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1 INTRODUCTION 

1.1 Effects of weather induced drying and wetting 

In recent years, climate change has been identified 
as a key factor which affects the stability of engi-
neering infrastructure including embankments, cut-
tings and other engineered slopes built with fine-
grained soils (Dijkstra & Dixon, 2010). Future cli-
mate scenarios are predicted to be hotter drier sum-
mers and wetter winters with more intense rainfall 
(Kilsby et al., 2009). This causes water fluctuations 
in the unsaturated zone that makes the soils subject 
to a cyclic drying and wetting condition. It also 
makes the seasonal shrinking and swelling more 
common, leading to deteriorations in soil fabric, suc-
tion and shear strength, and consequently more slope 
failures.  

1.2 Interrelationships between soil properties 

Shear strength is an important soil property in ge-
otechnical analysis, as it is closely related to the sta-
bility of slopes and other geotechnical structures. 
The shear strength of unsaturated soil partially re-
sults from soil suction, as the suction induces a force 
between soil particles, which contributes to the soil 

strength. Cyclic water content variations cause 
changes in soil suction, which affects the soil 
strength; and induces volume changes, which con-
tribute to cracking and soil deteriorations in suction 
and strengths (Hen-Jones et al., 2016; Glendinning 
et al., 2014), hence the potential slope failures. 
Therefore, an efficient slope monitoring relies on ef-
fective predictions in soil moisture, porewater pres-
sure, strength and other geotechnical properties.   

1.3 Geophysical methods on slope monitoring 

Traditional methods of geotechnical monitoring of 
soil moisture is time-consuming and expensive. It is 
therefore desirable to characterise geotechnical 
properties using more convenient and non-invasive 
geophysical methods (Cosenza, 2006). Electrical re-
sistivity is taken as one of the most suitable methods 
for monitoring slope stability and studying landslide 
risk, since it closely related to geostructural proper-
ties and water content of soils (Piegari and Maio, 
2012). 

However, it is not currently possible to accurately 
estimate suction from resistivity information. In or-
der that resistivity data can be used more effectively 
in slope stability applications there is a need to es-
tablish whether reliable relationships between soil 
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resistivity, water content, suction and shear strength 
can be determined and whether these relationships 
are constant over several drying and wetting cycles. 
Therefore, an improved understanding of interrela-
tionships between geotechnical and geophysical 
properties and how these relationships change under 
drying and wetting cycles is very important for slope 
monitoring and stability analysis. 

2 MATERIALS AND METHODS 

The water content, suction, shear strength and elec-
trical resistivity of an engineered soil material were 
measured through multiple drying and wetting pro-
cesses to investigate their interrelationships listed 
above. The soil material tested in this study is a re-
moulded glacial till collected from a test embank-
ment in Northumberland, which is part of BIONICS 
(Biological and engineering impacts of climate 
change on slopes) project (Hughes, 2009). Before 
testing, all the soil specimens were subjected into 
three drying-wetting cycles. 

2.1 Soil type and index properties 

The glacial till material tested in this study is 
Durham lower boulder clay sourced from the east of 
Durham city, UK (Hughes et al., 2009). The index 
properties are presented in Table 1. 
 
Table 1. Summary of measured index properties of glacial till. 

Index property  

British Standard compaction tests   
Maximum dry density (Mg/m

3
) 1820 

Optimum moisture content (%) 15.5 

  Plastic limit (%) 23.2 
Liquid limit (%) 41.7 
Plasticity index (%) 21.6 

All the index property tests were following the procedures de-

scribed in BS 1377 (BSI, 1990).  

2.2 Sample preparation 

Bulk soil was firstly air dried to residual condition 
and then was crushed by a crushing machine with a 
plate spacing of 3 mm. Large gravels were removed 
before crushing. The crushed material was passed 
through a 2-mm sieve to remove big particles and 
stones, and then mixed up with water using a large 
blender to achieve an initial GWC of 25%. The wet 
bulk soils made were sealed in plastic bags, left for 
equilibrium for at least 24 hours. For each specimen, 
173.5 g soil was statically compacted into a standard 
38 mm triaxial mould (38 mm diameter and 76 mm 
height) to achieve an initial dry density of 1.65 
Mg/m

3
 and porosity of 0.38, which corresponds to 

about 96% degree of saturation. Once a specimen 

had been made, it was wrapped in plastic film and 
left to equalise for at least 24 hours before testing.   

2.3 Drying and wetting processes 

In total 183 specimens were made and subjected into 
three full drying and wetting cycles at different 
GWC stages. 

In one drying/wetting path, 33 specimens were 
distributed into 11 GWC stages from 5% to 25% 
with an interval of 2% GWC. For drying, the speci-
mens were unwrapped, labeled and placed in large 
trays to be airdried. 

For wetting process, a humidifying chamber was 
used (Fig 1.). 

 

The significance of this cyclic drying and wetting 
process is to simulate the impacts of cyclic moisture 
change caused by extreme weather on same samples, 
and to investigate how it influences the behaviors of 
soil suction, shear strength and resistivity. It is 
thought to be closer to the natural condition than 
simply producing the samples at specific moisture 
contents expected to be tested. Three drying-wetting 
cycles were completed in this project. 

