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Abstract: Sand-bentonite (SB) cutoff walls are commonly used as barriers in polluted areas. The embedded part of an SB wall 
in an aquitard is crucial for its performance. In this study, a centrifuge modeling test was carried out to investigate the effect of 
contact between the key and the aquitard on the migration behavior of contaminants within an SB cutoff wall. The centrifuge 
was accelerated to 100g (gravitational acceleration) and maintained in-flight for 36 h, equivalent to 41 years of transport time in 
the prototype. Results showed that the contaminant concentration within the SB wall was higher downstream than in the middle 
in the thickness direction, and deeper regions exhibited a greater concentration than shallower ones. This concentration distribution 
indicated that contaminants were transported along the interface between the SB wall and the aquitard, bypassing the base of the 
SB wall to reach the downstream aquifer rapidly. An improved numerical simulation considering preferential interface migration 
was performed, which agreed with the centrifuge test results. The simulation results indicated that preferential interface 
migration, as a defect, significantly accelerated the speed of contaminant migration, reducing the breakthrough time of the SB 
wall to 1/9 of that without preferential interface migration.
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1 Introduction 

Sand-bentonite (SB) vertical cutoff walls are 
widely used in underground barrier isolation mea‐
sures to prevent or delay contaminants from leaving 
the site (Ruffing et al., 2018; Cao et al., 2021; Wei 
et al., 2023). Typically, a trench measuring 0.6–1.2 m 
wide is excavated along the perimeter of a contami‐
nated site and then filled with a mixture of in-situ de‐
posits and bentonite slurry to form a flexible wall 
(D’Appolonia, 1980; Li et al., 2015). To reduce leak‐
age, SB walls are usually embedded in an aquitard, 
like a rock or clay layer, in which the embedded part 
of the SB wall is called the “key”. The key’s perfor‐
mance significantly influences the service life of an SB 
wall (Tachavises and Benson, 1997; Lee and Benson, 

2000). The design life of an SB wall in geoenviron‐
mental control projects is typically around 30 years or 
even longer, as some organic contaminants have atten‐
uation half-lives longer than 30 years (Ruffing et al., 
2018). However, when a defect occurs in the key, the 
service life of the SB wall falls far short of its design 
value. Therefore, it is useful to investigate the impact 
of the key on contaminant transport for predicting the 
service life of SB walls in geoenvironmental projects.

Due to the cost and duration of field studies, few 
field surveys have reported observational data regard‐
ing pollutant transport in SB walls in treated contami‐
nate sites (Ryan et al., 2022), and only few research‐
ers have investigated the distribution of effective stress 
on the walls (Ryan and Spaulding, 2008; Tong et al., 
2020). In laboratory studies, Lee and Benson (2000) 
prepared a scale model of a sandy deposit with an SB 
wall. They studied the influence of defects on the im‐
permeability of the SB wall and revealed the impor‐
tance of keys. However, the stress levels they tested 
were lower than actual, which resulted in unrealistic 
parameters of the SB wall or the contact state with the 
surrounding soil and did not simulate the transport of 
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pollutants. In contrast, geotechnical centrifuge model‐
ing tests have advantages. First, they achieve a stress 
level similar to that of a prototype, allowing for an ac‐
curate simulation of the parameters of the SB wall 
and the contact state between the SB wall and its sur‐
rounding soil. Second, centrifuge tests accelerate the 
transport of contaminants, making them potentially 
feasible for simulating long-term contaminant transport.

Previous studies have successfully modelled the 
migration of various pollutants in layered liners using 
centrifuge tests (Arulanandan et al., 1988; Knight and 
Mitchell, 1996; Gamerdinger et al., 2001; Hutchison 
et al., 2003; Soga et al., 2003; Lo et al., 2005; Timms 
et al., 2009; Kumar and Singh, 2012; Shu et al., 
2018). However, few studies have investigated the mi‐
gration of pollutants in vertical barriers using centri‐
fuge tests. Kererat et al. (2013) conducted four experi‐
ments under the condition of 30g (gravitational accel‐
eration) to study the migration of light non-aqueous 
phase liquids (LNAPLs) in sandy sites featuring a 
hanging soil-cement cutoff wall. Zhan et al. (2023a) 
performed a centrifuge experiment (100g) for 43.8 h to 
compare the long-term performance of loess-modified 
and unmodified SB walls. However, both sides of the 
cutoff wall were rigid porous stones instead of aqui‐
fers, which resulted in inconsistent stress between the 
experimental model and the field. The stress state sig‐
nificantly affects the contaminant transport parame‐
ters of SB walls, including their porosity and hydrau‐
lic conductivity (Filz et al., 2001; Yeo et al., 2005). In 
addition, the bottom of the SB walls was not embed‐
ded with an aquitard but sealed with metal slots, over‐
looking the influence of the key on the performance 
of SB walls (Tachavises and Benson, 1997; Lee and 
Benson, 2000). Hence, integrating the deposits sur‐
rounding an SB wall (aquifer and aquitard) into a 
scaled model could offer a more realistic method to 
emulate the working conditions of vertical barriers.

