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Abstract: This study focused on the hydraulic conductivity of sand in centrifuge modeling. A self-designed temperature-controlled 
falling-head permeameter apparatus was used, and a series of falling-head seepage tests were performed on sand samples with 
various porosities at different temperatures and centrifugal accelerations. The objectives were to qualitatively and quantitatively 
investigate the effects of temperature, porosity, and centrifugal acceleration on the hydraulic conductivity of sand and to study the 
applicability of the Kozeny-Carman equation for the centrifugal environment. Test results showed that in a similar temperature 
range and under the same porosity, the hydraulic conductivity of the sand is linearly correlated with centrifugal acceleration. 
When subjected to the same centrifugal acceleration and in a similar temperature range, the hydraulic conductivity of the sand 
exhibits an almost linear increase in relation to its porosity function (s3/(1−s)2); the functional relationships between the hydraulic 
conductivity of the sand and temperature, centrifugal acceleration level, and porosity were established using two pathways. 
When the centrifugal acceleration is less than 50g, the Kozeny-Carman equation is effectively accurate in predicting the hydraulic 
conductivity of sand; however, when the centrifugal acceleration exceeds 50g, it is important to consider a significant error.
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1 Introduction 

The physical model test is a fundamental research 
approach in geotechnical engineering, and centrifuge 
modeling is a significant experimental technique within 
the physical model test. Due to its capacity to accu‐
rately replicate the stress state of a prototype, ensur‐
ing consistency in the deformation and failure mecha‐
nisms between the model and the prototype (Chen et al., 
2011), centrifuge modeling is commonly favored as an 
experimental technique (Ng, 2014). Many centrifuge 
model tests are related to seepage, such as those of 
rainfall-induced landslides (Ling and Ling, 2012; Chen 
YL et al., 2019), dam breaches (Mei et al., 2022; Zhang 
et al., 2023), seepage behavior of dams (Wang et al., 
2013; Ye et al., 2021), and contaminant migration (Zeng 

et al., 2022; Zheng et al., 2022). Therefore, in-depth 
research on the seepage characteristics of soils in a cen‐
trifugal environment is of great significance for solv‐
ing various seepage-related geotechnical engineering 
problems.

Permeability is a crucial engineering property of 
soil (Joshaghani and Ghasemi-Fare, 2021). The hydra‑
ulic conductivity is a specific characterization of the 
permeability of soil, and is an essential parameter for 
studying the seepage field and assessing the deforma‐
tion and stability of geotechnical structures when sub‐
jected to water-related factors like rainfall and changes 
in water level (Su et al., 2014). Therefore, many re‐
searchers have conducted in-depth studies on the 
hydraulic conductivity of soil in a 1g (g is the acceler‐
ation of gravity) environment (Cho et al., 1999; Wang 
et al., 2010; Ye et al., 2013; Ng and Coo, 2015). There 
are many factors that influence the hydraulic conduc‐
tivity of soil, such as the porosity (Su et al., 2014; Li 
et al., 2024), particle shape (Wang et al., 2017; Li et al., 
2024), particle size distribution (Su et al., 2014; Wang 
et al., 2017), temperature (Ye et al., 2013; Joshaghani 
and Ghasemi-Fare, 2021), and impact load (Li et al., 
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2024). While there has been little research on the fac‐
tors that affect the hydraulic conductivity of soil in 
centrifuge modeling, a significant amount of research 
has been dedicated to validating the scaling law of 
hydraulic conductivity in theory (Schofield, 1980; Tan 
and Scott, 1985, 1987; Butterfield, 2000; Thusyanthan 
and Madabhushi, 2003). Some scholars have used 
experimental methods to verify the scaling law of hy‐
draulic conductivity (Singh and Gupta, 2000; Wang 
et al., 2011; van Tonder and Jacobsz, 2017). That is, 
by testing the hydraulic conductivity of soil in a cen‐
trifugal environment (kcen) and comparing it with the 
hydraulic conductivity of a 1g scale (kp), the scaling 
ratio of hydraulic conductivity (kcen/kp) can be obtained. 
However, these researchers have found that the kcen/kp 
obtained from experiments is not equal to the theo‐
retical scaling law. The reasons for this phenomenon 
may involve the insufficient length of the centrifuge 
arm, non-uniformity of the centrifugal acceleration 
field, soil consolidation, and other factors (Sharma and 
Samarasekera, 2007; Wang et al., 2011). However, we 
believe that another possible reason for this phenome‐
non is the lack of temperature control on the model 
during the experimental process, as the hydraulic con‐
ductivity is significantly influenced by temperature. In 
the above studies, the measurement of the hydraulic 
conductivity of soil was not rigorous enough and so 
the influence of temperature on hydraulic conductivity 
was neglected. Therefore, studies of the effect of tem‐
perature on hydraulic conductivity in centrifuge mod‐
eling are needed and are of great significance for improv‐
ing the fundamental theory of centrifuge modeling.

In addition, the coupled temperature-hydraulic-
mechanical (THM) behavior of soil has become one of 
the main focuses and challenges in geotechnical engi‐
neering in recent years, and is relevant for applications 
such as underground energy engineering (Sailer et al., 
2021), natural gas hydrate exploitation (Ye et al., 2022), 
and nuclear waste disposal (Zhao et al., 2016). Centri‐
fuge modeling has also been extensively used to inves‐
tigate these challenges (Ng et al., 2021; Wang et al., 
2022). The hydraulic conductivity of soil is one of the 
crucial parameters for accurately describing the coupled 
THM behavior of soil. For example, Xiong (2018) used 
COMSOL software to analyze the thermo-hydro cou‐
pling in saturated sand, building upon prior centrifuge 
test results, and found that in a centrifugal environ‐
ment, hydraulic conductivity has a substantial influence 

on the thermo-hydro coupling effect in saturated soil. 
Nevertheless, researchers have not adequately addressed 
the influence of temperature on hydraulic conductivity 
in a centrifugal environment. This deficiency may have 
had a negative impact on the precise replication of soil 
THM coupling behavior by centrifuge modeling. There‐
fore, accurately revealing and characterizing the influ‐
ence of temperature on the hydraulic conductivity of 
soil in a centrifugal environment is crucial for using 
centrifuge modeling to accurately depict the coupled 
THM behavior of soil and is also of significant impor‐
tance for addressing multifield coupling problems in 
geotechnical engineering.

