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A B S T R A C T   

This paper presents laboratory data from tests on four fine-grained soils: reconstituted Kaolinite, destructured 
Bothkennar clay, reconstituted Bothkennar clay, and reconstituted Gault clay. The soil samples were conditioned 
in an oedometer cell while being subjected to varying numbers of freezing and thawing cycles. The influence of 
freeze-thaw cycles on key soil parameters, including the hydraulic conductivity, Atterberg limits, compression 
and swelling index was studied. The experimental results were then compared with the analysis of a previously 
published database of hydraulic conductivity measurements on fine-grained soils called FG/KSAT-1358. The 
paper demonstrates that while multiple cycles of freezing and thawing affect some of the studied soil parameters, 
such as the Atterberg limits and the compression characteristics, the effects on the hydraulic conductivity 
transformation model parameters, linking the water content ratio to hydraulic conductivity are less apparent. 
The results are useful for geotechnical and pavement engineers when making assessments of freeze-thaw effects 
on subgrade materials in cold regions.   

1. Introduction 

1.1. Literature review 

The hydraulic conductivity (k) is an important indicator of pavement 
material performance (cf., Dawson, 2009), and therefore a reliable 
assessment of k is often required during pavement design and assess
ment (cf. Mallick and El-Korchi (2008), Thom (2014)). However, unlike 
other geotechnical underground structures, the road pavement is usually 
directly exposed to ambient climate conditions such as temperature 
variation and precipitation which may lead to significant changes in 
subgrade soil properties (e.g., Simonsen and Isacsson (1999), Sarsem
bayeva and Collins (2017), Tripathy et al. (2020)). For road pavements 
constructed in cold regions where ice (or snow) is present for part of the 
year, the subgrade soil can be subjected to multiple freeze and thaw 
cycles during its service life. Henry (2007) explained that future 
research on the accumulated effect from multiple cycles of freezing and 
thawing are of interest as the frequency of soil cyclic freezing and 
thawing is increasing due to changes in climate. The k level influences 
the water accumulation during the freezing period and the moisture 
redistribution in the thawing period (e.g., Jones (1987), Wong and Haug 
(1991), Simonsen and Isacsson (1999), Mallick and El-Korchi (2008), 
Dawson (2009)), while freeze-thaw may lead to concomitant changes in 

k (e.g., Chamberlain and Gow (1979), Konrad (1989), Wong and Haug 
(1991), Benson and Othman (1993), Hewitt and Daniel (1997), Vik
lander (1997), Konrad (2010)) and other pertinent characteristics, such 
as the void ratio (e), Atterberg limits, apparent soil cohesion, and mean 
particle size (e.g., McDowall (1960), Yong et al. (1985), Eigenbrod et al. 
(1996), Viklander (1997), Hohmann-Porebska (2002)). For more 
detailed information, Table 1 gives a summary of many freeze-thaw 
studies on various soil types, and summarises the parameters investi
gated by the authors of the listed papers. The effects of freezing and 
thawing on the k of soils (in particular for fine-grained soil) have been 
the subject of many studies as listed in Table 1 which details the soil 
types, freezing and k measurements conditions, freeze-thaw cycle 
numbers and summary of the conclusions of the reviewed studies. 

Examination of Table 1 reveals the following high level observations: 
(i) freezing and thawing conditioning may lead to significant changes in 
the k of soil to varying degrees and up to several orders of magnitude 
depending on both the soil type and the freezing and thawing conditions 
(e.g., Benson et al. (1995), Viklander (1998)); (ii) some studies showed 
that there is little change in k when the number of freeze-thaw cycles 
applied to the samples exceed three to twelve (e.g., Othman and Benson 
(1993), Jamshidi et al. (2015)); (iii) some of the listed studies revealed 
unfrozen and freeze-thaw conditioned soil samples may exhibit different 
log(k) - e correlations (e.g., Chamberlain et al. (1990), Konrad (2010)). 

* Corresponding author. 
E-mail address: p.j.vardanega@bristol.ac.uk (P.J. Vardanega).  

Contents lists available at ScienceDirect 

Cold Regions Science and Technology 

journal homepage: www.elsevier.com/locate/coldregions 

https://doi.org/10.1016/j.coldregions.2023.103902 
Received 21 September 2022; Received in revised form 15 May 2023; Accepted 20 May 2023   

mailto:p.j.vardanega@bristol.ac.uk
www.sciencedirect.com/science/journal/0165232X
https://www.elsevier.com/locate/coldregions
https://doi.org/10.1016/j.coldregions.2023.103902
https://doi.org/10.1016/j.coldregions.2023.103902
https://doi.org/10.1016/j.coldregions.2023.103902
http://creativecommons.org/licenses/by/4.0/


Cold Regions Science and Technology 213 (2023) 103902

2

1.2. Database study of fine-grained soil hydraulic conductivity 

Feng and Vardanega (2019a, 2019b) presented a database (FG/ 
KSAT-1358) of k measurements along with other soil index parameters 
from 1358 tests on over 30 fine-grained soils. The database can be freely 
downloaded from the TC304 databases (http://140.112.12.21/issmge/ 
tc304.htm). Correlations linking the liquid limit (wL), e, with k were 
established using the database and further simplification led to a 
transformation model using the w/wL (w/wL can also be correlated with 
e.g. undrained shear strength: Kuriakose et al. (2017)) as the predictor 
for k (see Feng and Vardanega (2019b) and the discussion in Feng and 
Vardanega (2019a)). Nagaraj et al. (1993, 1994), used e normalized 
with the e at wL (eL) (e/eL) for developing correlations linking k to e/eL. 
Sivapullaiah et al. (2000) and Mbonimpa et al. (2002) also used a similar 
approach using e/eL for the prediction of k. The calibrated trans
formation model from Feng and Vardanega (2019b) is given as Eq. (1): 

ksat(m/s) = 1.91× 10− 9(w/wL)
4.083 (1) 

Feng et al. (2022) further investigated the influence of statistical 
outliers in the database FG/KSAT-1358 on the regression model and 
demonstrated that the regression coefficient and exponent of the 
adjusted model (1.86 × 10− 9, 4.226) are similar to those in Eq. (1) 
(1.91 × 10− 9, 4.083). 