The objective of this paper is to present the re‐
sults of centrifuge tests of chloride ion (Cl−) migration 
in sandy sites featuring a keyed SB cutoff wall, and 
investigate the impact of the key on the migration of 
contaminants. Additionally, the similitude of the hori‐
zontal effective stress of the SB wall is discussed. Fi‐
nally, numerical analysis was conducted by applying 
the finite-element (FE) method, through which the mi‐
gration behavior and breakthrough time in the SB wall 
were computed.

2 Centrifuge modeling 

2.1 Scaling laws

To evaluate the similitude of the contaminant 
transport process in the centrifuge modeling test, Aru‐
lanandan et al. (1988) proposed eight dimensionless 
numbers and discussed the conditions for their simili‐
tude (Table 1). When the experiment uses the same 
soil and contaminant solution as the prototype and the 
adsorption meets equilibrium adsorption, the dimen‐
sionless numbers π1, π3, π4, π5, and π6 are identical in 
the model and its prototype, but π2 (Reynolds num‐
ber), π7 (dynamic effect), and π8 (Péclet number) are 
not identical. Note that although the expressions of π2 
and π8 are the same as the Reynolds and Péclet num‐
bers, respectively, they have different physical mean‐
ings in the study of similarity in pollutant transport 
during centrifuge testing. The π2 represents the dy‐
namic similarity of fluid motion (Hensley and Scho‐
field, 1991; Zhan et al., 2023a), created in a laminar 
scenario (π2<1, to keep the validity of Darcy’s law). 
The π8 describes the relationship between the two dis‐
persive phenomena of mechanical dispersion and mo‐
lecular diffusion (Arulanandan et al., 1988; Cooke 
and Mitchell, 1991). When contaminant dispersion 
is dominated by the process of molecular diffusion 
(π8<1), the dispersion can be modelled even without 
ensuring the similarity of π8. The π7 would be consid‐
ered if dynamic events occurred.

Table 1  Summary of dimensionless numbers (Arulanandan 

et al., 1988)

Number
Concentration
Reynolds

Advection
Diffusion

Capillary

Adsorption
Dynamic effect

Péclet

Formula
π1 = C ρf

π2 = ρfvslp μ

π3 = vst l

π4 = Dmt l2

π5 = ρf gllp Tf

π6 = S ρf

π7 = gt2 l
π8 = vslp Dm

Commentary
Satisfied
π2<1, to keep the validity of 

Darcy’s law
Satisfied
Satisfied

Satisfied

Equilibrium adsorption
Laminar flow

π8<1, to insure similarity in 
model and prototype

C is the concentration of contaminant in the pore water [ML−3]; ρf is 
the fluid density [ML−3]; vs is the interstitial flow velocity [LT−1]; lp is 
the characteristic microscopic length (e.g., particle size) [L]; μ is the 
dynamic viscosity of the fluid [ML−1T−1]; t is the time [T]; l is the 
characteristic macroscopic length (e.g., sample height) [L]; Dm is the 
aqueous molecular diffusion coefficient in porous medium [L2T−1]; g 
is the gravitational acceleration [LT−2]; Tf is the surface tension of 
the fluid particle interface [MT−2]; S is the mass of the adsorbed 
contaminant per unit volume [ML−3]
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In this study, the similarity of π1, π3, and π4 was 
achieved unconditionally, while π5, π6, and π7 were not 
relevant to this study and therefore could be ignored. 
The similitude of π2 and π8 will be discussed further in 
Section 4.

2.2 Experimental facilities and model configuration

In this study, the ZJU-400 centrifuge from 
Zhejiang University, China was utilized. The cen‐
trifuge model was conceptualized based on a landfill 
located in China. This landfill, situated in a valley, 
was underlain by unweathered rock that acted as a rel‐
atively impermeable layer. An SB wall was installed 
downstream of the landfill. The model was placed 
in a strongbox measuring 770 mm×400 mm×510 mm 
(length×width×height), which was divided into three 
sections using two 8 mm-thick perforated baffles 
made of acrylic. The two end sections of the strong‐
box were designated as water reservoirs, while the 
middle section housed the SB wall and the surround‐
ing soil deposits. The schematic setup of the model is 
shown in Fig. 1.

