic mobility features of 
sand during loading, reverse loading, and the post-liquefaction stage. This capability 
overcomes one of the main shortcomings of the SANISAND model, which instead 
exhibits deadlock path loops without further accumulation of shear strain at zero effective 
stress. 
      The simulation results demonstrate SANISAND's capability to accurately match 
experimental data for monotonic loading and unloading in both drained and undrained 
triaxial compression tests on isotropically consolidated sand samples. Tab.2 lists 
parameters derived from the results of monotonic drained and undrained triaxial tests. 

  
(a)                                (b) 

 
(c)                                (d) 
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Fig. 4 Deviatoric stress versus strain (left) and versus mean pressure (right) in 
undrained hollow cylinder cyclic torsional tests of sand for relative density Dr = 0.48 ; (a 

and b) experimental data; (c and d) numerical simulation results with SANISAND 
 

   
Tab.2 Summary of model parameters for the SANISAND constitutive model in FLAC3D. 

parameters  value 
Elasticity Elastic material constant, G0 1250 

Poisson’s ratio, ν 0.05 
Critical-state  

 
Critical-state stress ratio M 0.3 

State line constant, λc 0.2 
Void ratio at p = 0, e0 0.934 
State line constant, ξ 0.3 

Plastic modulus Plastic shear rate, h0 7.05 
Boundary constant, nb  1.25 

Dilatancy Plastic volumetric rate, A0 0.4 
Dilatancy constant, nd 0.7 

Fabric-dilatancy  Maximum fabric magnitude, zmax 2 
Date of fabric, cz 800 

 
4. Test Results and Model Simulations 
 
     Three-dimensional fully coupled effective-stress dynamic SSI. This section 
presents a description of the shaking table tests and the simulation of the permeable pipe 
pile foundation in FLAC3D. 
 
        4.1 Description of numerical modeling  
      Considering the large difference between pile and soil stiffness, which will affect 
the calculation time of the model, the soil grid is only encrypted near the pile, and the 
calculation mesh is shown in Fig.5. The soil mesh is constituted by 6440 brick zones and 
40 wedge zones. The dimensions of volume of soil considered in this study are 40×20×10 
m (length, width, and height) (Fig.1b). The profile is composed of 3 layers, where the 
layer in between corresponds to the 4-m-thick liquefiable soil and the other layers do not. 
The water table of the mesh is located at the surface of the numerical mesh. The free-
field boundary is imposed on the sides of the mesh in order to simulate the soil nature 
deposits accurately. 
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Fig. 5 Geometry of the numerical model (unit: mm) 
      
     Mechanical aspects of concrete in FLAC3D are represented by an elastic 
constitutive model to simulate concrete pile. The reinforced concrete pile was modeled 
using solid elements. Potential foundation-soil separation or slippage was simulated 
using interface elements placed between the pile and the soil. In FLAC3D, these interface 
elements follow an elastic-perfectly plastic force-displacement law defined by elastic 
stiffness and strength parameters. Normal to the interface, representing potential 
separation, the strength is defined by a tensile limit. Parallel to the interface, simulating 
potential sliding, a Mohr-Coulomb failure criterion is applied based on cohesion and an 
interface friction angle. Following sensitivity analyses, high values were assigned to both 
normal and shear stiffness parameters to prevent excessive strain in the interface 
elements. Given the cohesionless nature of the soil beneath the slab, the interface 
elements were assigned zero tensile strength and cohesion, approximately matching the 
friction angle of the underlying soil under rough contact conditions. The calculations and 
analyses are conducted based on the schemes outlined in Tab.3. 
 

Tab. 3 Material properties of the soil-pile interface. 
Properties Normal stiffness 

(GPa) 
Shear stiffness 

 (GPa) 
Friction 

(°) 
Value 16 16 20 

   
 (a)                  (b) 
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Fig. 6. 3D mesh for the simulation pile; (a) traditional pipe pile, and (b) permeable pipe 
pile (unit: mm) 

 
      Compared to the traditional pipe pile, the permeable pile (depicted in Fig. 6) 
features five layers of equally spaced holes in its body. The permeable hole area of the 
permeable pipe pile is the same as the circular hole area with a diameter of 4mm using 
in shaking table test. These holes are drilled around the circumference of the pile to 
facilitate drainage at the soil-pile interface. Modeling the pile structure with solid elements 
enables a more accurate simulation of its structural characteristics and the drainage 
effects of these holes.  
   
