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Abstract
Seasonal variation of soil surface temperature, such as freezing and thawing, can induce increases in the water permeability 
in clay by mobilizing clay pore structure. This kind of weather-induced change in clay behavior may worsen the water-sealing 
performance during the construction and after closure operation of engineered structures such as soil barriers for tailings or 
man-made slopes. There is limited knowledge towards the influence of freezing–thawing cycles on clay microstructure and 
saturated permeability (Ksat). This study investigated the saturated permeability of clay under freezing–thawing cycles and 
explored the uses of biochar as eco-friendly amendment to manipulate the permeability of compacted clay. Clay specimens 
were compacted with different initial water contents (30%, 34%, and 38%). The biochar application rates of 0%, 2%, 4%, 
8% (by dry weight) were applied to measure their effects on the permeability of clay specimens. Saturated permeability was 
measured by the falling head tests. Any variation of biochar amended clay microstructure after freezing–thawing cycles 
was captured by the scanning electron microscope. The Ksat was reduced by about one order of magnitude when the biochar 
application rate was larger than 4%. This may be attributed to the increase in the filling of the biochar particles in the clay 
intra-aggregate pores upon the transport of liquid water during the repeated freezing–thawing processes. The biochar may 
thus be recommended to minimize the Ksat of geo-environmental structures in cold regions when sufficiently large applica-
tion rate was used to facilitate the pore-filling process.
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Introduction

Compacted clays in cold regions undergo cyclic freez-
ing–thawing process, causing an increase of macroscopic 
parameter due to shrinkage cracks during freeze–thaw pro-
cess and large pores that are left after ice crystal thawing, 
and hence an increase in clay permeability (Ks) (Tang and 
Yan 2015). In fact, saturated permeability (Ksat) is one of 
the most crucial hydraulic parameters in determining the 
seepage and stability of clay barriers in many civil engi-
neered structures such as man-made slopes, compacted 
embankments, tailings dams and buried gas pipelines. 
Freezing–thawing cycles pose high risk to the degradation of 
these structures by increasing Ksat associated with the result-
ant increase of water infiltration and percolation in these 
systems (Shibi and Kamei 2014; Huang et al. 2021; Chen 
et al. 2022; Garg et al. 2022; Kalkan et al. 2022). Therefore, 
the clay improvement is needed to manipulate the integ-
rity and functionality of these afore-mentioned systems. In 
general, the conventional clay amendments, such as fly ash 
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and lime, were used to reduce Ksat in permafrost regions. 
However, the presence of both fly ash and lime are highly 
alkaline and thus provide negative impacts to the urban 
environment (Chen et al. 2016; Palmer et al. 2000). Com-
pared to the conventional amendments, biochar is a prom-
ising alternative amendment for restoration of ecological 
environment because most of them are neutral or slightly 
alkaline in pH (Lehmann and Joseph 2009; Bordoloi et al. 
2019) and can reduce greenhouse gas emission (Chiu and 
Huang 2020; Garg et al. 2021). Biochar addition is suitable 
for crop growth that can increase agricultural products or 
enhance root reinforcement for engineering slopes (Hus-
sain et al. 2020; Chen et al. 2023a, b). It is also helpful 
for the improvement of physico-chemical properties, such 
as increasing pH, exchangeable K, Ca and Mg and cation 
exchange capacity of farmlands (Uzoma et al. 2011; Al-
Wabel et al. 2017).