The head water reservoir, accounting for 38% of 
the volume of the strongbox, ensured a steady up‐
stream water level during the contaminant transport 

stage. The comparatively small tail water reservoir 
(9% of the strongbox volume) featured an overflow 
valve connected to its sidewall to maintain a constant 
downstream water level during the in-flight stage. The 
SB wall was located in the model’s center and was 
40 mm thick and 400 mm high. The aquifer and aqui‐
tard were situated on either side of the SB wall, with 
340 and 170 mm thickness, respectively. The SB wall 
was inserted 60 mm into the aquitard at the bottom.

2.3 Test materials and model preparation

This study used sodium chloride (NaCl) as the 
contaminant because Cl− is essentially a conservative 
tracer (Arulanandan et al., 1988; McKinley et al., 
1998), which avoided the difficulty of achieving ad‐
sorption similitude in the experiment. The concentra‐
tion of NaCl was set at 0.1 mol/L, which is close to 
the average concentration observed in field investiga‐
tions conducted by Xu et al. (2019) at landfill sites. 
It should be noted that landfills contain other more 
harmful pollutants, such as organic matter and heavy 
metal ions, and they are not conservative transport. 
Therefore, their breakthrough behavior may differ 
from Cl−, and it is necessary to conduct further trans‐
port experiments for these pollutants.

Two different types of soils were used in this 
test: Fujian standard sand and Wyoming bentonite. The 
bentonite was a thoroughly natural Na-based ben‐
tonite commercially available from Wyo-Ben, Inc., 
Billings, Montana, USA. Its mineral composition, 
determined by X-ray diffraction, comprised 12.3% 
quartz, 12.7% andesine, 3.6% illite, and 71.4% Na-
montmorillonite. The bentonite’s cation exchange ca‐
pacity (CEC) was 79.93 milliequivalent per 100 g, mea‐
sured by the ammonium exchange method, and its spe‐
cific surface area was 80.23 m2/g, determined by the N2 
adsorption method. Table 2 shows their physical pro‑
perties, and Fig. 2 illustrates their grain size distribu‐
tion curves. The aquifer consisted exclusively of Fujian 

Fig. 1  Schematic diagram of the centrifuge model set-up 
(mm): (a) profile view; (b) plan view

Table 2  Properties of constituent soils

Soil

Fujian standard sand

Wyoming bentonite

Cu

1.7

‒

Cc

0.96

‒

emax

0.85

‒

emin

0.52

‒

LL 
(%)

‒

342

PI 
(%)

‒

260

Gs

2.64

2.55

Cu is the coefficient of uniformity; Cc is the coefficient of curvature; 
emax is the maximum void ratio; emin is the minimum void ratio; LL is 
the liquid limit; PI is the plasticity index; Gs is the specific gravity of 
soil particle
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standard sand. The SB backfill and aquitard were pre‐
pared using air-dried Fujian sand, a bentonite slurry 
(5% bentonite in deionized water), and pure bentonite.

Before the model was prepared, four pairs of 
slots were fixed on the side of the strongbox for in‐
stalling the perforated baffles and the SB wall con‐
struction mold. A 10-mesh screen (wire diameter 
0.32 mm, aperture 2.30 mm) and filter paper were 
fixed on the side of the perforated baffle in contact 
with the soil to prevent the soil from entering the 
water tank. Two perforated baffles were then inserted, 
and a steel support frame was placed to maintain pres‐
sure equilibrium and prevent deformation of the water 
tank (Fig. 3a). Moreover, bentonite paste was applied 
to the walls of the soil storage area to inhibit water 
leakage between the soil and the strongbox.

The aquitard was prepared by a moist tamping 
method with five lifts, each 34 mm thick, compacted 
using an impact compactor plate with a surface area 
of 0.02 m2 and a mass of 5 kg to achieve the desired 
density of 1.78 g/cm3 (Fig. 3b).

Before installing the wall model, the SB wall 
construction mold with a thickness of 8 mm was in‐
serted into the slots (Fig. 3c). Then, a 6 cm aquitard 
was prepared on the outer side of the SB wall con‐
struction mold to form the key. To avoid trapping air 
bubbles, a piping bag filled with the SB backfill was 
used to extrude the SB backfill from the bottom of the 
narrow molds while being lifted gradually. Note that 
this differed from field construction, in which the SB 
backfill is placed on a slope and displaces slurry.