The soil k can be determined through both direct measurements (e. 
g., constant head test, falling head test) and indirect assessment by 
interpreting the coefficient of consolidation (cv) data from the step- 
loaded oedometer test based on Terzaghi’s theory of consolidation (e. 
g., Tavenas et al. (1983), Craig (2004), Chapuis (2012)). Eq. (1) is based 
on data from four approaches for measuring k: falling head test 
(n = 580), constant head test (n = 169), consolidation test (n = 512), and 
flow-pump test (n = 91). Considering that the k values in this study are 
all inferred from consolidation test data, the test results are compared to 
the consolidation test data in FG/KSAT-1358, the transformation model 
based on the consolidation test data subset (n = 512) from FG/KSAT- 
1358 was found in Feng and Vardanega (2019b) to be: 

ksat(m/s) = 1.00× 10− 9(w/wL)
3.75 (2)  

1.3. Research aims 

The research has three key aims:  

(1) Examine key soil properties (including classification parameters 
and soil compression indices) to see if they are significantly 
affected by freezing and thawing cycles and compare this with 
the effect of sample state (in this case reconstituted or destruc
tured) on the measured compression indices.  

(2) Examine the transformation model parameters that link w/wL to 
ksat (see Eqs. 1 and 2) and investigate if they are affected by 
multiple cycles of freezing and thawing and if these parameters 
affected by sample state.  

(3) Determine if the transformation models (see Eqs. 1 and 2) which 
can be used predict ksat from w/wL remain sufficiently accurate 
when data from soils subjected to multiple cycles of freezing and 
thawing are included in the calibration datasets. 

2. Experimental methodology 

To achieve the research aims stated in Section 1.3, an experimental 
campaign consisting of a series of soil index tests and k measurements on 
fine-grained soil samples was conducted. The samples were fabricated 
from three different origin soils and conditioned by various numbers of 
freezing and thawing cycles. For more details on the experimental 
methodology and testing results, see the thesis of Feng (2022). 

2.1. Tested materials 

Speswhite Kaolin, Bothkennar clay, and Gault clay were used in the 
laboratory testing programme. The Speswhite Kaolin used in this study 
is an industrially available laboratory soil. Kaolin generally has little 
organic content as it is formed from crystalline rocks (Prasad et al., 
1991). More details of the soil index properties measured on the tested 
Kaolin are given in Table 2. The tested (unconditioned) Kaolin in this 
study is classified as a high plasticity clay based on BS EN ISO 14688- 
2:2018 (British Standards Institution (BSI), 1990) (see Table 2) (later 
it will be shown that the Kaolin once subjected to various cycles of 
freezing and thawing may plot below the A-line on the Casagrande plot 
and hence be classified as a silt). 

The Bothkennar clay used in this study was available from sealed 
Sherbrooke block sample cored at a depth of 4.35 m to 4.65 m from the 
Bothkennar Test Site (see the thesis of Sukolrat (2007)). The sampled 
soil block had been wax sealed over plastic film wrapping and stored in a 
cool, humid storeroom at the University of Bristol Geomechanics Lab
oratory. The measured organic content and the Atterberg limits are 
within the range given in Hight et al. (1992) and Nash et al. (1992) (cf. 
Table 2). The examined Bothkennar clay tested in this study is classified 
as high plasticity clay based on BS EN ISO 14688-2:2018 (BSI, 2018a) 
(see Table 2). 

Gault clay was formed "in a deepening muddy sea" and is usually in 
blue grey colour (Pennington, 1999, p. 48). The Gault clay used in this 
study was from a sample block stored in the University of Bristol Geo
mechanics laboratory in the same storeroom as the Bothkennar block 
sample. The sample was poorly sealed, exposed to air, without any 
legible information on the sample location and year. The soil index 

Notation list 

The following notation is used in this paper (units in brackets L =
length, T = time and M = mass): 

CC compression index 
CS swelling index 
cv coefficient of consolidation (L2. T− 1) 
COV coefficient of variation 
D10 particle size for which 10% of the soil is finer (L) 
D30 particle size for which 30% of the soil is finer (L) 
D60 particle size for which 60% of the soil is finer (L) 
D90 particle size for which 90% of the soil is finer (L) 
e void ratio 
eL void ratio at wL 
GS specific gravity 
IP plasticity index (IP = wL - wP) 

k hydraulic conductivity (L.T− 1) 
ksat saturated hydraulic conductivity (L.T− 1) 
LVDT linear variable differential transformer 
mv coefficient of volume compressibility (L. T2. M− 1) 
n number of data points 
p p–value 
R2 coefficient of determination 
SE standard error 
w water content 
w/wL water content ratio 
wL liquid limit 
wP plastic limit 
γw unit weight of the permeant (M. L− 2 T− 2) 
μ mean 
σ standard deviation  
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Table 1 
Summary of past studies reported in the literature.  

Source Soil types Soil parameters k test type Freezing type TF (◦C)* Max. 
cycles 

Summary 

Chamberlain 
and Gow 
(1979) 

Ellsworth clay, 
Morin clay, 
CRREL clay, and 
Hanover silt. 

Vertical k Constant head Unidirectional bottom to top, 
open system  

5  • Vertical k increases after freezing 
and thawing  

• The increase in k is higher for soil 
with higher IP and smaller at the 
highest applied stress level [data 
from this source was previously 
included in FG/KSAT/1378, see 
Feng and Vardanega, 2019b] 

Chamberlain 
et al. (1990) 

Silt loam clay 
(high plasticity 
clay), clay loam 
(silt) 

k Falling head  

EM 1110–2-1906 

Unidirectional bottom to top, 
with water access from the 
top, open system  

15  • k is not always related to the 
number of freeze-thaw cycles  

• Higher initial w will lead to larger 
increases in k after freezing and 
thawing  

• Most changes in k occurred in the 
first nine cycles  

• Highly compacted sample will 
experience smaller change in both 
e and k after freezing and thawing 

Wong and 
Haug (1991) 

Sand, till and 
sand-bentonite 
mixture 

k Flexible wall/fixed 
wall  

constant head 

Closed system -20 5  • The k of the clay liner examined 
increased with increasing freezing 
and thawing cycles, however the 
rate of increase diminished with 
each subsequent cycle  

• Most changes in k of till liner 
occurs during the first freezing and 
thawing cycle  

• The closed system freeze/thaw 
condition has little influence on 
the compacted Ottawa sand and 
sodium bentonite  

• The inclusion of 25% sodium 
bentonite did not increase the frost 
susceptibility Ottawa sand 

Kim and Daniel 
(1992) 

Glacially derived 
clay 

k, e Flexible wall 
permeameter test 
ASTM 5084 

Three dimensional in an 
environmental chamber, 
closed system 

− 17.8 5  • Molding w greatly influenced the 
effect of freeze-thaw cycles on k  

• Samples compacted under wet of 
optimum condition experienced 
greater increases in k  