However, past studies have not yet come to a consist-
ent conclusion on the influence of biochar on the Ksat of 
amended mixture. Wong et al. (2018) concluded that the Ksat 
of clay increases with the increase of peanut shell biochar 
(produced by slow pyrolysis method at 500 °C for 30 min) 
application rate due to the shift of the dominant clay pore 
diameter from mesopores to macropores. However, some 
scholars found that the saturated permeability of biochar 
amended soil decreases with the increase of biochar applica-
tion rate. For instance, Githinji (2014) concluded that as the 
increase of peanut hulls (Arachis hypogaea) biochar applica-
tion rate, the Ksat of the loamy sand decreased significantly 
due to the hydrophobicity of the organic matter present 
in biochar amendment. Brockhoff et al. (2010) reported a 
decrease in Ksat for sand-based turfgrass root zones with the 
increase of switchgrass (Panicum virgatum) biochar applica-
tion rate. The discrepancy may be due to the differences in 
biochar feedstock types and characteristics such as pyrolysis 
temperature and particle size used in these studies. Indeed, 
Liu et al. (2018) evaluated four types of biochar (pine, mes-
quite, miscanthus, and pelletized sewage waste) subjected 
to several freezing–thawing cycles and found that the grain 
size of all the biochars except the sewage waste biochar 
decreased with the increase of freezing–thawing cycles. 
They attributed this difference to the feedstock of the sew-
age waste biochar which is not dominated by plant material.

Although past studies focused on many influencing fac-
tors of biochar addition on clay Ksat, there are rare studies on 
the influence of freezing–thawing cycle on the Ksat of bio-
char amended clay. Fu et al. (2019) investigated the change 
of Ksat of corn straw biochar amended loam collected from 
different depths of loam layers subjected a freezing–thaw-
ing period in a field experiment conducted in idle farmland 
(agricultural soil). They found that the Ksat of different lay-
ers decreased with increases in biochar application rate due 
to the blockage of loam pores by the biochar fine particles. 

However, agricultural soils normally had lower degree of 
compaction aiming to provide adequate air and nutrient 
transport to support crop growth. Furthermore, as the initial 
conditions in field experiments such as compaction water 
content, freezing–thawing cycle and the temperature during 
freezing–thawing cycles are hard to control, it is difficult to 
capture the variations of permeability of biochar-amended 
material in the field. Comparatively, high compaction degree 
is often required in geotechnical infrastructures such as man-
made slopes and compacted embankments (Chen et al. 2021, 
2023a, b; Wang et al. 2023). This study focuses on engi-
neered soils which are normally compacted at a much higher 
degree of compaction to reduce soil permeability. Thus, the 
objective of this study is to investigate the saturated permea-
bility (Ksat) of a highly compacted clay under freezing–thaw-
ing cycles in a well-controlled condition. This study also 
explored potential engineering uses of biochar with different 
application rates and initial compaction water contents to 
manipulate the Ksat of compacted clay. The Ksat of each test 
was determined through a series of falling head permeability 
tests. Any change of the microstructure of biochar amended 
clay (BAC) after the freezing–thawing cycles were explored 
by scanning electron microscope (SEM). Findings from this 
study would dictate the efficient use of biochar for soil sys-
tems in cold regions.

Materials and methods

Test scheme

Four series of laboratory tests, comprising altogether 68 
specimens, were carried out to measure and compare the 
saturated permeability (Ksat) of clay amended with different 
application rates of biochar and subjected to different num-
bers of freezing–thawing cycles. The four series were named 
as BC0, BC2, BC4 and BC8 according to the four biochar 
application rate (defined as dry weight of biochar/dry clay 
mass B = 0%, 2%, 4% and 8%) respectively. Each of the test 
series consisted of 17 BAC specimens, 15 of which consid-
ered three initial compacted water contents (CWC) (i.e. 30%, 
34% and 38% at the same dry density of 1.17 g  cm−3 (i.e., 
corresponding to 90% of the maximum dry density of B0 
specimens)) and five different cycle numbers (i.e., N = 0, 1, 
3, 8 and 12 cycles). The remaining two specimens that were 
compacted to the optimum water content and subjected to 0 
and 12 cycles of freezing–thawing were used to measure the 
BAC microstructure via SEM. Compacted clays in the first 
test series are untreated specimens, whereas the other three 
series of tests used the treated BAC specimens with biochar 
application rate of 2%, 4% and 8%. Table 1 summarises the 
details of the four test series.
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Test materials and sample preparation