The same method was used to prepare the aqui‐
fer on both sides of the SB wall with a controlled den‐
sity of 1.94 g/cm3. After completing the aquifer, the 
SB wall construction mold was slowly pulled out of 
the model. The space previously occupied by the SB 
wall construction mold was then filled by the sinking 
of the SB backfill. Finally, a diversion device was in‐
stalled on the top of the strongbox to supplement SB 
backfill during the consolidation of the SB wall 
(Fig. 3d). Detailed information on the diversion de‐
vice can be found in Section S1 of the electronic sup‐
plementary materials (ESM). Table 3 shows the mix‐
ing proportions and physical properties of the soils 
after preparation.

2.4 Test materials and model preparation

In this study, four types of sensors were used: 
pore pressure transducer, strain-type earth pressure 
cell, non-contact type laser distance sensor, and differ‐
ential pressure sensor. Pore pressure transducers, with 
an accuracy of ±1 kPa, were placed at the bottom of 
the head and tail water reservoirs to monitor changes 
in water levels. Strain-type earth pressure cells, with 
an accuracy of ±2 kPa, were attached to the side of 

Fig. 3  Model preparation:(a) component installation; (b) 
aquitard preparation; (c) SB wall preparation; (d) diversion 
device installation

Table 3  Mixing proportions and physical properties of 

the different soils after preparation

Soil

SB backfill

Aquifer

Aquitard

Mass fraction (%)

Sand
68.84

90.91

66.66

Bentonite
3.62

0

16.67

Water
27.54

9.09

16.67

hs 
(mm)
125

‒

‒

e0

1.22

0.74

1.08

ρ0 
(g/cm3)

1.73

1.94

1.78

hs is the slump; e0 is the initial void ratio; ρ0 is the initial density

Fig. 2  Grain size distribution curve of Fujian standard 
sand and Wyoming bentonite
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the SB wall to measure horizontal earth pressure. The 
method for installation of the soil pressure sensor can 
be found in Section S2 of the ESM. Laser sensors, 
with an accuracy of ±0.05 mm, were mounted above 
the SB wall to monitor its settlement. Additionally, 
a differential pressure sensor with an accuracy of 
±0.04 kPa was placed in the collection device to mea‐
sure the seepage discharge. Fig. 1 provides the details 
of the sensor installation locations during model 
preparation. Note that the positions of the earth pres‐
sure cells changed due to the settlement of the soil. 
Therefore, their positions were remeasured after the 
experiment.

2.5 Test procedure

The test was divided into three stages: consolida‐
tion, watertightness testing, and contaminant migration.

In the first stage, the model was centrifuged at 
100g. The high porosity SB backfill was consolidated 
and supplemented with SB backfill via the diversion 
device. This stage lasted for over 8 h until the settle‐
ment rate of the SB wall fell below 1 mm/h, a criteri‐
on also adopted by Wang et al. (2016).

The second stage aimed to examine the water‐
tightness between the soil and the strongbox by set‐
ting a head difference of 3.00 cm between the up‐
stream and downstream. When the seepage discharge 
in the model was less than the calculated value of 
27.36 mL/h, it indicated no significant leakage be‐
tween the soil and the strongbox. Note that the calcu‐
lated seepage discharge did not consider the preferen‐
tial flow through the interface between the SB wall 
and the aquitard due to the unknown permeability of 
the interface, which differed from the actual situation. 
Additionally, due to the unknown hydraulic conduc‐
tivity of the SB wall, this value was calculated using 
the upper limit of the SB wall’s hydraulic conductivity 
(1×10−9 m/s). If the seepage discharge substantially ex‐
ceeded the calculated value, the model had to be re-
prepared. This stage lasted about 3 h. In this test, the 
actual head difference was 3.56 cm and the average 
seepage discharge was 24.68 mL/h. Thus, the water‐
tightness of the model satisfied the requirements.

Before the start of the third stage, the deionized 
water in the head water reservoir was replaced with a 
0.1 mol/L NaCl solution to simulate the pollution 
source. The expected water level difference between 
the two reservoirs was set as 3.00 cm but measured 

3.66 cm in practice, with a seepage discharge of 
26.44 mL/h. This stage lasted 36 h, equivalent to 
41 years of transport time in the prototype. Due to an 
average ambient temperature of 38 ℃ in the centri‐
fuge chamber, evaporation caused a decrease in water 
levels in both reservoirs. However, the unit area evap‐
oration rates of the two reservoirs were similar, main‐
taining a head difference of 3.66 cm. According to P2, 
the downstream water level was 11.48 cm below the 
top of the SB wall at the end of the test. Photographs 
of the centrifuge model are shown in Fig. S2 of the 
ESM.