• Freeze-thaw cycles created more 
fluid-conducting pores in soils 

LaPlante and 
Zimmie 
(1992) 

Niagara clay, 
Brown clay 

k Flexible wall Both unidirectional and three 
dimensional  

19  • The maximum change in k 
occurred within the first 10 cycles  

• Changes in k are related to the 
effective stress, with changes up to 
two orders of magnitude under 
low effective stress condition  

• Changes in k due to freeze/thaw 
condition can be eliminated by 
landfill operation within the first 
year 

Benson and 
Othman 
(1993) 

Glacial clay k Flexible wall 
permeameter 
ASTM D5084 
method D  

constant rate of 
flow test 

In field, top to bottom, open 
system 

− 20 4  • The k of the soil above the freezing 
boundary is about one to two 
orders of magnitude greater than 
that before freezing occurred  

• Soil k about 150 mm below the 
freezing boundary was found to be 
about one order of magnitude 
higher than that before freezing 
occurred 

Othman and 
Benson 
(1993) 

Sand-Bentonite 
mixture, 
geosynthetic clay 
liner 

k Flexible wall 
permeameter  

constant head 

Unidirectional closed system; 
Three dimensional closed 
system 

− 5 6  • Freezing under uni-direction or 
three-dimensional conditions has 
no significant influence on the ice 
structure obtained  

• Larger temperature gradient will 
induce bigger increases in k  

• Higher overburden stress might 
offset some of the effects brought 
by freezing and thawing cycles  

• The majority changes in soil 
structure and k occurred in the first 
three cycles 

(continued on next page) 
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Table 1 (continued ) 

Source Soil types Soil parameters k test type Freezing type TF (◦C)* Max. 
cycles 

Summary 

Bowders and 
McClelland 
(1994) 

Kaolinite, 
pulverized shale, 
residual clay soil 

k Flexible wall 
permeameter  

ASTM D5084 
constant head 

Three dimensional closed 
system 

− 18 24, 6, 
1  

• The increase in k of kaolinite and 
residual clay soil ranged from one 
to two order of magnitude after the 
freeze/thaw process  

• The magnitude of change in k after 
freeze-thaw process increased with 
increasing soil plasticity  

• The increase in k from freeze-thaw 
process is partially reversible by 
increasing the effective stress 

Benson et al. 
(1995) 

Glacial till k Sealed double-ring 
infiltrometer 
ASTM D5093  

flexible wall 
permeameter 
ASTM D5084 
method C falling 
head 

Freeze in field; three 
dimensional closed system 

− 2.5 10  • The k of soil within the zone of 
freezing increased by 50 to 300 
times its initial value  

• The changes in k of soil from 
freezing and thawing cycles 
measured from laboratory test are 
comparable to those occurred in 
the field 

Hewitt and 
Daniel 
(1997) 

Geosynthetic clay 
liner 

k, Flexible wall 
permeameter 

Three dimensional closed 
system 

− 20 3  • Most geosynthetic clay can 
maintain low k after three freezing 
and thaw cycles 

Viklander 
(1998) 

Fine-grained 
nonplastic till 

k, e Rigid wall 
Permeameter  

Constant head 

Unidirectional, bottom to top, 
closed system 

− 3 18  • The k of the initially dense samples 
increased by a factor of <2, while 
for initially loose samples, the k 
decreased by a factor of 1.4 to 3  

• The residual e after 1 to 3 cycles for 
both initially dense and loose soils 
are about 0.31 to 0.4 

Konrad and 
Samson 
(2000) 

Kaolinite-silt 
mixture 

k, e Constant head Bidirectional, closed system − 7.3 to 
− 3.7 

1  • Sample after 1 freezing thawing 
cycle exhibited an increase in k 
and a decrease in e  

• The change in e is relate to the 
temperature below which no 
further change appears in unfrozen 
w  

• The compressibility characteristics 
of thawed mixture is similar to the 
overconsolidated mixture  

• The ratio of change in e to change 
in log k for unfrozen sample is 
larger for unfrozen soil than 
thawed soil 

Viklander and 
Eigenbrod 
(2000) 

Silty sandy soil k, stone heave Falling head Unidirectional, top to bottom, 
open system 

− 5 & 
-10 

9  • Changes in k are more apparent for 
dense soils than for loose soils  

• For dense soil, k increases during 
the first three to four cycles but 
subsequently decreases  

• Both stone and soil heave is 
considerably higher in the open 
system freezing with free access to 
water than in the closed system  

• The amount of heave was highest 
in soil compacted at optimum w. 

Konrad (2010) Low plasticity 
glacial till 

k Constant head Bidirectional, closed system − 5 4  • The change of k after repeated 
freezing and thawing is larger in 
unsaturated sample than in 
saturated sample  

• The freezing and thawing induced 
k change is related to the initial e 
level prior to freezing  

• The ratio of change in e to change 
in log k for unfrozen sample is 
larger for unfrozen soil than for 
thawed soil 

Jamshidi and 
Lake (2015) 

Cement stabilized 
soil 

k, unconfined 
compressive 
strength (UCS) 

Flexible wall 
permeameter 
ASTM-D5084 
method A  

Constant head 

Three dimensional in a freezer − 10 ± 1 12  • Both minor reduction and increase 
up to 5250 times in k were 
observed after exposure to freezing 
and thawing.  

• Mature samples (longer curing 
time) exhibited higher increase in 
k than immature samples  

• Decreases up to 58% and increases 
up to 14% were observed in UCS 
value 

(continued on next page) 
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values measured for the Gault clay sample are summarised in Table 2. 
The tested Gault clay was classified as very high plasticity clay based on 
BS EN ISO 14688-2:2018 classification (BSI, 2018a) (see Table 2). The 

measured index values generally are within the range reported by For
ster et al. (1995). The wL of the examined Gault clay sample (74%) is 
generally within the range of results from the previous studies (i.e. 