Figure 1. Humidifying chamber used to wet soil samples in this 

study. 

Figure 2. Four-electrode resistivity probe used in this study 

(After Hassan, 2014) 



2.4 Resistivity measurement 

The square four-electrode probe (Hassan, 2014) de-
veloped in Durham University will be used to meas-
ure electrical resistivity properties. The probe (Fig 
2.) consists of four stainless steel electrodes with an 
inter electrode spacing of 10 mm and is capped by a 
PVC frame with a diameter of 16 mm and a depth of 
12.5 mm. Silicone is filled within the frame between 
the electrodes to avoid interference between elec-
trodes. 

2.5 Undrained shear strength 

The undrained shear strength of specimens was de-
termined in laboratory using triaxial compression 
apparatus. The testing processes were following the 
procedures described in BS 1377-7:1990 Chapter 8 
(BSI, 1990). All the specimens were compressed at a 
uniform strain rate of 1 mm/min and under a con-
stant confining pressure of 100 kPa. 

2.6 Suction measurement 

A small sub-sample, normally 2-3 mm thickness, 
was sliced off from the original triaxial specimen to 
undertake suction measurement using the WP4C wa-
ter potential meter (Decagon Devices).  

The WP4C uses the chilled-mirror dewpoint 
technique to measure the water potential (total suc-
tion) of samples. It is capable for the measurement 
of total suctions up to 100 MPa, whereas it has less 
accuracy on the measurements under 0.1 MPa (Dec-
agon Devices, 2015). 

3 TESTING RESULTS 

3.1 Undrained shear strength 

Figure 3 illustrates a linear relationship between un-
drained shear strength, Cu and VWC (volumetric 
water content) in a single drying or wetting path. It 

also indicates that the undrained shear strengths at 
the drying paths are higher than those in the wetting 
paths for all the cycles. The difference of Cu be-
tween drying and wetting path in the first cycle was 
shown to be more significant than those in the sub-
sequent two cycles and the gaps between drying and 
wetting paths were larger at the drier range than the 
wetter range. The degradation in Cu was found as the 
cycle increased. 

3.2 Soil water retention curves (SWRCs) 

Figure 4a. shows SWRCs data of glacial till material 
under three cycles of drying and wetting. All drying 
and wetting SWRCs were fitted by van Genuchten 
model (1980). In Figure 4b., the experimental data 
points were removed to make the SWRCs more vis-
ible. Generally, in one drying and wetting cycle, the 
VWCs of drying path shows higher values than that 
of the wetting path. Distinct hysteresis can be found 
between the primary drying and wetting paths, 
whereas the hysteretic behaviour gradually de-
creased as the number of cycles increased. It can be 
seen that VWC of the first-cycle drying path is high-
er than those of the subsequent cycles, while the 
VWC of first wetting path shows lower value than 
those of subsequent cycles in a range between 70 
kPa to 3000 kPa. To be worth noticing, the VWC 
gradually drop down by cycles at the wet end of 
SWRCs. 

Figure 4. Three cycles of Soil water retention data of glacial 

till and SWRCs fitted by van Genuchten model: (a) van 

Figure 3. Relationships between undrained shear strength and 

volumetric water content for glacial till under multiple drying 

and wetting cycles. (D1 denotes first-cycle drying path, and so 

on) 



Genuchten fitting curves with experimental data points; (b) fit-

ting curves only.  

3.3 Electrical resistivity 

Figure 5 illustrates the relationship between electri-
cal resistivity and VWC under multiple cycles of 
drying and wetting. In general, data sets from all the 
drying and wetting paths established an inverse 
power relationship between resistivity and volumet-
ric water content.  

 
 
In the first drying-wetting cycle, the resistivity of 
drying path shows higher value than that of wetting 
path in the range drier than about 23% VWC, and 
shows lower value than that of wetting path when 
the specimen is wetter than 23% VWC. For the sec-
ond and third cycles, different hysteretic behaviour 
occurs, such that the resistivity of drying paths illus-
trates a persistent higher value than that of wetting 
paths. 

It should be noticed that, in general, the changes 
of resistivity between different drying-wetting cycles 
are not keeping in a consistent trend. To summarize, 
in the drier range, the resistivity increased in the 
second cycle from the first cycle and then drop down 
to a position in-between of previous two cycles in 
the third cycle. 

3.4 Shear strength and suction 

Figure 6 indicates a logarithmic relationship be-
tween undrained shear strength, Cu and the total suc-
tion of glacial till. Generally, if isolating the second 
wetting path, there is no distinct difference could be 
found in the first and the third cycles in-between of 
drying and wetting paths; and there are obvious 
drops between the first cycle, the second-cycle dry-
ing path and the third cycle. However, the second-
cycle wetting path shows lowest Cu value than that 
of any other paths as the total suction increases.  

3.5 Dry density and Void ratio 

Figures 7,8 illustrate the changes in soil dry density 
and void ratio of specimens under drying and wet-
ting cycles respectively. In general, a higher dry 
density corresponds to a lower void ratio.  