Before sampling, a wire saw was used to cut the 
SB wall along the slot and the top surface of the aqui‐
tard. The extracted SB wall was placed on a flat oper‐
ating platform (Fig. 4a). Three series of samples were 
collected from the SB wall along the height direction 
(Fig. 4b). The moisture content and density of the 
samples were determined by ASTM (2019) and ASTM 
(2021), respectively. Hydraulic conductivity tests were 
conducted with the flexible-wall permeameter using 
the constant head method, as per ASTM (2016). Addi‐
tionally, the bottom of the embedded part of the SB 
wall exhibited a mud-like state, suggesting that the 
consolidation stress at that location was low. Conse‐
quently, the porosity and hydraulic conductivity at the 
bottom of the SB wall were determined using the 
transport parameters of the unconsolidated SB back‐
fill. The method for testing sample concentration is 
detailed in Section S4 of the ESM.

3 Numerical simulation of contaminant 
transport for centrifuge modeling 

3.1 Numerical modeling

An FE method program, COMSOL Multiphys‐
ics 5.5, was used to investigate the transport behavior 
of contaminants in the centrifuge test. The convection-
dispersion equation was used as the governing equa‐
tion in the solute transport model (Yao et al., 2023), 
as shown in Eq. (1):

¶Ci

¶t
=Dxi

¶2Ci

¶x2
+Dzi

¶2Ci

¶z2
- vxi

¶Ci

¶x
- vzi

¶Ci

¶x
 (1)

where i represents ‘ua’, ‘cw’, ‘da’, or ‘at’ (‘ua’ repre‐
sents upstream aquifer, ‘cw’ represents SB wall, ‘da’ 
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represents downstream aquifer, and ‘at’ represents 
aquitard); Ci denotes the contaminant concentration of 
each part; Dx,i and Dz,i represent the horizontal and verti‐
cal hydrodynamic dispersion coefficients, respectively; 
Dx,i=τiD0+αivx,i and Dz,i=τiD0+αivz,i (τi is the tortuosity fac‐
tor, τ i = n1/3

i  (Mott and Weber, 1991); ni is the porosity 
of different soil; D0 is the aqueous molecular diffusion 
coefficient; αi is the dispersivity); vx,i and vz,i are the 
horizontal and vertical seepage velocities, respectively.

A two-dimensional (2D) FE model correspond‐
ing to the dimensions of centrifuge modeling was es‐
tablished (Fig. 5). It is important to emphasize that 
the numerical model used in this study was developed 
at the model scale rather than the prototype scale. The 
centrifugal acceleration gc in the numerical model was 
set to 100g. The increase in gc induced a greater pore 
water pressure gradient, leading to a heightened seep‐
age velocity v and an increased hydrodynamic disper‐
sion coefficient. This is the effect of gc on the pollut‐
ant transport governing equation.

The concentration of sample 1#, located above the 
water level in the experiment, was nearly 0 (Fig. 4b). 
This suggests that the contaminant transport in the un‐
saturated zone was notably slow. Therefore, for model‐
ing simplicity, the simulation was confined to the satu‐
rated zone (its height and length are 38.16 cm and 
39.00 cm respectively, as shown in Fig. 5). Four 
boundaries are outlined in the equations shown in 
Table 4: the inflow boundary, outflow boundary, upper 
boundary, and lower boundary. The layer interface 
should comply with the continuity conditions of con‐
centration, contaminant flux, pressure, and seepage 
flux. The numerical model used a constant head dif‐
ference hw of 3.66 cm and a constant Cl− concentra‐
tion of the head water reservoir C0 of 0.1 mol/L. This 
numerical model is referred to as case 1.

Notably, the results of case 1 on the contaminant 
distribution differed significantly from those of the 
centrifuge test (Fig. 8 in Section 4.3). The contami‐
nant concentration within the SB wall was higher 
downstream than in the middle, and deeper regions 
exhibited a greater concentration than shallower ones. 
This concentration distribution indicated that pollut‐
ants did not reach the downstream aquifer via the SB 
wall; instead, they migrated directly from the inter‐
face between the SB wall and the aquitard, circum‐
venting the base of the SB wall to reach the down‐
stream aquifer. To validate this hypothesis, a small-
scale dye tracing experiment under the condition of 
1g using a transparent box was performed. The soil 
materials and preparation methods for this experiment 
were consistent with the centrifuge test. The results re‐
vealed that the red dye bypassed the base of the SB 
wall and swiftly reached the downstream aquifer (de‐
tailed information on this test can be found in Section 
S5 of the ESM).