The experimental measurement of soil hydraulic 
conductivity exhibits remarkable accuracy and exten‐
sive practicality. Nevertheless, the process of experi‐
mentally determining soil hydraulic conductivity can be 
laborious and time-consuming. Consequently, numer‐
ous scholars have proposed theoretical prediction equa‐
tions for soil hydraulic conductivity based on the soil’s 
inherent properties and a large amount of experimental 
data (Aubertin et al., 1996; Chapuis, 2004; Li et al., 
2023; Zhong et al., 2023; Fan and Rowe, 2024). The 
Kozeny-Carman hydraulic conductivity prediction 
equation (hereinafter referred to as the Kozeny-Carman 
equation) (Carman, 1939; Nomura et al., 2018) is widely 
used. The applicability of the hydraulic conductivity 
prediction equations mentioned above has been exten‐
sively confirmed in a 1g environment. Nevertheless, 
few studies have considered the suitability of these 
hydraulic conductivity prediction equations in a cen‐
trifugal environment. Also, no equation for predicting 
soil hydraulic conductivity has been proposed that is 
acceptable for a centrifugal environment.

Sand is a common material found in many geo‐
technical structures, including dams (Wen et al., 2015; 
Eisma and Merwade, 2020; Li et al., 2021), embank‐
ments (Zhao et al., 2021; Ikbarieh et al., 2023; Qin et al., 
2024), tunnel strata (Yang et al., 2021; Cheng et al., 
2023; Khalajzadeh et al., 2023), and foundation pits 
(Li et al., 2018; Sun et al., 2019; Gao et al., 2023). 
Therefore, it is meaningful for the safety of geotechnical 
structures to investigate the centrifugal hydraulic con‐
ductivity of sand, considering the effects of various influ‐
encing factors. However, previous studies (Singh and 
Gupta, 2000; Wang et al., 2011; van Tonder and Jacobsz, 
2017) focused mainly on clay, with little research 
on sand. Thus, in this study, we used a self-designed 
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apparatus to conduct centrifuge modeling, and a series 
of falling-head seepage tests were performed on sand 
samples with various porosities at different tempera‐
tures and centrifugal accelerations. The main aims of 
this study were: (1) to investigate the effects of tem‐
perature, porosity, and centrifugal acceleration on the 
hydraulic conductivity of sand; (2) to establish quanti‐
tative relationships between hydraulic conductivity, tem‐
perature, porosity, and centrifugal acceleration; (3) to 
verify the applicability of the Kozeny-Carman equation 
for a centrifugal environment.

2 Experimental setup 

2.1 Test setup

To conduct seepage tests at different tempera‐
tures in a centrifugal environment, a self-designed 
temperature-controlled falling-head permeameter appa‐
ratus was used. A schematic view of the apparatus is 
shown in Fig. 1. This paper simply provides a brief in‐
troduction to the apparatus. The temperature-controlled 
falling-head permeameter is the core component of 
the apparatus. It is used to regulate the temperature of 
soil samples and fluids and conduct falling-head tests. 
The rest of the apparatus is linked to the temperature-
controlled falling-head permeameter as follows:

(1) The pore water pressure transducer module 
consists of several pore water pressure transducers that 
are linked to pore water pressure monitoring channels 
(not marked in Fig. 1) located on the base pedestal of 
the temperature-controlled falling-head permeameter. 
The soil column cylinder has several pore water pres‐
sure monitoring holes, which are numbered as Hole 1, 
Hole 2, Hole 3, and Hole 4 (Fig. 1). The soil column 
cylinder is separated into two sections: the 160-mm-tall 
soil sample area is located below, and the 145-mm-tall 
fluid area is located above. The center of Hole 4 is 
positioned 30 mm above the bottom of the soil sample; 
the distance between the centers of Hole 3 and Hole 4, 
as well as that between the centers of Hole 3 and Hole 2, 
is 50 mm; the distance between the centers of Hole 1 
and Hole 2 is 35 mm. A total of five pore water pres‐
sure transducers were used in this study. To accurately 
measure the water level in the fluid area, two pore 
water pressure transducers, labeled P1−1 and P1−2 respec‐
tively, were placed in Hole 1. One pore water pressure 
transducer was installed at each of Hole 2, Hole 3, 
and Hole 4, labeled P2, P3, and P4, respectively. The 
accuracy of all the pore water pressure transducers 
was 0.2%.

(2) The temperature transducer module has sev‐
eral temperature transducers positioned on the top cap 
of the permeameter. Three temperature transducers 

Fig. 1  Schematic view of the temperature-controlled falling-head permeameter apparatus
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were used in this study, labeled T1, T2, and T3, respec‐
tively. T1 was positioned at the center of the water 
bath chamber to monitor the temperature of the water 
bath chamber. T2 was located at the edge of the fluid 
area, near the wall of the soil column cylinder, to mon‐
itor the temperature of the fluid at the edge of the fluid 
area. T3 was positioned in the middle of the fluid area 
to monitor the temperature of the center of the fluid 
area. The measurement range for T1, T2, and T3 was 
from −50 to 50 ℃.