        4.2 Soil response 
      Fig.7 and Fig.8 compare experimental and numerical results regarding excess 
pore water pressure ratio (EPWPR, EPWPR= excess pore water pressure/ initial 
effective stress) time histories at selected locations (marked with white dots in Fig. 5c) 
for both traditional and permeable pipe pile foundations at measurement points P1-P8. 
As shown in Fig.7(c) and (d), and Fig.8(c) and (d), the liquefiable sand layer quickly 
develops significant excess pore pressures under dynamic loading. In all cases, 
numerical and experimental data exhibit good agreement. 
      Fig.7 displays the EPWPR after dynamic loading for the traditional pipe pile 
foundation. It also presents time histories of EPWPR at two different elevations within 
the liquefiable sand for both the traditional and permeable pipe pile foundations. Around 
the traditional pipe pile, the soil excess pore water pressures accumulate rapidly early 
during shaking (at t≈2.0 s) and quickly stabilize at EPWPR≈1.0, indicating complete soil 
liquefaction. In contrast, the soil around the permeable pipe pile experiences partial 
liquefaction with the EPWPR≈0.6–0.9. However, at a horizontal distance approximately 
twice the pile diameter from the pile body (X = 2.0D), the EPWPR in the sand still 
develops quickly, the loss of drainage effectiveness provided by the permeable pipe pile. 
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(c)                                (d) 

Fig. 7 EPWPR time histories obtained experimentally at four locations (unit: mm) 
 

Fig.8 presents simulated results of EPWPR time histories at two different elevations 
(as shown in Fig.5c), compared with shaking table test data. Fig.8(a) and (b) demonstrate 
that excess pore pressures reached similarly high levels, consistent with experimental 
results. Around the traditional pipe pile, soil excess pore water pressures begin early 
during shaking and quickly stabilize at EPWPR≈1.0, indicating complete soil liquefaction. 

Fig.8(c) and (d) show similar early development and stabilization of EPWPRs during 
shaking. The soil the EPWPR around a horizontal distance of approximately 1 time the 
pile diameter (X = 1.0D) from the pile, the EPWPR generation is at a low level and 
stabilized in 0.4. Additionally, the EPWPR in the sand soil remains below liquefaction 
levels depicted in Fig. 8(c) and (d). However, when the horizontal distance from the soil 
to the pile body reaches 2 times the pile diameter (X = 2.0D), the EPWPR stabilizes at a 
very high value (EPWPR = 1.0), the soil is in a liquefied state, and the drainage effect of 
the permeable pipe pile disappears. 
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(c)                                (d) 

Fig. 8 EPWPR time histories obtained numerically at four locations (unit: mm) 
 
      Fig.9 and 10 depict the experimentally measured and numerically computed 
acceleration time histories at various depths. Both simulations generally agree with the 
measured response, albeit with some discrepancies. In the traditional pile foundation (Fig. 
10a), the accelerations decrease in amplitude with increasing embedment depth, 
consistent with previous shaking table test findings on liquefaction (Mikhailova et al. 2009; 
Zhang et al. 2022; Koga and Matsuo 1990; Elgamal et al. 1990; Zeghal et al. 1990). This 
reduction in acceleration amplitudes is particularly notable in the shallow layers of the 
sand (at depths of 200 mm and 400 mm). The exact cause of this decrease remains 
uncertain, though it may stem from slight densification and settlement of the model during 
shaking. 
      Similarly, in the permeable pile foundation, a reduction in acceleration amplitude 
is observed. Compared to the traditional pile foundation, there is a noticeable decrease 
in acceleration amplitude in the upper layer surrounding the permeable pile. This 
reduction is primarily attributed to decreased accumulation of excess pore pressure, 
which in turn increases the stiffness of the sand. 
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(a)                                (b) 