Table 1 (continued ) 

Source Soil types Soil parameters k test type Freezing type TF (◦C)* Max. 
cycles 

Summary  

• Some degree of healing in k 
changes due to freezing and 
thawing was identified, however, 
full recovery of k was not observed 

Jamshidi et al. 
(2015) 

Cement stabilized 
silty sand 

k, unconfined 
compressive 
strength (UCS) 

Flexible wall 
permeameter 
ASTM-D5084 
method A  

Constant head 

Three dimensional open 
system 

− 2, 
− 10, 
− 20 

4, 12  • Changes in k of cement stabilized 
silty sand after multiple freezing 
and thawing cycles can be up to 
three orders of magnitude  

• The number of freezing and 
thawing cycle, freezing 
temperature, and curing time 
before conditioning all influence 
the k and strength of the cement 
stabilized sample  

• Higher changes in k and 
compressive strength emerges at 
the end of the 12th cycle rather 
than the 4th cycle  

• Self-healing appears in samples 
exposed to high freezing 
temperature (− 2 ◦C) 

Sterpi (2015) Clayey silt k Oedometer test  

Flexible wall 
permeameter test 
ASTM D5084, 
D2435 

Three dimensional in a 
freezing room, closed system 

− 18 4  • Damage to soil structure caused by 
freezing is progressive and 
permanent, the increase in k 
caused by freezing is up to one 
order of magnitude  

• For sample compacted with higher 
energy, the effects of freezing 
could be eliminated by medium to 
high stress  

• Freezing action may damage clay 
particles and lead to changes in 
physical and mechanical 
properties 

Tang and Yan 
(2015) 

Remolded 
Shanghai forth 
later soil 

k, microstructure QT1–3 seepage 
pressure 
instrument 

Unidirectional, closed system − 17.7 1  • Higher w leads to more obvious 
change in soil structure  

• Due to the increase in number of 
large pore and micro-cracks, the k 
increased by an order of magni
tude after one freezing and thaw
ing cycles  

• The soil particles after freezing and 
thawing cycle are flattened and 
directional arranged from a 
flocculent structure 

Makusa et al. 
(2016) 

stabilized dredged 
sediments 

k, unconfined 
compressive 
strength (UCS) 

Rigid wall constant 
head test ASTM 
D5856 

Three dimensional with 
material of different thermal 
conductivity around the 
preferential side, tested under 
both semi closed and open 
system conditions 

− 25 5  • Treated sediments with initially 
low UCS exhibited temporary 
reduction of UCS with an increase 
of k  

• Initially treated sediments with 
high UCS exhibited a permanent 
reduction of UCS without an 
increase in k 

• Open system freeze-thaw short
ened the effect of thaw weakening, 
prolonged thaw weakening period 
might induce a reduction in 
strength  

* TF (◦C) stands for the freezing temperature. 

Table 2 
Summary of the basic properties of the unconditioned soils.  

Soil Basic properties of the tested soils 

GS wL (%) wP (%) Organic content (%) D10 (μm) D30 (μm) D60 (μm) D90 (μm) Classification (BSI, 2018a) 

Kaolin 2.63 68% 30% 0.8% 1.85 3.16 5.59 14.39 ClH (High plasticity clay) 
Bothkennar 2.66 68% 29% 3.9% 3.94 8.72 19.38 53.65 ClH (High plasticity clay) 
Gault 2.68 74% 25% 3.5% 2.17 3.73 7.54 28.89 ClV (Very high plasticity clay)  

S. Feng et al.                                                                                                                                                                                                                                     
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53.9% to 89.2%, Forster et al. (1995); 75% to 80%, Pennington (1999)), 
despite the excessively long drying/ storage period. 

Fig. 1 shows the microstructure of the soils used in this study 
determined using scanning electron microscopy (JXA-8530F Field 
Emission Electron Probe Microanalyzer). Fig. 1 shows that the Kaolin 
has a simple, organised layer structure, mostly formed by clay platelets 
in a hexagon shape (Fig. 1a). The Bothkennar clay used in this test shows 
a more open structure with embedded shell fragments, microfossils, and 
silt-sized grains (see Fig. 1b, as was also observed by Paul et al. (1992)). 
The Gault clay in this study has an interlocking microstructure with 
elongated mineral particles and potential microfossils (see Fig. 1c, as 
was also observed by Pennington (1999)). 

2.2. Sample preparation, test set up and procedure 

2.2.1. Destructured sample preparation 
The state of the Bothkennar sample was judged to be ‘destructured’ 

following the states of structure of clayey soil defined by Leroueil et al. 
(1985) in the discussion of the paper by Carrier and Beckman (1984). 
The destructured samples were made only for the Bothkennar soil with 
the material available (as the Gault sample available was found to be 
poorly sealed and exposed to air for decades), with around 300 mm in 
height and 250 mm in diameter. The sample was removed from the cool 
humid storeroom in the laboratory and unwrapped before being cut into 
soil wedges, and further sliced down horizontally to a suitable size with 
a sharp knife for conventional oedometer sample preparation. Soil 
wedge slices without any obvious fissures or cracks were selected for 
further oedometer sample preparation. All the oedometer samples were 
cut vertically parallel to the field sampling direction using standard 
cutting rings of diameter around 75 mm (actual size ranging from 
74.86 mm to 76.12 mm), and height of around 20 mm (actual size 
ranged from about 18.7 mm to 19.78 mm). Slightly damped enlarged 

porous stones with 2 kg extra weight were placed over the top of the 
cutting ring to minimize the potential swelling of the prepared sample 
before the conditioning process. 

All the destructured samples of Bothkennar (12 in total) were pre
pared in a single batch (i.e., from a single prepared soil column). The e 
measured from the pre-conditioned destructured sample ranges from 
1.68 to 1.84, with a mean value of 1.76 and a coefficient of variation 
(COV = population standard deviation (σ)/population mean (μ)) of 
2.6%. The e and water content of the prepared samples are summarised 
in Table 3. The offcuts and remaining soil wedges were reserved for 
Atterberg limit testing and the preparation of the reconstituted soil 
samples. 

2.2.2. Reconstituted sample preparation 
Reconstituted soil samples were prepared for the tested soils (i.e. 

Kaolin, Bothkennar, Gault). All the reconstituted samples were prepared 
following the method described in the thesis of Feng (2022) under four 
vertical pressures, 30 kPa, 60 kPa, 120 kPa, and 180 kPa, with the first 
three vertical pressure each maintained for 48 h, and the final vertical 
pressure (180 kPa) for 120 h (five days) to ensure the completion of the 
consolidation process. During the period of consolidation, the floating 
ring was displaced continuously to break the accumulated shaft friction. 
The height of the consolidated sample was monitored every 24 h. By the 
completion of the consolidation period, the vertical pressure was 
removed to allow the sample to swell for another 48 h. 

The extruded soil column from the consolidometer tube (150 mm to 
175 mm in length) was horizontally positioned in a sample catcher and 
cut horizontally carefully using a wire saw into 6 or 7 soil cylinders, and 
further into oedometer samples using slightly greased cutting rings of 
about 20 mm in height and 75 mm in diameter. To reduce the potential 
swelling after sample cutting, a slightly damped enlarged porous stone 
with 2 kg extra weight was placed on top of the cutting ring after the 

Fig. 1. Microstructure (SEM pictures) of the examined soil: (a) Kaolin, (b) Bothkennar clay, (c) Gault clay.  