(3) On the base pedestal of the permeameter, there 
is a flow monitoring channel (not marked in Fig. 1), 
which is linked to several flow meters in the flow 
meter module.

(4) The electric ball valve module consists of mul‐
tiple electric ball valves, with some being connected 
in series with flow meters so that tests can be started 
and stopped remotely. These electric ball valves are 
also connected to a downstream water collection res‐
ervoir, which is used to collect seepage fluid. In addi‐
tion, an electric ball valve is connected in series with 
the upstream water supply reservoir, which provides 
seepage fluid to the fluid area.

(5) To regulate the temperature of soil samples and 
fluids, the temperature-controlled falling-head perme‐
ameter’s top cap and base pedestal are equipped with 
water bath channels (not marked in Fig. 1) that are 
connected to the constant-temperature water bath cir‐
culation system.

(6) The centrifuge’s transducer data acquisition 
system measures and gathers information from the trans‐
ducers. Moreover, a computer can be used to remotely 
operate the electric ball valves.

2.2 Test materials and test plan

Fig. 2 shows the particle size distribution of the 
test soil. The test soil, with particle sizes ranging from 
0.075 to 0.25 mm, was separated from China ISO stan‐
dard sand. Its specific gravity was 2.631, with a maxi‐
mum void ratio of 0.956 and a minimum void ratio of 
0.589. Deaired water was used as the seepage fluid.

A total of 36 groups of tests were carried out in 
a centrifugal environment (Table 1). Table 1 shows 
the temperatures for the tests. The test temperatures 
represent the actual test temperatures for the soil sam‐
ples, while the set temperatures indicate the desired set 
temperatures for the constant-temperature water bath 
circulation system (Fig. 1) to achieve the correspond‐
ing test temperatures of the soil samples.

Table 1 shows that, for the soil sample with a poros‐
ity of 0.381, the temperature settings for the constant-
temperature water bath circulation system differed sig‐
nificantly from the temperature settings for the soil 
samples with the other two porosities. The reason for 
this discrepancy is that we conducted that test in the 
summer (early July), while we conducted the other two 
tests in the spring (early April). In summer, the tem‐
perature control efficiency of the constant-temperature 
water bath circulation system is lower than that in 
spring, especially for low-temperature control. For 
instance, if we set the constant-temperature water bath 
circulation system to 10.5 ℃ for the soil sample with 
a porosity of 0.381, we could control the soil sample 
test temperatures to 13.2, 16.0, and 18.9 ℃ at 15g, 
30g, and 50g, respectively. This was mainly because 
in summer, the greater the centrifugal acceleration, the 

Table 1  Temperatures for the tests

Centrifugal 
acceleration

15g

30g

50g

Temperature (℃)

s=0.381

Test

13.2

23.2

32.7

42.2

16.0

26.4

36.4

45.3

18.9

29.2

39.0

49.2

Set

10.5

22.5

33.5

45.0

10.5

26.0

37.5

48.5

10.5

29.0

40.5

53.0

s=0.420

Test

12.7

21.6

32.2

42.2

12.7

21.3

31.8

41.2

12.8

21.5

32.0

41.2

Set

9.0

19.0

31.0

42.0

9.0

19.0

31.0

42.0

9.0

19.0

31.0

42.0

s=0.458

Test

13.0

22.5

32.4

43.5

13.6

22.2

32.2

42.4

13.8

22.3

32.2

42.5

Set

10.0

20.0

31.0

42.5

10.0

20.0

31.0

42.5

10.0

20.0

31.0

42.5

s represents the porosity

Fig. 2  Particle size distribution curve of test soil
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higher the rotational speed of the centrifuge, resulting 
in increased heat generation. Consequently, the low-
temperature control effectiveness of the water bath 
circulation system diminished. Therefore, although the 
constant-temperature water bath circulation system was 
set to 10.5 ℃, it could maintain the soil sample test tem‐
peratures at only 13.2, 16.0, and 18.9 ℃ at 15g, 30g, and 
50g, respectively. The soil samples with porosities of 
0.420 and 0.458 did not exhibit this phenomenon.

Table 1 also shows that, during high-temperature 
control, although the greater centrifugal acceleration 
results in increased heat generation due to the higher 
rotational speed of the centrifuge, it also enhances the 
convection, which ensures that the temperature regu‐
lated at higher centrifugal acceleration remains rela‐
tively close to that at lower centrifugal acceleration, as 
well as to the target set temperature. Thus, compared 
to lower centrifugal acceleration, higher centrifugal 
acceleration leads to higher temperature control effi‐
ciency of the constant-temperature water bath circu‐
lation system. For example, if we set the constant-
temperature water bath circulation system to 42.0 ℃ 
for the soil sample with a porosity of 0.420, we could 
adjust the soil sample test temperatures to 42.2, 41.2, 
and 41.2 ℃ for 15g, 30g, and 50g, respectively. We 
observed the same phenomenon in the soil sample with 
a porosity of 0.458. The relative density of the sand 
used in the experiment was 0.93, 0.63, and 0.30, respec‐
tively, corresponding to void ratios of 0.615, 0.725, and 
0.846 and corresponding porosities of 0.381, 0.420, 
and 0.458, respectively.

2.3 Test preparation in a 1g environment

Several test preparations were completed in a 1g 
environment, including the following steps:

(1) Preparation of a soil sample. The sand was 
oven-dried and subsequently used to make the sam‐
ples using the dry tamping method (Zhu et al., 2021). 
Each soil sample had a diameter of 60 mm and a 
height of 160 mm. It was compacted into eight layers, 
each 20 mm thick.

(2) Saturation of the soil sample. Each soil sample 
was saturated in two stages: first with carbon dioxide 
for 3 h and then with airless water for 12 h.

(3) Installation of the model. After saturation, the 
temperature-controlled falling-head permeameter and 
other equipment were placed in the model box. Then, 
the model box was installed in the centrifuge (Fig. 3).