The biochar used in this study was purchased from a recy-
cled material company in China. It was pyrolysed from 

peanut shells under anaerobic conditions at 500 °C for one 
hour. The natural water content and organic matter of the 
biochar are 4.9% and 30.2%, respectively. As indicated by 
the SEM image (× 5000) in Fig. 1, the peanut shell-derived 
biochar has a honeycomb-like microstructure, characterized 
by low specific gravity (i.e. 2.07; Table 2), small pore vol-
ume and average pore diameter but large surface area (Chen 
et al. 2020). Any impurities and peanut shell that had not 
been completely pyrolysed and had a diameter larger than 
0.5 mm were sieved prior to the use of clay amendment.

The clay used in the test was commercial kaolin clay. 
The basic physical properties of the clay were determined 
in accordance with the standard GB/T 50123–2019 of 
China. Some index properties of the test soil are sum-
marised in Table 3. Figure 2a shows the particle size dis-
tributions (PSDs) of the biochar and the clays amended 
with different application rates of biochar. As expected, 
the addition of biochar made the clay coarser. The PSDs 
of the different BACs were similar. Figure 2b shows the 
compaction curves of the biochar-amended clays. Increas-
ing the application rates (from 0 to 8%) of biochar resulted 
in a reduction in the maximum dry density (from 1.3 to 
1.2 g  cm−3) because the biochar particles have lower spe-
cific gravity (i.e. 2.07), compared with the clay (i.e. 2.66). 
The addition of biochar also accompanied an increase in 
the optimum water content (from 34 to 36%) due to the 
continued improvement of the water holding ability of clay 
by the biochar. The addition of biochar enhanced the liquid 
limit and plastic limit of the clay (Table 2) because biochar 
particles are more plastic as compared with clay particles. 
Dry clay powder was first mixed with dry biochar at the 
designated application rates (Fig. 3a and b). Then the mix-
ture was mixed with water to achieve the targeted gravi-
metric water content (30%, 34% and 38%, denoted as W30, 
W34 and W38, respectively) (Fig. 3c). The moist BAC 
mixture was kept in a sealed plastic bag for 24 h for mois-
ture equilibrium. Then, the BAC mixture was compacted 
in a stainless-steel cutting ring with an inner diameter of 
61.8 mm and a height of 40 mm (Fig. 3d). Note that we 
compacted all the soil specimens at the same dry density 
(1.17 g  cm−3) and the same as-compacted water content. 

Table 1  Test scheme

Test 
series ID

Biochar 
applica-
tion rate, 
B (%)

Initial 
compac-
tion water 
content, 
CWC (%)

Number 
of freeze–
thaw 
cycle, N

Number 
of BAC 
speci-
mens for 
perme-
ability 
test

Number 
of BAC 
specimens 
for SEM 
test

BC0 0 30
34
38

0 15 1
1
3
8
12 1

BC2 2 30
34
38

0 15 1
1
3
8
12 1

BC4 4 30
34
38

0 15 1
1
3
8
12 1

BC8 8 30
34
38

0 15 1
1
3
8
12 1

Fig. 1  SEM image (× 5000) of biochar

Table 2  Basic physical parameters of testing materials

B0, B2, B4, and B8 represent 0%, 2%, 4%, and 8% of biochar applica-
tion rate, respectively

Liquid limit (%) Plastic limit (%) Specific gravity

B0 78.5 31.6 2.66
B2 82.6 32.5 2.61
B4 83.1 33.7 2.54
B8 85.9 35.3 2.44
Biochar – – 2.07
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This means that the compaction efforts used to produce 
these specimens were different. The water contents, 30%, 
34% and 38%, should not be referenced to the standard 

proctor compaction curve shown in Fig. 2b where the same 
compaction effort was used.