Table 3 
Measured void ratio of the pre-conditioned oedometer samples (* w measured by batch before saturation).  

Bothkennar- destructured Kaolin- reconstituted Bothkennar- reconstituted Gault- reconstituted 

e w Batch* e w Batch e w Batch e w 

1.79 68% A 1.28 47% A 1.12 41% A 1.21 45% 
1.84 68% A 1.28 47% A 1.08 41% A 1.22 45% 
1.79 67% A 1.30 47% A 1.11 41% A 1.20 45% 
1.77 67% A 1.31 47% B 1.03 37% A 1.23 45% 
1.77 68% A 1.31 47% B 1.03 37% A 1.23 45% 
1.68 65% A 1.28 47% B 1.04 37% A 1.22 45% 
1.75 68% A 1.37 47% B 1.00 37% B 1.16 42% 
1.68 68%    B 1.00 37% B 1.14 42% 
1.75 64%    B 1.03 37% C 1.25 46% 
1.83 68%    C 1.08 41% C 1.21 46% 
1.75 64%    C 1.03 41%    
1.75 64%          
μ = 1.76, COV = 2.6%   μ = 1.30, COV = 2.3%   μ = 1.05, COV = 3.7%   μ = 1.21, COV = 2.6%   
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final trimming and smoothing of the cut sample. 
To distinguish the soil samples cut from different reconstituted soil 

column, all reconstituted samples were labeled with a batch number. 
The e measured from the pre-conditioned oedometer samples from 
different reconstituted batches in this study are presented in Table 3. It 
was noticed that some variation in e exists among the oedometer sam
ples cut from different reconstituted soil columns and from different 
sections of the same soil column, COV of the post-cutting e is 2.6% for 
the reconstituted Gault sample, 3.7% for the reconstituted Bothkennar 
sample, and 2.3% for Kaolin (see Table 3). 

2.2.3. Sample conditioning 
The conditioning and testing procedures adopted for the recon

stituted and the destructured samples were carefully followed 
throughout the experimental campaign. After sample preparation, the 
soil samples were kept in the cutting ring during the conditioning and 
testing processes to minimize sample disturbance. 

The freezing condition of the soil can be classified as closed or open 
system depending on the accessibility of water during the freezing 
process (cf. Jones (1987)). Wong and Haug (1991) suggested that 
neither system can give an entirely appropriate simulation of field 
conditions, the choice of experiment condition should be made based on 
both the rate of frost penetration and rate of moisture transport, for soil 
with a k lower than 1 × 10− 9 m/s, the closed system freezing may better 
represent field conditions (Wong and Haug, 1991). Othman and Benson 
(1993) indicated that no significant difference can be observed between 
the uni-directional or three-dimensional freezing condition in the 
conditioned soil samples. Benson et al. (1995) suggested that changes in 
k of soil subjected to three-dimensional freezing and thawing is com
parable to the result measured in the field. Sarsembayeva and Collins 
(2017) suggested that the groundwater under the highway may include 
deicing agents (e.g., sodium chloride) during the subfreezing seasons, 
and the inclusion of deicing agents may lead to changes in soil property. 
As this research focused only on the influence of freezing and thawing 
conditioning, only clean de-ionized water was used for the conditioning 
and the subsequent k testing. Open system freezing with access of water 
was chosen as it was considered to be a better representation of the field 
condition, because the access of moisture for soil under freezing and 
thawing conditions is more likely than a completely isolated system. A 
mixture of both conditions probably exist during different phases and 
time intervals, however to simulate this in laboratory would be difficult 
to consistently achieve. 

The test sample was conditioned inside a conventional oedometer 
cell with an internal depth of 45 mm, and an internal diameter of 
115 mm (the exact size of each apparatus may vary slightly, as multiple 
oedometer cells were used in this experimental campaign), free access of 
water is provided from the bottom side through the porous stone. The 
cutting ring was fixed in place by the collar bolting system to prevent it 
from being lifted by sidewall friction. The total weight of the copper top 
cap and porous stone over each sample was measured to be around 

Fig. 2. Temperature variation of the sample during the freezing period.  

Table 4 
Freezing and thawing conditioning programme.  

Freezing- thawing cycles Number of Samples Conditioned 

Destructured Sample Reconstituted Sample 

Bothkennar Kaolin Bothkennar Gault 

0 2 1 3 2 
1 1 1 1 1 
2 1 1 1 1 
3 2 1 1 1 
5 1 1 1 1 
7 2 1 1 1 
10 1 0 1 1 
15 1 0 1 1 
25 1 1 1 1 
Total 12 7 11 10  
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Fig. 3. Flowchart of the experiment process (see Figs. S1 to S11 of the supplemental data for original copies of the component images).  
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670 g. The sample was first submerged in de-ionized water in the oed
ometer cell to saturate for 24 h before placement in a freezer together 
with the oedometer cell. The temperature was set at − 20 ◦C, the actual 
working temperature monitored inside the freezer cabinet fluctuated 
between − 22.6 to − 16.2 ◦C. Data of the temperature variation on both 
the top and bottom sides of the sample during the freezing period are 
shown in Fig. 2. After a continuous freezing period of 24 h, the oed
ometer cell was allowed to thaw with free access of water in a bucket at 
room temperature (approx. 20 ◦C) for 24 h. The bucket was half filled 
with water with its lid closed to maintain a high humidity environment. 
The sample height variations after each freezing or thawing phase were 
monitored throughout the experimental campaign, the height variation 
after each freezing phase and thawing phase for each sample type can be 
found in the supplementary data (see Figs. S12–S15). 

For each soil type (destructured Bothkennar, reconstituted Kaolin, 
reconstituted Bothkennar, reconstituted Gault), soil samples were pre
pared and conditioned for up to 25 cycles of freezing and thawing, 40 
samples were made and conditioned in total. Table 4 summarises the 
number of samples conditioned at different freezing and thawing cycles 
for each type of soil sample. Key soil parameters including the ksat, 
Atterberg limits, compression and swelling indices of the conditioned 
samples were also measured. Fig. 3 summarises the sample preparation, 
conditioning, and testing processes. 