Fig. 9 Acceleration time histories obtained experimentally at four locations  
 
      Fig. 10 displays the numerically computed acceleration time histories and 
response spectra at various depths for the SANISAND models. While both simulations 
generally agree with the measured response, there are some discrepancies noted. 
Specifically, the numerical simulations tend to underpredict accelerations at the 
frequency of the input motion. Ramirez et al. (Ramirez et al. 2018) observed similar 
discrepancies in their simulations using SANISAND models and attributed them to 
relatively large values of constants nb and nd. 
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(a)                                (b) 

Fig. 10 Acceleration time histories obtained numerically at four locations  
 
     4.3 Pile response 
    As shown in the Fig.11, settlement accumulation progresses as the cap rocks during 
seismic activity. The settlement was suddenly increased at the time around t=2 s. Post-
seismically (after t=18 s), reconsolidation of liquefied layers contributes to further 
settlement stabilization. The settlements of the pile cap decrease to approximately 15.49 
mm compared to 20 mm for the traditional pipe pile by the end of the seismic motion. 
The increased permeability of the permeable pile appears to play a crucial role in 
significantly reducing pore pressure, thereby contributing to decreased settlement. 
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Fig. 11 Experimentally measured settlement time histories at pile cap  
 
      The time of reaching liquefaction state is also verified by the settlement curves. 
As seen by Figs. The settlement was suddenly increased at the time around t=2 s, which 
was due to onset of liquefaction in traditional pipe pile foundation. The maximum value 
of settlement reached 26.70 mm, and at the same time, the value of settlement de 
creased to 10.41 mm in permeable pipe pile foundation. However, due to shortcomings 
of SANISAND including the overpredicting the buildup rate of pore pressures, this 
comparison should be considered in a qualitative manner. 

 

Fig. 12 Numerically computed settlement time histories at pile cap  
 
5. CONCLUSIONS 
 
    This study presents numerical simulations of the shaking table test to analyze the 
performance of permeable pile foundations reinforced the liquefied sand. The simulations 
utilized the modify SANISAND constitutive model to capture the cyclic response of 
liquefied sand. A comparative analysis with traditional pile foundations was conducted 
based on the response of both the pile and the surrounding soil. The findings 
demonstrate that permeable pipe piles exhibit enhanced capability in preventing or 
delaying liquefaction compared to traditional pipe pile foundations. 

The initial calibration phase focused on obtaining stress-strain responses from a 
comprehensive set of monotonic and cyclic fully drained and undrained triaxial tests. The 
constitutive model's behavior and the materials of Nanning River sand of SANISAND 
were further elucidated through simulations of element loading tests under varying 
confining stresses (50kPa and 100kPa), initial relative densities of sand (Dr = 
0.22,0.36,0.48, 0.55, and 0.65) and cyclic loading scenarios of sand relative density Dr 
= 0.48 of using in the shaking table. The model was validated by laboratory experiments. 
The SANISAND constitutive model parameters obtains from the monotonic ans cyclic 
simulated which suitable for Nanning sand. 
   After calibration, dynamic loading simulations were conducted on a shaking table test. 
These simulations successfully replicated key system responses, including soil EPWPR, 
soil acceleration, and pile settlement. The results show that the soil EPWPR generation 
is at a low level and stabilized around the permeable pipe pile (X =1.0 D). This was 
attributed to the permeable pipe pile holes that can serve as drainage channels allowing 
it to be drained during an earthquake. In the horizontal direction, a low amplification factor 
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of acceleration from the soil near the permeable pipe pile was obtained, due to the 
decrease in excess pore pressure accumulation, which leads to an increase in the 
stiffness of the sand. Comparing the traditional pile and the permeable pile cap 
displacement showed that the permeable pile cap has a less displacement. It was 
concluded that soil shows more resistance against liquefaction through the response of 
the permeable pipe pile foundation compared to the traditional pipe pile. 
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