Test procedure for BAC freezing and thawing

After moisture equilibrium, all 60 samples were placed 
in a temperature and humidity control chamber (model: 
CK-800G; China) for simulating controlled freezing–thaw-
ing cycles (see Fig. 4). The freezing–thawing process of 
the soil specimens was conducted following the ASTM 
standard (ASTM D6035/D6035M-13 2013). Each sam-
ple was wrapped with a plastic film to prevent moisture 
loss from the sample to the air in the test chamber. The 
range of air temperature controlled by the chamber was 
from − 60  °C to 150  °C with an accuracy of ± 0.1  °C. 
Based on the review of past freeze-thawing experiments 
reported by Dong and Chen (2017), the strength of soil 
would reach a stable value when the freezing tempera-
ture is below − 10 °C. Therefore, a freezing temperature 
of − 15 °C and a thawing temperature of 20 °C were set 
to introduce freezing and thawing to the samples. After 
each of the target temperature (i.e. − 15 and 20 °C) was 
reached, the samples were left in the chamber for 12 h, 
which were deemed sufficiently long for the clay to have 
been completely frozen or thawed, according to pilot tests 
and the review reported by Dong and Chen (2017). The 
samples were subjected to 0, 1, 3, 8 and 12 freezing–thaw-
ing cycles. When the designated cycle number has been 
reached, the samples were taken out from the chamber and 
used to conduct permeability and SEM tests.

Measurement of saturated permeability

Saturated permeability (Ksat) of the samples were meas-
ured by a permeameter (Model TST-55) which adopts the 
falling head testing method, following the standard GB/T 
50123–2019. The top and bottom of each sample was cov-
ered with a piece of filter paper, and a porous stone was then 
placed on the filter paper at each end. The samples were then 
water-saturated by the vacuum saturation method described 
in the ASTM standard (ASTM C1202 2006). The setup of 
the falling head permeability tests is depicted in Fig. 5. In 
this method, the sample was first placed in a vacuum con-
tainer for 3 h without water and de-aerated water was then 
introduced into the container until all the samples were sub-
merged for 8 h.

Microstructure analysis

After subjecting to freezing–thawing cycles, a total of 
8 samples taken out from the chamber were trimmed to 
extract small cubes of approximately 10 × 10 × 10  mm3 

Table 3  Index properties of the clay soil tested in this study

Property Value

Specific gravity 2.66
Liquid limit (%) 78.5
Plastic limit (%) 31.6
Plasticity Index (%) 46.9
Maximum dry density (g  cm−3) 1.3
Optimum water content (%) 34
CEC (mmol/g) 0.05
Main mineral composition Kaolinite
Chemical component SiO2-52.41%

Fe2O3-0.6%
Al2O3-43.08%
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Fig. 2  Basic physical properties of the BAC: a particle size distribu-
tion; b compaction curve (B0, B2, B4, and B8 represent 0%, 2%, 4%, 
and 8% of biochar application rate, respectively)
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from the middle part of the samples. Prior to the SEM 
test, the subsample cubes were pretreated in liquid nitro-
gen at − 195 °C for 5 min and then placed in a vacuum 
freeze-dryer (− 40 °C) for 48 h. Indeed, Ma (2014) has 
demonstrated that the freeze-drying procedure causes 
minimum fabric changes on clay. Finally, an open-source 
software, ImageJ, was used to analyse and interpret the 
SEM images for quantifying the dimension of BAC pores 
and any micro-crack width introduced by the freez-
ing–thawing cycles.

Statistical analyses

The measured Ksat were assessed for normality using the 
skewness and kurtosis. When the skewness absolute value is 
less than 3 and the kurtosis absolute value is less than 10, the 
data is deemed to conform to normal distribution. Three-way 
analysis of variance (ANOVA) with Tukey HSD post hoc 
tests were conducted to analyze the differences of Ksat with 
the following factors: (i) biochar application rate (B = 0, 2, 4, 
and 8%), (ii) compaction water content (CWC = 30, 34 and 

38%), and (iii) number of freezing–thawing cycle (N = 0, 1, 
3, 8 and 12). All the statistical analyses were carried out by 
SPSS 24.0 (SPSS Inc., Chicago, IL). The test results were 
presented as mean ± standard deviation (SD) in figures.