2.3. Laboratory testing 

2.3.1. One dimensional consolidation test 
After completion of the designated cycles of freezing and thawing 

conditioning, the entire oedometer cell was installed into the one- 
dimensional loading frame, where the step loaded consolidation test 
was carried out to obtain the consolidation properties of the soil samples 
after different cycles of freezing and thawing conditioning. The test 
generally followed the procedures described in BS 1377–5:1990 (BSI, 
1990) and generally complied to the subsequent BS EN ISO 17892- 
5:2017 (BSI, 2017). The soil sample after the last thawing phase of its 
designed cycles of freezing and thawing was consolidated under vertical 
incremental stresses of approximately 55 kPa, 110 kPa, 220 kPa, 

440 kPa,1100 kPa, the exact value depending on the size of the cut 
sample which ranges from 74.86 mm to 76.12 mm (e.g., for 55 kPa, the 
actual stress applied can be around 54–56 kPa, for 1100 kPa, the range 
can be up to around 1078–1114 kPa). Each applied stress level was held 
for 24 h before moving to the next loading stage. On completion of the 
final loading stage, the sample was incrementally unloaded with each 
unloading stage sustained for 24 h. The height change of the tested 
sample was monitored throughout both the loading and unloading 
stages by using an LVDT sensor. The water temperature as monitored in 
the oedometer cell during the test was 21.5 ± 0.6 ◦C. 

2.3.2. Hydraulic conductivity calculation 
The k of the soil in consolidation was calculated using: 

k = cvmvγw (3)  

where mv (L.T2.M-1) is the coefficient of volume compressibility, γw (M. 
L− 2.T− 2) is the unit weight of the permeant (water), and cv is the coef
ficient of consolidation, which can be determined from either the ‘square 
root of time fitting method’ (Taylor, 1948) or the ‘logarithm of time 
fitting method’ (attributed to ‘Casagrande’ by Craig (2004, p. 252), see 
also Olek (2019)). The k of the tested samples with a range of e values 
were assessed from oedometer test data using the Taylor’s ‘square root 
of time fitting method’. Detailed discussion on the choice of k mea
surement approaches is included in Feng (2022). 

2.3.3. Classification tests 
Soil classification tests were carried out to determine wL, plastic limit 

(wp), particle size distribution, and particle density of the tested soils. 
The tests conducted largely followed the BS 1377–2:1990 (British 
Standards Institution (BSI), 1990) and generally complied to the sub
sequent BS EN ISO 17892-12:2018 testing standard (BSI, 2018b), in 
which the cone penetrometer method with 30◦/80 g cone was chosen for 
the wL testing, the small pycnometer method was used for the particle 
density examination. The particle size distributions were examined 
using the laser diffraction particle size analyzer (Mastersizer 3000) 
available at the University of Bristol, the particle size distribution of the 
tested soils is available in the supplemental data (Fig. S16). The organic 

Fig. 4. Variation of compression/ swelling index over freezing and thawing cycles: (a) CC variation, (b) CS variation.  
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content of the soils was determined by the mass loss on ignition test 
follows the procedures outlined in BS 1377–3:2018 (BSI, 2018c). As the 
amount of the soil from the oedometer sample (about 150 g) was 
insufficient for the cone penetrometer test (300 g, as specified in British 
Standards Institution (BSI) (1990) and 200 g as specified in BSI 
(2018b)), additional soil samples were prepared and conditioned in the 
same way as the oedometer sample for the classification tests on the 
tested soils. 

3. Test results 

3.1. Compression/ swelling index variation 

The compression (CC) and swelling (CS) indexes were calculated 
using test data from the one-dimensional consolidation test generally 
complied to BS EN ISO 17892-5:2017 (BSI, 2017). Fig. 4 shows the 
compression and swelling indexes of the test samples after various 
numbers of freezing and thawing cycles – the trends for the reconstituted 

Bothkennar and the destructured Bothkennar do not appear significantly 
different based on a visual inspection of the plot. However, the differ
ence in CC and CS values between the reconstituted and destructured 
tests for a specific number of freeze-thaw cycles are comparable to the 
effects of different numbers of freezing and thawing cycles. Graham and 
Au (1985) showed a reduction in the compression index of natural 
plastic clay after one freeze-thaw cycle. In this experimental investiga
tion, the measured CC values from four sample series all exhibited a 
generally decreasing trend over an increasing number of freeze-thaw 
cycles, with most changes occurring during the first 7 cycles. The stan
dard deviation values for the CC of samples conditioned with various 
cycles of freezing and thawing are: 0.13 for reconstituted Kaolin, 0.092 
for destructured Bothkennar, 0.036 for reconstituted Bothkennar, and 
0.047 for reconstituted Gault clay. The reductions in CC after 25 cycles 
for each sample series are 0.59 (unfrozen) to 0.21 (after 25 cycles) 
(reduced by 64%) for reconstituted Kaolin, 0.66 (unfrozen) to 0.43 (after 
25 cycles) (reduced by 35%) for the destructured Bothkennar sample, 
0.41 (unfrozen) to 0.29 (after 25 cycles) (reduced by 30%) for the 

Fig. 5. Variation of wL and wP over freezing and thawing cycles: (a) to (c) wL variation, (d) wP variation.  
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reconstituted Bothkennar sample, 0.43 (unfrozen) to 0.28 (after 25 cy
cles) (reduced by 35%) for the reconstituted Gault clay sample. The 
results show that the conditioning affects the CC, which means that the 
changes in voids will not be as significant in soil after multiple (i.e., 25) 
cycles of freezing and thawing compared to the same soil at its unfrozen 
state. Some reductions in the swelling index (CS) after 25 cycles can also 
be observed in all sample series, however the changes are relatively 
minor compared to the CC. The standard deviation values of the CS of 
samples conditioned with various cycles of freezing and thawing are: 
0.016 for reconstituted Kaolin, 0.011 for destructured Bothkennar, 
0.0045 for reconstituted Bothkennar, and 0.012 for reconstituted Gault 
clay. Prior studies showed that the CC is related to parameters such as the 
initial w, the initial e, the wL and wp (e.g., Terzaghi and Peck (1948), 
Nishida (1956), Koppula (1981), Nagaraj and Srinivasa Murthy (1986), 
Al-Khafaji and Andersland (1992), Park and Koumoto (2004)). There
fore the variation of the measured soil index parameters due to freezing 
and thawing cycles are examined in the following sections. 