Table 4  Boundary conditions of model

Boundary

(1)

(2)

(3)

(4)

Type

Inflow boundary

Outflow 
boundary

Upper boundary

Lower boundary

Contaminant 
transport

C =C0

¶C
¶x

= 0

¶C
¶z

= 0

¶C
¶z

= 0

Seepage

P = ρf gc( Hm - z + hw )

P = ρf gc( Hm - z )

¶P
¶z

= ρf gc

¶P
¶z

= ρf gc

P is the pore water pressure; Hm is the model height; ρf=993 kg/m3 
(38 ℃ ); z is the elevation of the numerical model

Fig. 4  Sample collection: (a) SB wall on the operating 
platform; (b) schematic of sampling locations (mm)

Fig. 5  Two-dimensional FE model of centrifuge test: mesh 
and boundary conditions. (1)–(4) represent boundaries
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When the SB wall and aquitard in the experi‐
ment were without defects, the interface between them 
was likely to become the pathway with the lowest re‐
sistance to water and pollutant transport. In particular, 
the length of the key of the SB wall was scaled down 
in centrifuge tests, which means that the hydraulic path 
between the interfaces was also shortened relative to 
the field condition, resulting in a more significant 
preferential interface migration. Additionally, the base 
soil of the SB mixture used in the experiment (Fujian 
standard sand) had a larger particle size, making the 
interface between the SB wall and aquitard rougher, 
which further promoted the generation of preferential 
interface migration. In subsequent studies, silt with a 
smaller particle size was used as the base soil of the 
SB mixture for centrifuge tests. The preferential inter‐
face migration then essentially disappeared when main‐
taining the same experimental setup, model prepara‐
tion, and test procedure. Therefore, in practical en‐
gineering, when the in-situ soil has a larger particle 
size, such as sand, it cannot be directly used as the 
base soil for SB backfill. Instead, smaller particle-size 
silt or clay should be used as the base soil for SB 
backfill to prevent the generation of preferential inter‐
face migration.

To simulate preferential interface migration, Rowe 
and AbdelRazek (2019) introduced a transmissive 
layer with a high hydraulic conductivity into the nu‐
merical model. Inspired by this, we introduced trans‐
missive layers to simulate preferential interface mi‐
gration. However, the finite elements were proved in‐
adequate for calculating its effect due to the layer’s 
extremely fine spacing compared to the model com‐
ponents. To address this, we adopted the approach 
of Mozafari et al. (2018) using “fractures” to simulate 
preferential interface migration. Within COMSOL 
Multiphysics® software, fractures are not represented 
as physical entities but are simplified as internal bound‐
aries, offering an effective solution to multi-scale chal‐
lenges. The governing equation of contaminant trans‐
port and water flow in a fracture can be found in 
Section S6 of the ESM.

Therefore, this study adopted the internal bound‐
aries of fractures to simulate preferential interface mi‐
gration. In the numerical model of case 2, the internal 
boundaries of fractures were added at the interface be‐
tween the SB wall and the surrounding soil. Briefly, 
this study involved two numerical models, case 1 

without preferential interface migration and case 2 
with preferential interface migration, to simulate Cl− 
transport in the centrifuge test.

3.2 Parameters in the numerical model

The numerical simulation requires two sets of 
input parameters:

Transport parameters of each soil, used in the 
two numerical models (case 1 and case 2), are shown 
in Table 5 and Fig. 6. The porosity ni and hydraulic 
conductivity ki of each soil were determined through 
after-test sampling results. Notably, the parameters of 
the aquifer and aquitard were set as constant, consid‐
ering their negligible change with depth. The disper‐
sivity αi of soils was found by reference to Gelhar et 
al. (1992) and Wang et al. (2016). The aqueous molec‐
ular diffusion coefficient D0 of Cl− was obtained from 
the transport parameter manual (Yaws, 2014).

Transport parameters of each fracture were used 
only in case 2 (Table 6). The pore diameter df of each 
fracture was determined by fitting the seepage dis‐
charge (26.44 mL/h) measured during the contaminant 
transport phase. The porosity nf of different fractures 

Table 5  Transport parameters in the numerical model

Soil
Aquifer

SB wall

Aquitard

ni

0.36
ncw (z)

0.49

ki (m/s)
2.1×10−5

kcw (z)

1×10−12

D0 (m
2/s)

2.78×10−9 a

2.78×10−9 a

2.78×10−9 a

α i (m)
0.5 b

0.0068 c

0.0068 c

Data were measured and calculated in this study except the following: 
a. Yaws (2014); b. Gelhar et al. (1992); c. Wang et al. (2016)

Fig. 6  Hydraulic conductivity and porosity of the SB wall 
in the numerical model

579



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(6):573-584

was taken as 1, referring to Zhan et al. (2023b). The 
aqueous molecular diffusion coefficient D0,f of dif‐
ferent fractures was the same as in Table 5. The dis‐
persivity αf of different fractures was obtained by fit‐
ting the concentration distribution of contaminants.