Results and discussion

Effects of freezing–thawing cycles and biochar 
application rate

Figure 6 shows the variations of Ksat of untreated clay with 
freezing–thawing cycles at different compaction water con-
tents (30%, 34% and 38%). The Ksat increased exponentially 
with the number of cycles. The increase was more than one 
order of magnitude during eight cycles, beyond which the 
change in Ksat was minimal (i.e., within ± 10%). It can also 
be seen that higher as-compacted water content led to greater 
Ksat. The results of both ANOVA (Table 4, p = 0.000) and 
Tukey HSD (Table 5, F  = 13.903, p  <  0.0001) consist-
ently suggest that the observed increase was significant. 
The findings are similar to the results of compacted clay 

Fig. 3  The images of soil prepa-
ration: a dry clay powder; b dry 
biochar powder; c wet mixture 
of clay and biochar;  
d compacted soil specimen
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reported by Othman and Benson (1993). As the number of 
freezing–thawing cycles increases, the repeated appearance 
and disappearance of ice lenses formed within the BAC 
pore space would induce more micro-cracks and hence 
more permeable to water. However, after eight cycles of 

freezing–thawing process, the number of new ice lenses may 
become negligible and hence further increases in Ksat cease.

Figure 7 shows the variations of Ksat with the biochar 
application rate at different numbers of freezing–thawing 
cycles at the same optimum compaction water content of 
34%. It is interesting to see that before subjecting to any 
freeze/thaw cycle (i.e. N0), the biochar application of less 
than 4% did not introduce noticeable change to Ksat but when 
the application rate was increased to 8%, there was a sig-
nificant drop of Ksat by one order of magnitude. This maybe 
because that at high biochar content (i.e., larger than 4%), 
the permeability of the BAC decreases with increasing bio-
char content due to the combined effect of clay aggregation 
and biochar inhibition in the water flow. Some of the clay 
inter-aggregate pores may be filled by the biochar particles 
as the application rate increased to a certain threshold (i.e., 
8% in this study). However, at low biochar content (i.e., 

Fig. 4  Arrangement of the BAC specimens in the temperature and 
humidity control chamber

Fig. 5  The setup of the falling head permeability test

0 1 2 3 4 5 6 7 8 9 10 11 12
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 W30
 W34
 W38

Fig. 6  Changes of saturated permeability with the number of freez-
ing–thawing cycle for bare clay. Experimental data points are pre-
sented in mean ± standard deviation (SD). SD of each point of Ksat is 
shown by an error bar
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smaller than 4%), the effect of biochar incorporation on per-
meability is negligible because it no longer acts as a filling 
material to retard water flow. After freezing–thawing cycles, 
the biochar, irrespective to the application rate, improved 
the Ksat due to the formation of micro-cracks and continued 
increase in their size. The improvement is more significant 
when the biochar application rate is in the range of 2~4%. 
When the biochar application rate is low (i.e., < 4%), the 
presence of biochar may increase the seepage pathways in 