3.2. Atterberg limits 

Yong et al. (1985) examined the wL of Matagami clay conditioned 
with freezing and thawing up to 32 cycles and reported a general 
decreasing trend of wL over freeze-thaw cycles. Fig. 5 presents the 
variation of wL, wp of the tested soils subjected from 0 to 25 freeze-thaw 
cycles. The standard deviation values for the wL of samples conditioned 
with various cycles of freezing and thawing are: 1.9% for Kaolin, 8.3% 
for Bothkennar clay, and 1.1% for Gault clay. The standard deviation 
values for the wP are 1.3% for Kaolin, 2.2% for Bothkennar clay, and 
2.1% for Gault clay. The wL values of the tested soils exhibit an overall 
decreasing trend, but to varying degrees depending on the soil type. The 
decrease in wL due to freeze-thaw cycles generally follows the trend 
observed for the CC, whereas no systematic variation trend in wp was 
observed for the tested soils over the increasing number of freeze thaw 
cycles (see Fig. 5). Fig. 6 presents the variation of Atterberg limits over 
different freeze thaw cycles in a Casagrande plasticity chart (all soils plot 
above “A-line” in the unfrozen state). Changes in plasticity over different 

freeze thaw cycles are limited for Kaolin and Gault clay, while the 
plasticity in Bothkennar clay after different cycles of freeze-thaw varies 
across four different soil classes (SiH: high plasticity silt, ClH: high 
plasticity clay, SiV: very high plasticity silt, ClV: very high plasticity 
clay) (these classification categories are defined in BSI (2018a)). Still, 
there appears to be no systematic variation between the plasticity index 
(IP), soil characteristics, and freeze-thaw cycles based on the experi
mental data presented in this paper. 

3.3. Transformation model linking k with w/wL 

The experimental results are examined using the transformation 
model established based on the study of the database FG/KSAT-1358 in 
Feng and Vardanega (2019b), to determine if the general trend of 
changes in k along with the other soil parameters continue to hold for 
soils conditioned with multiple cycles of freezing and thawing. Com
parison of new test data with a large database allows the researcher to 
determine if the observed trends are comparable with those for a variety 
of soil types. Due to the potential discrepancies among the k values 
measured from different assessment methods (e.g., Moulton and Seals 
(1979), Tavenas et al. (1983)), the form of transformation model pre
sented in this section is calibrated using the data subset for which the k 
was assessed from oedometer (one dimensional consolidation) tests 
(n = 512). The k data measured from soil samples conditioned with 
different numbers of cycles were regressed against w/wL (using the 
natural logarithm of both correlates) to compare the new data to the 
results given in Feng and Vardanega (2019a, 2019b). The calibrated 
transformation models are summarised in Table 5. Both the wL at un
frozen state (referred to in this paper as ‘uncorrected’ wL) and the wL 
measured after the identical number of freeze-thaw cycle as the k 
(referred to in this paper as ‘corrected’ wL) were used in analysis. Fig. 7 
shows the variation of the regression coefficients and exponents over 
25 cycles of freeze thaw for four different sample types. The regression 
coefficients and exponents for Bothkennar clay and Gault clay show an 
increasing trend during the first 10 cycles, followed by a slight drop 
between 10 cycles to 25 cycles. The effect of sample state was not 

Fig. 6. Plasticity variation in a Casagrande chart (SiH: high plasticity silt, ClH: high plasticity clay, SiV: very high plasticity silt, ClV: very high plasticity clay) 
(number of freeze-thaw cycles are shown in the markers). 
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detected as when the reconstituted and destructured Bothkennar data 
are examined on Fig. 7, no signification deviation in the general trend is 
observed between these test series (the coefficient values tend to be 
slightly higher for the reconstituted tests with the exponent values being 
similar). It should be noted that the trends discussed in this section may 
be different for other datasets conducted with a wider range of freeze- 
thaw cycles and/or with varying sample state/condition. 

4. Comparison of new laboratory data with the FG/KSAT-1358 
database 

Fig. 8 shows the ln(k) versus ln(w/wL) plot for the experimental data 
with the ‘corrected’ wL and the oedometer data from the database FG/ 
KSAT-1358. The full database FG/KSAT-1358 is also presented for 
comparison. The experimental data from this test campaign overall 
follow the trend exhibited from both the full database FG/KSAT-1358, 
and the oedometer test data subset. Whilst the slope of the model 
generated from only the laboratory data are slightly lower than the 
oedometer data subset, the inclusion of laboratory data into the oed
ometer data subset and the full database FG/KSAT-1358 did not 
significantly influence the fitted model coefficient (oedometer test data 
subset n = 512, laboratory data from this study n = 201). The addition of 
almost 40% extra data points combined with the little changes of the 
fitting coefficient indicates that the previously observed trend is not 
been significantly influenced by the addition data of freeze-thaw 
conditioned samples. The updated transformation model (Eq. 4a) with 
the new laboratory k data combined oedometer data subset from FG/ 
KSAT-1358 is: 

lnk = 3.739ln(w/wL) − 20.251
[
R2 = 0.63, n = 713,SE = 1.34,p < 0.0001

]

(4a)  

which can be re-arranged to: 

k(m/s) = 1.60× 10− 9(w/wL)
3.739 (4b) 

The variation between Eq. (2) (coefficient: 1.00 × 10− 9, exponent: 
3.75) and the updated transformation model (Eq. 4b, coefficient: 
1.60 × 10− 9, exponent: 3.739) does not appear to be significant. The k- 
measured versus k-predicted plot (Fig. 9a) shows that the updated cor
relation (Eq. 4) with both the laboratory data and the oedometer data 
allows for estimation of k between 0.1 and 10 times of the measured 
value about 91% of the time (based on the data analysed in this paper) 
and give relatively evenly distributed predictions (54% overprediction 
versus 46% underprediction). 

The updated transformation model (Eq. 5a) with the laboratory k 
data combined with the FG/KSAT-1358 data is: 

ln(k)= 3.981ln(w/wL) − 19.965
[
R2= 0.59,n= 1553,SE = 1.57,p< 0.0001

]

(5a)  

which can be re-arranged to: 

k(m/s) = 2.13× 10− 9(w/wL)
3.981 (5b) 

The variation between Eq. (1) (coefficient: 1.91 × 10− 9, exponent: 
4.083) and the updated transformation model (Eq. 5b, coefficient: 
2.13 × 10− 9, exponent: 3.981) are relatively minor. Fig. 9b presents the 
k-measured versus k-predicted plot based on Eq. (5). The result shows 
that the updated equation with the inclusion of laboratory data allows 
89% of the predictions to fall within the 0.1 to 10 times range and tends 
to give slightly overpredicted results with 57% of measurements over
predicted and 43% underpredicted. 