(4) Regulation of soil sample temperature. Fol‐
lowing the installation of the model, the water bath 
circulation system was turned on to regulate the fluid 
and soil sample temperatures at the desired levels.

2.4 Test procedure in a centrifugal environment

Experiments were carried out using the ZJU400 
centrifuge at Zhejiang University, China, which has a 
spinning radius of 4.5 m, a maximum centrifugal ac‐
celeration of 150g, a maximum capacity of 400 g·t, 
and a basket volume of 1.5 m×1.2 m×1.5 m. Once the 
temperature control procedure in a 1g environment was 
completed, the centrifuge was started. The test proce‐
dure for a single test was as follows:

(1) Step I: Fill the fluid area. The current test is 
marked as Test N. After Test N is completed, the down‐
stream electric ball valve is shut, while the electric ball 
valve upstream of the upstream water supply reservoir 
is opened. Then, fluid is injected into the fluid area, 
and once full, the electric ball valve of the upstream 
water supply reservoir is closed.

(2) Step II: Adjust the temperature. After com‐
pleting Step I, the water bath temperature is adjusted 
to the predetermined temperature for the subsequent 
test, which is labeled as Test N+1.

(3) Step III: Adjust the centrifuge acceleration. 
After completing Step II, adjust the centrifuge acceler‐
ation to the target value of Test N+1.

(4) Step IV: Test the apparatus’s sealing. After 
completing Step III, monitor the values of all pore 
water pressure transducers. If the values remain stable, 
it indicates good sealing of the apparatus. Conversely, 
if the values change, it suggests water leakage in the 

Fig. 3  Apparatus after installation in the ZJU400 centrifuge
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apparatus. In this study, based on the pore water pres‐
sure transducers’ values, we inferred that the appara‐
tus maintained good sealing under all experimental 
conditions.

(5) Step V: Conduct the test. After completing 
Step IV, carefully observe the readings of the three 
temperature transducers, and after reaching the target 
temperature for Test N+1, choose the suitable flow 
meter, activate the relevant electric ball valve to con‐
duct the test, and then shut the ball valve after the test 
is finished.

Note that in this study, after a single test was com‐
pleted, the soil sample was not refilled. This is because 
using a single sample can reduce the differences in soil 
properties caused by refilling, making the test results 
more comparable. The properties of soil samples are 
significantly influenced by the preparation process. In 
our tests, the soil samples needed to undergo four tem‐
perature ranges (around 13, 23, 33, and 43 ℃ ). We 
would have needed four samples if we were to perform 
refills after each temperature range. Ensuring that these 
four samples had very similar soil properties would 
have been a substantial challenge. From this perspec‐
tive, using the same sample throughout the entire test‐
ing process offered greater control over the soil prop‐
erties compared to refilling. This significantly enhanced 
the comparability of the test results obtained.

3 Results and discussion 

3.1 Temperature regulation

Fig. 4 shows the changes in water bath tempera‐
ture (T1) and fluid temperatures (T2 and T3) over time 
before and during seepage for a sand sample with a 
porosity of 0.458 in a 50g environment when the ex‐
perimental temperatures were 13.8 and 42.5 ℃, which 
correspond to low- and high-temperature test condi‐
tions, respectively. Fig. 4 shows that, before seepage, 
the water bath circulation system consistently adjusted 
the fluid temperature and maintained it constant after 
reaching the desired temperature. Fig. 4 also indicates 
that although the fluid’s temperature progressively rose 
during the seepage process, it did not exceed a 0.5 ℃ 
change during the entire seepage test, thereby meeting 
the test requirement that the apparatus can precisely 
control the temperatures of sand samples and fluids. 
The other tests gave the same results and so are not 
shown in this paper.

3.2 Seepage water head process line

When a falling-head seepage test is carried out, 
the seepage stability of the soil sample is directly re‐
flected by the change in the seepage water head over 
time, which is called the seepage water head process 
line. Fig. 5 illustrates the variations in the seepage 
water head (h1) over time of sand with various porosi‐
ties under different temperatures and centrifugal accel‐
erations. The values of seepage water head were cal‐
culated from the pore water pressure P1−1 or P1−2 (for cal‐
culation details, see Section 3.3.1). Fig. 5 shows that 
the seepage water heads of the three sand samples 
gradually decreased with time, and the rate of decline 
of each seepage water head process line was stable, 
indicating that the seepage of the samples under each 
test condition was stable and the results of each test were 
reliable. With the same porosity, the rate of decline of 
the seepage water head is related to factors such as 
centrifugal acceleration and temperature: the greater the 

Fig. 4  Variation of water bath temperature (T1) and fluid 
temperatures (T2 and T3) with time: (a) the experimental 
temperature was 13.8 ℃; (b) the experimental temperature 
was 42.5 ℃
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centrifugal acceleration, the higher the temperature, 
and the higher the rate of decline. Although the seep‐
age water head process lines of “15g, 13 ℃ ” and 
“15g, 12.7 ℃” in Figs. 5a and 5b differed somewhat 
from the others, this was due to the initial water head 
difference in these two tests being relatively low. This 
initial condition caused the rate of decrease in water 

head at the beginning of the test to be lower than 
those in the other tests.