the clay and thus increases the Ksat since there are many 
open-pores in the biochar particles (Fig. 1). For instance, as 
the biochar application rate is less than 4%, the Ksat of BAC 
specimens was increased about 2 ~ 10 times, even with only 
one cycle of freezing–thawing. This may be due to the for-
mation of micro-cracks induced by the freezing expansion 
and thawing subsidence which is similar to the bare clay 
case. For relatively larger application rate (i.e. 4 ~ 8%), Ksat 
decreased. This may be because some of the micro-cracks 
formed during the freezing–thawing process were filled by 
more biochar particles (fragments) as the biochar application 
rate increased to a certain amount (i.e., 8%). The wider the 
micro-cracks, the much easier for biochar and clay particles 
to fill. Lim et al. (2016) also observed the similar trend when 
adding biochar to loam without freezing–thawing. Note that 
Ksat of BAC is highly dependent on the pore structure of 
the biochar and the clay. As Barnes et al. (2014) pointed 
out, there are two water flow paths in biochar-amended clay. 
One path is through the inter-pore between biochar and clay, 
whereas the other is through the intra-pores within the bio-
char particles (Fig. 1) of which the size is larger than water 
molecules. Both water flow paths can promote more fine 
particles clogging the pores and hence reduce Ksat.

Volume change and microstructure of BAC 
under freezing–thawing

Figure 8 shows the measured volumetric strain of BAC sam-
ple (with initial water content of 34%) after subjecting to 
different numbers of freezing–thawing cycles. The figure 
demonstrates that the volumetric strain increased with the 
increase of number of cycles of freezing–thawing. This is 
because that as water freezes below 0 °C and transforms 
from liquid to solid state, the volume would increase by 
approximately 9% due to the opening of the lattice of its 
hexagonal crystal structure. More ice lens was formed as 
the cycles of freezing–thawing increased. For instance, the 
thickness of BAC with the biochar application rate of 8% is 
40.0 mm, 40.5 mm, 41.9 mm, 43.5 mm, 43.6 mm after sub-
jecting freezing–thawing cycle of 0, 1, 3, 8, 12, respectively. 
Hence, the corresponding void ratio was 1.131, 1.157, 1.232, 
1.317 and 1.324. The increase in void ratio with the cycle 
number partially explains the increase in Ksat. Indeed, the 
results from statistical analyses confirmed that the number 
of freezing–thawing cycle has more influence on the Ksat 
than that of biochar application rate (Table 4, F = 32.744 
for B, F = 152.899 for N, p = 0.000). Furthermore, the fig-
ure demonstrated that the increase of volumetric strain after 
eight cycles of freezing–thawing almost terminated. This 
indicated that freezing expansion and thawing subsidence 
effect resulted in the irreversible volume change of BAC 
and hence influence the Ksat. This is because when the ice 
crystals continue to increase under freezing condition, the 

Table 4  F and p values of the 
three-way ANOVA for the 
effects of biochar application 
rate (B), compaction water 
content (CWC), number of 
freezing–thawing cycle (N), 
and their interactions on the 
saturated permeability Ksat of 
clay and biochar-amended clay

B, biochar application rate; 
CWC, compaction water con-
tent; N, number of freezing–
thawing cycle. Values in bold 
represent statistical significance 
at probability level 0.05

Factor(s) F p

CWC 428.210 .000
N 152.899 .000
B 32.744 .000
CWC * N 99.582 .000
CWC * B 20.254 .000
N * B 7.996 .000
CWC * N * B 5.649 .000

Table 5  Tukey post hoc test results

B, biochar application rate; CWC, compaction water content; N, 
number of freezing–thawing cycle
*p < 0.05; ***p < 0.0001

Factors F Order of significance

B 2.977* B8 < B0 < B4 < B2
CWC 38.937*** W30 < W34 < W38
N 13.903*** N0 < N1 < N3 < N8 < N12

0 2 4 6 8
1E-9

1E-8

1E-7

1E-6

1E-5 N0
N1
N3
N8
 N12

K
sa

t

Biochar application rates (% w/w)

Fig. 7  Influence of biochar application rate on saturated permeability 
at different freezing–thawing cycles for specimens compacted at opti-
mum water content of 34%. Experimental data points are presented in 
mean ± standard deviation (SD). SD of each point of Ksat is shown by 
an error bar
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interaction between ice crystals and BAC particles inten-
sifies (Andersland and Anderson 1978). However, during 
the thawing period, part of ice lens formed in the freezing 
process was associated with water migration to the previ-
ous freezing zone and hence some segregational ices were 
developed (Azmatch et al. 2012).