5. Summary and conclusions 

This paper has presented new laboratory data from tests on four fine- 
grained sample series, reconstituted Kaolin, destructured Bothkennar 
clay, reconstituted Bothkennar clay, and reconstituted Gault clay. The 
soil samples were submerged in de-ionized water for 24 h before being 
subjected to freezing and thawing conditioning. The soil samples were 
conditioned in an oedometer cell while being subjected to varying 
numbers of freezing and thawing up to 25 cycles. The influence of 
freeze-thaw cycles on key soil parameters, including the compression 
and swelling indices (CC, CS), the Atterberg limits (wL, wP), were 
examined. The k test results of the sample series over different numbers 
of freezing and thawing were analysed following the form of the k 
transformation model (Eq. 1) developed from FG/KSAT-1358 presented 
in Feng and Vardanega (2019b). The results were then compared with 
the analysis of the previously published database on k on fine-grained 
soils (FG/KSAT-1358). While the multiple cycles of freezing and thaw
ing appear to affect some soil parameters, such as the Atterberg limits 
and the compression characteristics, the effects on the transformation 
model parameters, linking w/wL to k are less apparent. 

The main findings from this research work are:  

• For the soils studied in this paper, a gradual reduction of wL may be 
expected over multiple cycles of freezing and thawing with similar 
trends observed for the CC. The reconstituted Bothkennar and the 
destructured Bothkennar show a similar general trend of CC 
decreasing over multiple cycles of freezing and thawing but this 
decrease is of a similar magnitude to the difference in CC values 
between the two sample states. 

Table 5 
Summary of calibrated transformation models on sample conditioned over different freeze-thaw cycles.  

Freeze-thaw cycle Data source Equation R2 n Rearranged Equations 

Unfrozen unfrozen WL ln(k) = 3.62 ln(w/wL) – 19.65 0.64 39 k = 2.92 × 10− 9 (w/wL)3.62 

1 cycle unfrozen WL ln(k) = 5.11 ln(w/wL) – 18.29 0.62 20 k = 1.14 × 10− 8(w/wL)5.11 

corrected WL ln(k) = 3.41 ln(w/wL) – 19.79 0.39 20 k = 2.54 × 10− 9(w/wL)3.41 

2 cycles 
unfrozen WL ln(k) = 5.62 ln(w/wL) – 17.61 0.88 22 k = 2.25 × 10− 8(w/wL)5.62 

corrected WL ln(k) = 5.24 ln(w/wL) – 17.84 0.85 22 k = 1.79 × 10− 8(w/wL)5.24 

3 cycles 
unfrozen WL ln(k) = 4.42 ln(w/wL) – 18.53 0.75 24 k = 8.96 × 10− 9(w/wL)4.42 

corrected WL ln(k) = 3.92 ln(w/wL) – 19.34 0.74 24 k = 3.99 × 10− 9(w/wL)3.92 

5 cycles unfrozen WL ln(k) = 6.22 ln(w/wL) – 16.63 0.83 20 k = 5.99 × 10− 8(w/wL)6.22 

corrected WL ln(k) = 6.28 ln(w/wL) – 16.57 0.86 20 k = 6.36 × 10− 8(w/wL)6.28 

7 cycles unfrozen WL ln(k) = 5.49 ln(w/wL) – 17.1 0.80 26 k = 3.75 × 10− 8(w/wL)5.49 

corrected WL ln(k) = 5.53 ln(w/wL) – 16.69 0.75 26 k = 5.64 × 10− 8(w/wL)5.53 

10 cycles 
unfrozen WL ln(k) = 5.99 ln(w/wL) – 16.91 0.70 15 k = 4.53 × 10− 8(w/wL)5.99 

corrected WL ln(k) = 5.97 ln(w/wL) – 17.11 0.70 15 k = 3.71 × 10− 8(w/wL)5.97 

15 cycles 
unfrozen WL ln(k) = 6.56 ln(w/wL) – 16.56 0.78 15 k = 6.43 × 10− 8(w/wL)6.56 

corrected WL ln(k) = 4.56 ln(w/wL) – 18.68 0.60 15 k = 7.72 × 10− 9(w/wL)4.56 

25 cycles unfrozen WL ln(k) = 4.43 ln(w/wL) – 18.41 0.55 20 k = 1.01 × 10− 8(w/wL)4.43 

corrected WL ln(k) = 3.85 ln(w/wL) – 19.13 0.48 20 k = 4.92 × 10− 9(w/wL)3.85 

Oedometer test data in FG/KSAT-1358 (Feng and Vardanega (2019)) ln(k) = 3.75 ln(w/wL) – 20.72 0.75 512 k = 1.00 × 10− 9(w/wL)3.75  
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• The transformation model coefficients and exponents for Bothkennar 
and Gault show an increase during the first 10 cycles, followed by a 
slight drop between 10 and 25 cycles. The effect of sample state was 
not detected although the coefficient values tended to be slightly 
higher for the reconstituted Bothkennar tests as compared to the 
destructured ones.  

• When the data from FG/KSAT-1358 is combined with the new 
experimental data from this study there only minor changes in the 
transformation model coefficients were observed (e.g. comparison of 
Eq. 1 and 5b shows that the exponent changes from 4.083 to 3.981 
and that the coefficient changes from 1.91 × 10− 9 to 2.13 × 10− 9). 
The R2 for the regression used to develop Eq. 1 in Feng and 

Fig. 7. Variation of the regression coefficients and exponents over increasing number of freezing/thawing cycles.  

Fig. 8. ln(k) plotted against ln(w/wL) in comparison with FG/KSAT-1358 (fitted correlation for each tested sample type can be found in Fig. S17 of the supple
mental data). 
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Vardanega (2019b) was 0.62, this value decreases slightly to 0.59 for 
Eq. 5a. The inclusion of over 200 new data-points does not signifi
cantly affect Eq. 1 (or indeed Eq. 2) and the robustness of the 
transformation model is not significantly impacted by the addition of 
this new data. 

This last finding is of practical use for geotechnical and pavement 
engineers working in cold regions as the transformation models estab
lished by the large FG/KSAT-1358 database can still be used for pre
diction of k. The study shows the ability of the transformation models 
developed in Feng and Vardanega (2019a, 2019b) which can reduce the 
uncertainty of the k of fine-grained soils by about five orders of 
magnitude (i.e., from around seven to two) to also be effective in 
reducing the uncertainty of k for soils subjected to multiple cycles of 
freezing and thawing. This literature review from this study demon
strated that there is a lack of hydraulic conductivity data for soil samples 
conditioned with a high number of freeze-thaw cycles (i.e., over 25 cy
cles), and therefore, further work is needed in this area. 
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