3.3 Hydraulic conductivity

3.3.1　Calculation of hydraulic conductivity

The main focus of this study was on the hydrau‐
lic conductivity of the whole sand sample; we did not 
look into the layered hydraulic conductivity. Thus, the 
calculation of hydraulic conductivity was limited to 
the sand sample located between Hole 2 and Hole 4. 
The following equation was used to calculate each 
sand sample’s hydraulic conductivity:

kT =
QL0

AHt
 (1)

where kT is the hydraulic conductivity at temperature 
T, cm/s; Q is the flow rate in t, cm3; L0 is the distance 
between the centers of two pore water pressure moni‐
toring holes, cm; A is the cross-sectional area of the soil 
sample, cm2; H is the total head difference between 
the centers of two pore water pressure monitoring holes, 
obtained by the relationship between the water head 
and the pore water pressure, cm; t is the test duration, 
s. When using Eq. (1), the seepage should satisfy 
Darcy’s law. To check the validity of Darcy’s law, we 
used the Reynolds number (Re): Re=ρvd/μ, where ρ is 
the fluid density, v is the seepage velocity, d is the soil 
characteristic microscopic length (such as the effec‐
tive particle size d10), and μ is the fluid dynamic vis‐
cosity coefficient (Singh and Gupta, 2000). Darcy’s law 
is applicable to seepage through soils provided that the 
Re remains below 1. In the present study, the Re was 
calculated on the basis of d10 (which was 0.108 mm). 
The maximum value of Re of all tests was 0.90 (i.e., 
Re<1), which indicates the validity of Darcy’s law in 
this study.

To calculate the total head difference H, it is nec‐
essary to convert the pore water pressure into the 
water head. The specific conversion process is as fol‐
lows: When the soil column is positioned eccentri‐
cally, the calculation diagram of the total head at any 
point in the soil sample is as shown in Fig. 6. Given 
the non-uniformity of the centrifugal field and the 
eccentric positioning of the soil column, the centrifu‐
gal acceleration value N′ at any given height of h0 from 
plane E (which serves as the datum plane) in the soil 
sample is

Fig. 5  Change in seepage water head of sand samples with 
time: (a) s=0.458; (b) s=0.420; (c) s=0.381. e is the void ratio 
of sand; Dr is the relative density of sand
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N ′=
ng
R

L2 + ( )R0 - h0

2
 (2) where n is the centrifugal acceleration level; R is the 

maximum effective rotation radius of the centrifuge; 
L is the eccentricity distance; R0=R−d1 −d2; d1 is the 
model box base thickness; d2 is the distance between 
plane E and the top surface of the model box base. 
From Eq. (2), we can obtain the total head height of h0 
when the total pore water pressure is

P = ∫
0

h0

ρ
ng
R

L2 + ( )R0 - h
2

dh. (3)

Using Eq. (3), we used Matlab to solve the value 
of the total head corresponding to pore water pressure.

3.3.2　Changes in hydraulic conductivity with centrifugal 
acceleration under the same porosity

In this study, we adopted the viewpoint that the 
hydraulic conductivity of soil changes with centrifu‐
gal acceleration in centrifuge modeling (Singh and 
Gupta, 2000; Garnier et al., 2007; Wang et al., 2011). 
Fig. 7 illustrates how the hydraulic conductivity of 
sand with different porosities changed with centrifu‐
gal acceleration in a similar temperature range. The 

Fig. 7  Hydraulic conductivities of sand samples with different porosities varying with centrifugal acceleration in a 
similar temperature range: (a) around 13 ℃; (b) around 23 ℃; (c) around 33 ℃; (d) around 43 ℃

Fig. 6  Calculation diagram of the total head at any point 
in the sand sample. PWP: pore water pressure
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above-mentioned hydraulic conductivity is the hydrau‐
lic conductivity at real temperature, not at 20 ℃, and 
the temperature-controlled falling-head tests were con‐
ducted at about 13, 23, 33, and 43 ℃. The real temper‐
ature is the average temperature of the entire seepage 
process. Fig. 7 shows that in a similar seepage temper‐
ature range, no matter how dense the sand (the poro‑
sities of 0.381, 0.420, and 0.458 correspond to loose 
sand, medium dense sand, and dense sand, respec‐
tively, in this study), the hydraulic conductivity of the 
sand was linearly correlated with the centrifugal accel‐
eration. In other words, the higher the centrifugal accel‐
eration, the greater the hydraulic conductivity of sand, 
which is similar to the phenomenon that clay’s hydrau‐
lic conductivity increases with increasing centrifugal 
acceleration (Wang et al., 2011).

3.3.3　Changes in hydraulic conductivity with porosity 
under the same centrifugal acceleration

The Kozeny-Carman equation can effectively pre‐
dict the hydraulic conductivity of soil in a 1g environ‐
ment, and one of its forms is as follows (Flint and 
Selker, 2003; Wang et al., 2011):

k =
d 2

m

180
s3

( )1 - s
2

ρg
μ
 (4)

where dm is the characteristic particle size of the soil. 
Therefore, to establish the relationship between the 
hydraulic conductivity of sand and its porosity in a 
centrifugal environment, we introduce a porosity func‐
tion based on the Kozeny-Carman equation. Specifi‐
cally, we refer to s3/(1−s)2 in Eq. (4) as the porosity 
function.

We plotted the relationship between hydraulic con‐
ductivity and the porosity function (s3/(1−s)2) of sand 
in similar temperature ranges (around 13, 23, 33, and 
43 ℃) under three centrifugal accelerations (15g, 30g, 
and 50g), as shown in Fig. 8. From Fig. 8, it can be 
observed that: (1) Under the same centrifugal acceler‐
ation and in a similar temperature range, the porosity 
of sand increased, and its hydraulic conductivity also 
increased, consistent with results from experiments 
conducted in a 1g environment (Su et al., 2014). This 
is because as porosity increases, the volume of pores 
within a unit volume of soil also increases. This leads to 
a larger cross-sectional area for fluid flow through the 
soil under the same hydraulic head pressure, resulting 

in an increase in hydraulic conductivity (Su et al., 2014). 
(2) Under the same centrifugal acceleration and in a 
similar temperature range, the hydraulic conductivity 
of sand showed a nearly linear growth in relation to 
its porosity function (s3/(1−s)2). This trend aligns with 
the findings of studies carried out in a 1g environment 
by Su et al. (2014).