The dry densities of specimens increased, while 
the void ratio decreased as the cycle number of dry-
ing and wetting increased. The hysteresis between 
drying and wetting paths is shown to be more signif-
icant in the first cycle, hence gradually reduced in 
the subsequent two cycles. 

4 DISSCUSSION 

Interrelationships between soil water content, resis-
tivity, shear strength and suction has been success-
fully established through series of laboratory tests to 
understand the changes in soil mechanical and elec-
trical behaviors while the soil is subjected to cyclic 

Figure 5. Resistivity-Volumetric characteristic curves for gla-

cial till material under three cycles of drying and wetting. 

Figure 6. Relationships between undrained shear strength and 

total suction of glacial till under multiple drying and wetting 

cycles. 

Figure 7. Variation of dry density under multiple cycles of dry-

ing and wetting. 

Figure 8. Variation of void ratio under multiple cycles of dry-

ing and wetting. 



drying and wetting process.  
Traditionally, the relationships between soil suc-

tion, strength, resistivity and water content are main-
ly established based on the primary drying and wet-
ting path. However, the subsequent drying-wetting 
cycles have been proved to cause further influences 
on these soil property relationships in this study. 
From the results, it can be noticed that the influences 
of drying and wetting on all these soil properties de-
creases by cycles, and some of the influences do not 
follow a constant trend as the number of cycles in-
creases. This implies that these influences are caused 
by multiple factors that are affected by cyclic drying 
and wetting. Here, development of cracks, hysteresis 
of soil water retention behavior and cyclic swelling-
shrinking induced volume changes are considered as 
the factors which affect the soil behaviors during the 
drying and wetting cycles. During the drying paths, 
the development of desiccation cracks at specimen 
surface and micro-cracks within the soil are assumed 
to induce deterioration in soil fabrics and may cause 
reduction in soil strength and suction. (Stirling et al., 
2014; Toll et al., 2012). It can also cause a high re-
sistivity of a soil sample in a lower water content 
range as the cracks induce air gaps between soil par-
ticles (Hen-Jones et al., 2016; Hassan, 2014). The 
drying and wetting cycles also cause the cyclic 
swelling-shrinking behavior, which corresponds to 
cyclic volume change. The volume change induces 
variations of dry density and void ratio, which have 
impacts on the properties investigated by this study. 
It has been proved that for a given water content, a 
higher dry density (corresponding to a lower void ra-
tio) results in a lower resistivity for the glacial till 
material (Hassan, 2014). The changes in dry density 
and void ratio also affect the behaviors of soil suc-
tion and suction induced shear strength as they are 
related to the pore size of soil. For a soil specimen, 
the position and number of pores are assumed to be 
unchanged during successive drying and wetting, 
then the dry density change would cause the change 
in pore size and pore size distribution. The pore size 
and pore size distribution have been proved to affect 
SWRC (Fredlund & Xing, 1994; Vogel & Roth, 
2001).  

From the discussion above, the effect of drying 
and wetting cycles on soil properties includes effects 
of cracks, hysteresis and volumetric changes (e.g. 
Dry density and void ratio). In a brief summary, the 
development of cracks cause reduction in suction 
and shear strength, and higher resistivity in dryer 
moisture content ranges; hysteresis in soil retention 
behavior causes higher suction in drying paths than 
wetting paths in a drying and wetting cycle; and an 
increase in soil dry density results in higher shear 
strength and suction, and a lower resistivity. Look-
ing back to Figure 3, the general trend is that the 
shear strengths reduce from drying paths to wetting 
paths in same cycles and decrease by increased cy-

cles. This trend could result from both crack devel-
opment and hysteresis of soil water retention behav-
ior; as these two phenomena both have potential to 
cause reduction in soil shear strength. For the rela-
tionships between resistivity and VWC shown in 
Figure 5, resistivity value increases from the first 
cycle to the second cycle followed by a dropping 
down from the second to the third cycle. The in-
crease between first and second cycle may due to the 
development of microcracks inside of specimens. 
The drop from the second cycle to the third cycle is 
assumed to be caused by the increase in dry density 
from second to third cycle, as the increased dry den-
sity results in decrease of resistivity. 

 In summary, the influences of drying and wet-
ting cycles on soil mechanical and resistivity behav-
iours should be considered in combination of influ-
ences comes from cracking, volumetric changes and 
hysteresis in the soil water retention behaviour. 
These influences are shown to be more significant in 
the first drying-wetting cycle, and become less grad-
ually as the number of cycles increases. 

5 CONCLUSIONS 

 Within the same cycle, the specimens on the 
drying path have higher UU shear strength 
and matric suction than those on the wetting 
path due to hysteresis; 

 The behaviours of resistivity, shear strength 

and suction are different in different cycles. 

Hysteresis in soil shear strength- moisture re-

lationships and soil water retention behaviour 

are more significant in the first drying and 

wetting cycle and reduces as the number of 

cycles increases; 

 Deteriorations in shear strength and suction 

were found during multiple cycles of drying 

and wetting; 

 The behaviours of soil electrical and ge-

otechnical properties are influenced by 

cracking, volumetric change and hysteresis. 
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