Figure 9 shows the pore structure changes of BAC after 0 
and 12 cycles of freezing–thawing. Before the samples were 
subjected to freezing–thawing, more pores were presented 
in the biochar particles (Fig. 9a and b). However, some clay 
particles were filled in the biochar pores for the 8% applica-
tion rate (Fig. 9c) and hence reduced the Ksat of the BAC 
(Fig. 7). This further explained the increase of Ksat from 
0 ~ 4% application rate but decrease after 4% is exceeded 
(Fig. 7).

Effects of as‑compacted water contents

Figure 10 shows the variations of Ksat with as-compacted 
water content. For all the cases of BAC, the Ksat were 
increased as the as-compacted water content increased after 
cycles of freezing and thawing. For instance, the Ksat of B0 
compacted with 38% water content was increased almost 
one order of magnitude (Fig. 10a). After the BAC specimens 
were subjected to cycles of freezing–thawing, the Ksat of B8 
decreased as compared to B0. For instance, after one cycle of 
freezing–thawing, Ksat of B8 is decreased by 49.7%, 44.3%, 
90.6% at 30%, 34%, 38% of compaction water content, 

Fig. 8  Volume change of the BAC specimens (soil compaction water 
content is 34% and biochar application rates is 8%) subjected to dif-
ferent freezing–thawing cycles (soil thickness is 40.0 mm, 40.5 mm, 
41.9  mm, 43.5  mm, 43.6  mm after freezing–thawing cycle of 0, 1, 
3, 8, 12, respectively. N0, N1, N3, N8, N12 represents the number of 
freezing–thawing cycle)

Fig. 9  Pore structure of BAC samples after 0 and 12 cycles of freez-
ing–thawing
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respectively (Fig. 10b). The three-way ANOVA results also 
show that the compaction water content has significant effect 
on Ksat (Tables 4 and 5, p < 0.0001). Furthermore, the Tukey 
HSD test results indicated the compaction water content is 
the most influencing factor on Ksat among the other three 
influencing factors (Table 5, F = 38.937, p  <  0.0001). The 
results are expected as the compaction of BAC with different 
water contents would yield different pore structures, pore 
amounts and distributions (Wong et al. 2017), and thus more 
variations in Ksat. The experimental results confirmed that 
the increase in the compaction water content can increase 
the BAC expansion, resulting in a higher Ksat. After cycles 
of freezing and thawing, more compaction water content can 
provide higher Ksat of BAC specimens. Three-way ANOVA 
analysis results from the test of combined effects between 

compaction water content and number of freezing–thawing 
cycles also indicate significant effects on Ksat (Table 4, p  =  
0.000). The reason behind this mechanism is that there is 
more ice forming in BAC pores during freezing process for 
the BAC specimens with higher compaction water content. 
The liquid water can flow from unfrozen zone into the fro-
zen zone in BAC specimens during the freeze–thaw process. 
When water freezes at the frost front, its original energy 
balance are destroyed. In order to maintain the energy of 
the phase change, unfrozen water migrates faster to achieve 
a new balance. Gu et al. (2016) found that under freez-
ing–thawing condition, the larger the compaction water 
content is, the larger the water migration in loess. There-
fore, when the compaction water content increases from 
30 to 38% (Fig. 10), more water migration was required to 

Fig. 10  Influence of compac-
tion water content on saturated 
permeability at freezing–thaw-
ing cycles of a N0, b N1, c N3, 
d N8, e N12. (N0, N1, N3, N8, 
N12 represents the number 
of freezing–thawing cycle). 
Experimental data points are 
presented in mean ± standard 
deviation (SD). SD of each 
point of Ksat is shown by an 
error bar