Fig. 8  Relationships between the hydraulic conductivity and 
the porosity function (s3/(1−s)2) of sand in similar temperature 
ranges under different centrifugal accelerations: (a) 15g; 
(b) 30g; (c) 50g
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3.4 Quantitative analysis of the influence of multiple 
factors on the hydraulic conductivity of sand

Under the interaction of the centrifugal environ‐
ment (ng), temperature (T), and soil porosity (s), the 
hydraulic conductivity of sand may differ from that 
measured in a 1g environment. Hydraulic conductivity 
has a significant impact on issues like soil consolidation 
and the liquefaction of sand in a centrifugal environ‐
ment. Therefore, quantitative analysis of the influence of 
multiple factors, such as centrifugal acceleration, tem‐
perature, and porosity, on the hydraulic conductivity of 
sand in centrifuge modeling becomes extremely impor‐
tant. In this study, the hydraulic conductivity (k) was a 
ternary function, denoted as k=k(n, T, s). Therefore, it is 
necessary to first establish the relationship between the 
hydraulic conductivity and the temperature and porosity, 
denoted as k=k(T, s), or the relationship between the 
hydraulic conductivity and the centrifugal acceleration 
and porosity, denoted as k=k(n, s). Then, the function 
k=k(n, T, s) can be derived. In the following section, 
we will introduce these two methods separately.

3.4.1　Establishing k(n, T, s) based on k(T, s)

Firstly, the hydraulic conductivities of sand sam‐
ples at the real temperature in the 15g environment were 
normalized to hydraulic conductivities at 15, 25, 35, 
and 45 ℃. The normalized process involves changing 
the hydraulic conductivity measured at the real tem‐
perature to the hydraulic conductivity at a particular 
temperature. To illustrate, the process of normalizing 
the hydraulic conductivity at the real temperature of 
13.2 ℃ (k13.2) to the hydraulic conductivity at 15 ℃ (k15) 
was determined using the equation k15=k13.2× (μ13.2/μ15), 
where μ13.2 and μ15 represent the dynamic viscosity coef‐
ficients of the fluid at 13.2 and 15 ℃, respectively. 
Subsequently, the relationship between the normalized 
hydraulic conductivity and the porosity function s3/(1−s)2 
was plotted, followed by linear regression analysis 
(Fig. 9). Fig. 9 shows that there was a linear positive 
correlation between the normalized hydraulic conduc‐
tivity and the porosity function s3/(1−s)2. This means 
that the normalized hydraulic conductivity and the poros‐
ity function s3/(1−s)2 have the following relationship:

kT = a
s3

( )1 - s
2
+ b (5)

where parameters a and b are obtained by fitting.

The parameter a of 15g and temperature T have 
a strong linear relationship, which satisfies the follow‐
ing equation:

a = cT + d (6a)

where parameters c and d are obtained by linear fitting. 
Specifically, in this study,

a = 0.03844T + 0.4293     R2 = 0.983. (6b)

Substituting Eq. (6a) into Eq. (5), the quantitative 
predictive equation for the hydraulic conductivity of 
sand, considering the influence of multiple factors in 
centrifuge modeling, can be obtained:

k (T s) = cT
s3

( )1 - s
2
+ d

s3

( )1 - s
2
+ b. (7)

Eq. (7) is derived based on the normalized hydrau‐
lic conductivity in a 15g environment. To verify the 
applicability of Eq. (7), it was used to fit the hydraulic 
conductivity at actual temperatures under different cen‐
trifugal accelerations (Fig. 10). Fig. 10 shows that 
under various centrifugal accelerations, Eq. (7) pro‐
vides good fitting results for the hydraulic conductivi‐
ties at real temperatures of sand samples at different 
porosities.

The parameter c and the centrifugal acceleration 
level n satisfy

c = fn + j (8a)

where f and j are coefficients. Specifically, in this study,

Fig. 9  Relationship between the normalized hydraulic 
conductivity and the porosity function s3/(1−s)2 in the 15g 
environment
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c = 0.00193n + 0.00410  R2 = 0.998. (8b)

The parameter d and the centrifugal acceleration 
n level satisfy

d = on + u (9a)

where o and u are coefficients. Specifically, in this study,

d = 0.03023n + 0.18255  R2 = 0.986. (9b)

Substituting Eqs. (8b) and (9b) into Eq. (7), we 
obtain

k (n T s) = 0.00193nT
s3

( )1 - s
2
+

0.00410T
s3

( )1 - s
2
+ 0.03023n

s3

( )1 - s
2
+

0.18255
s3

( )1 - s
2
- 0.0292. (10)

Hence, we have established a quantitative relation‐
ship between the hydraulic conductivity and factors 
such as temperature, porosity, and centrifugal acceler‐
ation level in centrifuge modeling by first establishing 
the relationship between the hydraulic conductivity and 
temperature and porosity.

3.4.2　 Establishing k(n, T, s) based on k(n, s)

Firstly, the hydraulic conductivities of sand sam‐
ples around 23 ℃ were normalized to 25 ℃. In accor‐
dance with Garnier et al. (2007), we support that there 
was a linear positive correlation between the normal‐
ized hydraulic conductivity and the centrifugal accel‐
eration level:

kT = a1n (11)

where a1 is the coefficient. Subsequently, the relation‐
ship between the normalized hydraulic conductivity and 
centrifugal acceleration level under the same porosity 
was plotted, followed by linear regression analysis 
(Fig. 11).