4 Results and discussion 

4.1 Horizontal effective stress

Fig. 7 shows the normalized horizontal effective 
stress σh′/H (σh′ is the horizontal effective stress; H is 
the height of the SB wall) of the SB wall from this 
and other published studies, and the detailed informa‐
tion on these SB walls is presented in Table 7. Nota‐
bly, the dimensions of the SB wall in this study were 
converted to a prototype scale. The horizontal effec‐
tive stress of the SB wall in this study showed an 
initial increase and a subsequent decrease with depth, 

which was consistent with some field measurements 
(Ryan and Spaulding, 2008; Tong et al., 2020). This 
horizontal stress distribution can be attributed to arch‐
ing and lateral squeezing effects during the consolida‐
tion of the SB wall (Ruffing et al., 2010; Li et al., 
2015; Ke et al., 2018). In contrast, Zhan et al. (2023a) 
conducted a centrifuge model test using rigid porous 
stones to support an SB wall. This method prevented 
the inward movement of the trench side walls, result‐
ing in little variation in wall stress with depth. Further‐
more, the σh′/H in this study exceeded that measured 
by Tong et al. (2020) but was consistent with the find‐
ings of Ryan and Spaulding (2008). This disparity 
may be attributable to the differences in the base soil 
of the SB wall.

The stress state of SB backfills significantly im‐
pacts the transport parameters of SB walls, such as po‐
rosity and hydraulic conductivity (Filz et al., 2001; 
Yeo et al., 2005). Therefore, it is crucial to ensure the 
similarity between the stress states of SB walls in 
both centrifuge models and prototypes for the accu‐
rate simulation of pollutant transport.

4.2 Similitude of contaminant transport

The similitude of π2 and π8 are discussed in this 
section.

π2 =
ρfvslp

μ
 (2)

where ρf=993 kg/m3; vs=Q/(Ancw), in which Q is the 
seepage discharge, Q=26.44 mL/h, A is the flow area 
of the SB wall, A=756.72 cm2, and ncw is the porosity 
of the SB wall. Considering the variation of porosity 
with depth, the average value was taken: ncw=0.45, lp=
0.14 mm, and μ=0.68×10−3 Pa·s.

π8 =
vslp

Dm

 (3)

Table 6  Transport parameters of each fracture

Type of fracture
SB wall-aquifer

SB wall-aquitard

df (mm)
0.0480

0.0076

nf

1

1

D0f (m
2/s)

2.78×10−9

2.78×10−9

αf (m)
3

1

Table 7  Comparison of SB walls in this and other published studies

SB wall
This study

W1

W2

CPT-9

Ch.240

H (m)
38.5

6.0

10.0

35.0

30.0

b (m)
4.0

0.6

0.6

0.8

0.8

BC (%)
5.0

4.7

4.7

–

–

Base soil
Sand

Silty clay

Silty clay

Sand

Sand

Measuring method
Earth pressure cells

Earth pressure cells

Earth pressure cells

CPTU

CPTU

Reference

Tong et al. (2020)

Tong et al. (2020)

Ryan and Spaulding (2008)

Ryan and Spaulding (2008)

b is the thickness of the SB wall; BC is the bentonite content. The method for converting piezocone penetration test (CPTU) results to effective 
horizontal stress is given by Ke et al. (2018)

Fig. 7  Comparison of results from different studies of 
horizontal effective stress in an SB wall after normalization
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where Dm= τcwD 0, in which τcw is the tortuosity factor 
of the SB wall, τcw = n1/3

cw   (Mott and Weber, 1991; Li 
et al., 2022); D0=2.78×10−9 m2/s.

The π2 and π8 were calculated as 4.42×10−5 and 
0.011, respectively. As they were less than 1, they met 
the similarity requirement.

4.3 Migration behavior of chloride ions through 
the SB barrier system

Fig. 8 illustrates the distribution of Cl− concentra‐
tion across the thickness of the SB wall, obtained 
from the after-test sampling results after 36 h trans‐
port (scattered points) and simulated outcomes from 
case 1 and case 2. The horizontal X-axis represents 
the SB wall thickness Lcw, where Lcw=0 denotes the lo‐
cation of contact between the SB wall and the up‐
stream aquifer. The longitudinal Y-axis shows the rela‐
tive Cl− concentration Ccw/C0.