(a )N0 (b)N1

(c) N3

30 32 34 36 38
1E-9

1E-8

1E-7

K
sa

t

Compaction water content

B0
B2
B4
B8

30 32 34 36 38
1E-9

1E-8

1E-7

1E-6

K
sa

t
Compaction water content

B0
B2
B4
B8

30 32 34 36 38
1E-8

1E-7

1E-6

1E-5

K
sa

t

Compaction water content

B0
B2
B4
B8

(d)N8

30 32 34 36 38
1E-8

1E-7

1E-6

1E-5

K
sa

t

Compaction water content

B0
B2
B4
B8

(e)N12

30 32 34 36 38
1E-8

1E-7

1E-6

1E-5

K
sa

t

Compaction water content

B0
B2
B4
B8



2080 Acta Geophysica (2024) 72:2071–2081

1 3

maintain the balance. During the migration of water from 
unfrozen zone to frozen zone, the clay structure may be re-
arranged (Fig. 9), resulting in an increase of BAC pores and 
hence the increase of Ksat. This also indicated that the phase 
change between water and ice in BACs determines the struc-
ture change and the variation of permeability of the BAC. 
Note that in some cases more ice in BAC is difficult to form 
due to high compaction degree of BAC. Thus the frost heave 
force can damage the BAC structure and result in a higher 
void ratio and hence higher Ksat. Results from this study 
indicated that lower compaction water content (i.e., 30%) 
combining with the higher biochar application rate (i.e., 8%) 
is suggested to minimize the  Ksat of BAC used for the field 
soils forming soil systems in cold regions.

Conclusions

A series of laboratory permeability tests were conducted at 
compacted clay specimens amended with different appli-
cation rates of biochar after experiencing cyclic freez-
ing–thawing process. Microstructure and statistical analyses 
were performed to explain the observed BAC characteristics 
under freezing–thawing conditions. The following conclu-
sions may be drawn from this study.

1. The results indicated that compaction water content has 
the most influencing effect on Ksat among the three influ-
encing factors (F  =  428.210, p  =  0.000). The higher the 
compaction water content, the higher the Ksat would be. 
This is due to the liquid water migration from unfrozen 
zone to frozen zone during freezing process, resulting 
in the redistribution of BAC particles and the increase 
of BAC pore volume.

2. The number of freezing–thawing cycles was found to 
be the second most important factor (F =  152.899, p  
=  0.000) that would cause an increase in Ksat. After 
freezing–thawing cycles, the Ksat of biochar-amended 
clay was increased by 1 ~ 2 orders of magnitude (i.e., 
p < 0.05). The main reason is that the cyclic freezing–
thawing process causes a damage to the BAC structure 
and generates a large number of micro-cracks in BAC 
specimens.

3. Increase in the saturated permeability of biochar-
amended clay in the first three cycles of freezing–thaw-
ing is larger than that of following cycles. This indicates 
the effect of freezing–thawing to the BAC structure is 
reduced after three cycles.

4. The application rate of biochar can also affect the 
Ksat, although its effect are less than the above factors 
(F = 32.744, p = 0.000). Increase in the saturated perme-
ability due to application of biochar is not stereotypical. 
Lower biochar application rate (i.e., 0 ~ 4%) increases 

the saturated permeability of biochar-amended clay, 
whereas higher biochar application rate (i.e., 4 ~ 8%) 
causes a reduction. This is attributed to the increase of 
filled pores of biochar-amended clay resulting from fine 
particles of clay and micro-particles of biochar driven 
by the flowing liquid water in the freezing–thawing pro-
cess. It should be noted that our findings and conclu-
sions are drawn based on the observation for application 
rates ranged from 0 to 8%, any effects of higher biochar 
application rates on the findings need to be further inves-
tigated in the future. Furthermore, as compared with the 
Ksat of BAC, unsaturated permeability of BAC under 
cyclic freezing–thawing process is more relevant to the 
field soil. Therefore, it is necessary to conduct relevant 
research on this aspect in the future.
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