Fig. 10  Using Eq. (7) to fit the hydraulic conductivity at 
real temperatures under different centrifugal accelerations: 
(a) 15g; (b) 30g; (c) 50g

Fig. 11  Relationship between the normalized hydraulic 
conductivity at 25 ℃ and the centrifugal acceleration level
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There is a linear relationship between parameter 
a1 of 25 ℃ and the porosity function s3/(1−s)2, which 
satisfies the following equation:

a1 = b1

s3

( )1 - s
2
 (12a)

where parameter b1 is obtained by linear fitting. After 
substituting Eq. (12a) into Eq. (11), the hydraulic con‐
ductivity and the centrifugal acceleration level still 
satisfy the linear positive correlation. Specifically, in 
this study,

a1 = 0.08539
s3

( )1 - s
2
     R2 = 0.999. (12b)

Substituting Eq. (12a) into Eq. (11), the quantita‐
tive predictive equation for the hydraulic conductivity 

of sand, considering the influence of multiple factors 
in centrifuge modeling, can be obtained:

k (n s) = b1n
s3

( )1 - s
2
. (13)

Eq. (13) is derived based on the normalized hydrau‐
lic conductivity. To verify the applicability of Eq. (13), 
it was used to fit the hydraulic conductivity at real tem‐
peratures (Fig. 12). Fig. 12 shows that Eq. (13) provides 
good fitting results for the hydraulic conductivities at 
actual temperatures of sand samples at different poros‐
ities and different centrifugal acceleration levels.

The parameter b1 and the temperature T satisfy

b1 = d1T + j1 (14a)

where d1 and j1 are coefficients. Specifically, in this study,

Fig. 12  Using Eq. (13) to fit the hydraulic conductivity at real temperatures: (a) around 13 ℃; (b) around 23 ℃; (c) around 
33 ℃; (d) around 43 ℃
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b1 = 0.00208T + 0.03400   R2 = 0.999. (14b)

Substituting Eq. (14b) into Eq. (13), we obtain

k (n T s) = 0.00208nT
s3

( )1 - s
2
+ 0.03400n

s3

( )1 - s
2
.

(15)

Thus, we have established a quantitative relation‐
ship between the hydraulic conductivity and factors such 
as temperature, porosity, and the centrifugal accelera‐
tion level, by first establishing the relationship between 
the hydraulic conductivity and centrifugal acceleration 
level and porosity.

The quantitative relationships between the hydrau‐
lic conductivity and temperature, porosity, and centrifu‐
gal acceleration level derived via the two methods, 
namely Eqs. (10) and (15), show some discrepancies. 
We will discuss these differences later.

3.5 Applicability of Kozeny-Carman equation to 
centrifuge modeling

In Section 3.4, based on the porosity function from 
the Kozeny-Carman equation, we established the rela‐
tionships between the hydraulic conductivity and tem‐
perature, porosity, and centrifugal acceleration level. 
From this, we also inferred that the Kozeny-Carman 
equation may be used to predict the hydraulic conduc‐
tivity of sand in a centrifugal environment. Therefore, 
in this section, we validate the applicability of the 
Kozeny-Carman equation to centrifuge modeling. The 
relevant parameters in the Kozeny-Carman equation 
(Eq. (4)) were determined as follows.

According to the particle size distribution curve 
of the soil samples in this study (Fig. 2), the gradation 
equation for the soil with diameters ranging from 0.10 
to 0.25 mm is as follows:

y = 245.80426lgx + 247.98890 (16)

where y represents a percentage, and the unit of x is 
mm. The dm typically uses d10, d20, etc. The relationship 
between the water’s dynamic viscosity (Chen MH 
et al., 2019) and temperature within the range of 10 to 
50 ℃ satisfies the following:

μ =
1

26.42042T + 471.29372
. (17)

In this study, we used d10 or d20, which, according 
to the gradation equation (Eq. (16)), equals 0.108 mm or 
0.118 mm, respectively. Substituting dm and Eq. (17) 
into Eq. (4) and considering the influence of the cen‐
trifugal environment (that is, multiplied by n), the 
Kozeny-Carman equation is obtained as follows:

When dm is d10,

k (n T s) = 0.00168nT
s3

( )1 - s
2
+ 0.02993n

s3

( )1 - s
2
.

(18a)

When dm is d20,

k (n T s) = 0.00200nT
s3

( )1 - s
2
+ 0.03573n

s3

( )1 - s
2
.

(18b)

Eq. (18b) is essentially similar in form to Eq. (15). 
Thus, we believe that the Kozeny-Carman equation can 
accurately estimate the hydraulic conductivity of sand 
in centrifuge modeling under the various experimental 
conditions of this study. However, its applicability to 
a wider range of test conditions requires further study, 
as discussed in Section 3.6.

3.6 Discussion

Table 2 presents the hydraulic conductivity pre‐
diction equation of sand in centrifuge modeling that was 
obtained in this study. First, we discuss the reasons 

Table 2  Summary of prediction equations

Equation

Eq. (10)

Eq. (15)

Eq. (18b)