The Cl− concentration across the SB wall in‐
creased progressively with depth according to the test 
results. Near the inlet of the SB wall, the Ccw/C0 at 
depths 2#, 3#, and 4# were 0.21, 0.46, and 0.48, respec‐
tively, while at the outlet, the values were 0.067, 
0.190, and 0.230. Given the threshold for a break‐
through at the outlet, Ccw/C0=0.1, as Zeng et al. (2022) 
noted, the deeper part of the SB wall (3# and 4#) 
breached the threshold after 36 h. Hence, the lower 
part of the SB wall was considered the weakest part 
of the vertical barrier, requiring measures to improve 
performance. However, the Cl− concentration along 
with the thickness direction of the SB wall at each 
depth decreased initially and then increased. This 

distribution diverged from the results of analytical so‐
lutions based on the convection-diffusion governing 
equation, which anticipates a decline in pollutant con‐
centration as the distance from the pollution source in‐
creases (Acar and Haider, 1990; Rubin and Rabideau, 
2000; Li et al., 2017).

The simulation results showed a significant dif‐
ference between case 1, which did not consider prefer‐
ential interface migration. Specifically, case 1 exhibi‑
ted much smaller Cl− concentrations and did not in‐
crease in the thickness direction. In contrast, case 2, 
which considered preferential interface migration, 
closely resembled the centrifuge test results. In the ex‐
periment, Cl− rapidly migrated along the interface be‐
tween the SB wall and the aquitard, passing through 
the bottom of the SB wall and reaching the down‐
stream aquifer, resulting in a higher concentration at 
the outlet of the SB wall than that in the middle. This 
accounts for the concentration distribution of pollut‐
ants inside the SB wall in Fig. 8. The discovery war‐
rants scrutiny, as preferential pathways in the field-
constructed wall would represent a significant defect, 
potentially seriously reducing the performance of the 
SB wall.

Fig. 9 shows the simulation results of the Cl− 
contaminant plume in case 2 at different times, with 
the green line denoting the Ci/C0=0.1 contour. Within 
the vertical barrier system, preferential pathways at 
the interface between the SB wall and the aquitard re‐
sulted in a seepage velocity at the base of the aquifer 
which exceeded that in its shallower regions. This 
phenomenon led to rapid migration of Cl− down‐
stream from the bottom of the aquifer. After 5.2 h, the 
Cl− concentration front reached the SB wall and rap‐
idly transported along the aquitard-SB wall interface. 
By 13.8 h, the Cl− concentration front reached the 
downstream aquifer at point B. At 26.2 h, the Cl− con‐
centration front reached the tailwater reservoir, and 
“U”-shaped contaminant plumes emerged in the SB 
wall.

Based on numerical simulation, the Cl− break‐
through point of the SB barrier system occurred at the 
junction (point B) where the SB wall, aquitard, and 
downstream aquifer intersect. The breakthrough time 
of the SB barrier system was 13.8 h, which equated to 
15.75 years in the prototype. Notably, the breakthrough 
time was only about 1/9 of that without preferential 
interface migration (118.2 h).

Fig. 8  Cl− concentration distribution of simulation and test
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5 Conclusions 

Based on the centrifuge modeling test and nu‐
merical simulations, the following conclusions were 
drawn:

(1) The horizontal effective stress of the SB wall 
in the centrifuge modeling showed an initial increase 
and then a decrease with depth, which is consistent 
with some field measurements. The similarity in stress 
states ensured that the transport parameters (such as 
porosity and hydraulic conductivity) of the SB wall 
and the contact state between the SB wall and its sur‐
rounding soil were consistent with the prototype.

(2) In the vertical SB barrier system, preferential 
interface migration occurred and significantly affect‐
ed the migration behavior of contaminants. The con‐
taminants migrated rapidly along the interface of the 
SB wall and aquitard, bypassing the bottom of the SB 
wall and reaching downstream. This observation dif‐
fered from the traditional migration pathway. The 
preferential interface migration, as a defect, greatly 
accelerated the migration speed of contaminants, re‐
ducing the breakthrough time of the SB wall to about 
1/9 of that without preferential interface migration, 
which deserves attention in practical applications.

(3) An internal boundary called a “fracture” was 
used in the numerical model to simulate the preferen‐
tial interface migration. The simulation results agreed 
with those from the centrifuge test, affirming the via‐
bility of this simulation approach.

(4) The base soil of the SB wall used in the ex‐
periment (Fujian standard sand) had a larger particle 
size, making the interface between the SB wall and 
aquitard rougher, which promoted the generation of 

preferential interface migration. Therefore, in practi‐
cal engineering, when the in-situ soil is sand with a 
larger particle size, it cannot be directly used as the 
base soil for an SB wall. Instead, smaller particle-size 
silt or clay should be used to serve as the base soil for 
SB backfill to prevent the generation of preferential 
interface migration.
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