Specific expression

k (n T s) = 0.00193nT
s3

( )1 - s
2
+ 0.00410T

s3

( )1 - s
2
+ 0.03023n

s3

( )1 - s
2
+ 0.18255

s3

( )1 - s
2
- 0.0292

k (n T s) = 0.00208nT
s3

( )1 - s
2
+ 0.03400n

s3

( )1 - s
2

k (n T s) = 0.00200nT
s3

( )1 - s
2
+ 0.03573n

s3

( )1 - s
2
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for the differences between Eqs. (10) and (15) as well 
as Eq. (18b). Comparing Eq. (10) with Eq. (15), it is 
evident that Eq. (15) is missing three terms, specifically 
0.00410Ts3/(1−s)2, 0.18255s3/(1−s)2, and −0.0292. The 
occurrence of −0.0292 is due to the parameter b in 
Eq. (5), and when porosity s tends to 0, b tends to 0. 
Fig. 10 shows also that the corresponding values of 
b for 15g, 30g, and 50g are −0.0292, 0.01108, and 
0.01405, respectively. When compared with the actual 
hydraulic conductivity, this term can be considered neg‐
ligible. There are still two missing terms, specifically 
0.00410Ts3/(1−s)2 and 0.18255s3/(1−s)2. The discrep‐
ancy may be attributed to our assumption in obtaining 
Eq. (15) that the hydraulic conductivity of soil is directly 
proportional to the centrifugal acceleration level, as 
stated in Eq. (11). Some studies (Singh and Gupta, 
2000; Wang et al., 2011) have shown that the hydraulic 
conductivity of soil in centrifuge modeling exhibits a 
direct correlation with nχ, where χ is close to 1, which 
may be due to the soil’s re-compression in a centrifu‐
gal environment. Hence, while applying Eq. (11) for 
fitting, there may be a certain degree of error. Mean‐
while, considering that the coefficients in Eq. (18b) were 
obtained from parameters under a 1g scaling without 
considering the influence of the centrifugal environ‐
ment, overall, Eq. (10) is closer to the actual situation in 
centrifuge modeling than Eqs. (15) and (18b). Eq. (10) 
more comprehensively considers the influence of fac‐
tors such as the centrifugal environment, and thus is 
more suitable for predicting the hydraulic conductivity 
of sand in centrifugal tests.

As previously stated, in the specific experimental 
settings of this study (with a temperature range of 12 
to 49 ℃ and a maximum centrifugal acceleration of 
50g), Eqs. (15) and (18b), similar to Eq. (10), would 
exhibit accurate prediction capabilities. However, for 
larger centrifugal accelerations and higher temperatures, 
the predictive performance of Eqs. (15) and (18b) is 
unclear. Therefore, we compared the hydraulic conduc‐
tivities calculated by Eqs. (10), (15), and (18b) under 
higher temperatures (up to 60 ℃) (Ko et al., 2013) and 
greater centrifugal accelerations (up to 350g) (Hou and 
Wang, 2023). Fig. 13 shows the hydraulic conductivi‐
ties calculated by Eqs. (10), (15), and (18b) at different 
temperatures plotted against the centrifugal acceleration 
level. Since the phenomena under the two other porosi‐
ties are consistent with those at a porosity of 0.420, 
only the figure for a porosity of 0.420 is provided.

Fig. 13 shows that at the same temperature, when 
the centrifugal acceleration is less than 50g, the hydrau‐
lic conductivities calculated by the above three equa‐
tions are relatively close. This is because when the 
centrifugal acceleration is less than 50g, the soil com‐
pression caused by the centrifugal environment is 
minimal. Even though Eqs. (15) and (18b) do not fully 
consider the influence of the centrifugal environment 
on the hydraulic conductivity of sand, the results ob‐
tained from them are very close to those obtained 
from Eq. (10), which is consistent with the conclu‐
sions of this study. Therefore, when the centrifugal 
acceleration is less than 50g, all three equations above 
can be used. When the centrifugal acceleration ex‐
ceeds 50g, the hydraulic conductivities calculated by 
Eqs. (15) and (18b) start to significantly exceed those 
calculated by Eq. (10), and as the centrifugal accelera‐
tion increases, this phenomenon becomes more pro‐
nounced. For example, at 15, 30, 45, and 60 ℃ , the 
hydraulic conductivities at 350g calculated by Eq. (15) 
are respectively 9.9%, 8.8%, 8.3%, and 8.0% higher 
than those calculated by Eq. (10). This is because 
when the centrifugal acceleration exceeds 50g, the soil 
compression caused by the centrifugal environment 
becomes increasingly significant. As Eqs. (15) and 
(18b) do not fully consider the influence of the centrifu‐
gal environment on hydraulic conductivity, significant 
discrepancies start to appear compared to the results 
obtained by Eq. (10). Therefore, when the centrifu‐
gal acceleration exceeds 50g, it is recommended to 
prioritize the use of Eq. (10). Of course, Eqs. (15) and 
(18b) can still be used, but the associated errors must 
be considered.

Fig. 13  Variation of hydraulic conductivities calculated by 
Eqs. (10), (15), and (18b) with centrifugal acceleration level
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4 Conclusions 

In this study, we used a temperature-controlled 
falling-head permeameter apparatus to conduct centri‐
fuge modeling. A series of falling-head seepage tests 
were performed on sand samples with various porosi‐
ties at different temperatures and centrifugal accelera‐
tions. Based on the results, the following conclusions 
were made:

(1) The centrifuge test results show that in a simi‐
lar temperature range, no matter how dense the sand, 
the hydraulic conductivity of the sand is linearly cor‐
related with centrifugal acceleration; when subjected 
to the same centrifugal acceleration and in a similar 
temperature range, the hydraulic conductivity of the 
sand exhibits an almost linear increase in relation to 
its porosity function (s3/(1−s)2).

(2) Two pathways were used to obtain functional 
equations for the hydraulic conductivity of the sand 
in centrifuge modeling, considering the influencing 
factors of temperature (T), centrifugal acceleration 
level (n), and porosity (s). The functional equation 
obtained by the first pathway is Eq. (10), and the func‐
tional equation obtained by the second pathway is 
Eq. (15).

(3) We assessed the applicability of the specific 
expression of the Kozeny-Carman equation in this 
study (Eq. (18b)), as well as Eqs. (15) and (10). When 
the centrifugal acceleration is less than 50g, the three 
equations are highly reliable for forecasting the hydrau‐
lic conductivity of sand. When the centrifugal acceler‐
ation exceeds 50g, it is advisable to give priority to 
the use of Eq. (10). Eqs. (15) and (18b) can still be used, 
but their associated errors must be considered.
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