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1 INTRODUCTION 
 
It is expected that changing climate patterns will un-
doubtedly alter the occurrence of extreme and infre-
quent weather events, which will be more common 
and are likely to become the norm. Future climate 
scenarios will involve higher temperatures, more oc-
currences of drought and rainfall events which will be 
more intense and shorter in duration (IPCC 2013). 

With most geotechnical works exposed to these 
changing weather events, exacerbated geo-environ-
mental hazards are likely. Vardon (2015) concludes 
that the major climatic changes likely to influence ge-
otechnical works are increased temperatures and 
droughts. This may cause desiccation cracks to form, 
which may result in serviceability problems. In addi-
tion, increases in mean rainfall with increased inten-
sity will negatively influence stability due to loss of 
soil suction and increase in groundwater levels. 

Clarke & Smethurst (2010) used past and future 
climate data to assess the likely average and maxi-
mum soil moisture changes in engineered clay slopes. 
They conclude that exceptionally dry and prolonged 
summers will become the norm in future as well as 
wetter winter periods. However, the implications of 
the resulting changes in moisture cycles are difficult 
to predict.  

Limited studies have investigated the impact of 
prolonged drying conditions on the hydrological per-
formance of embankments. Rouiania et al. (2009) 

compared the pore water pressure response in a diag-
nostic clay fill embankment to present and future cli-
mate conditions. Future conditions comprised of 
higher intensity, less persistent rainfall and increased 
temperatures. The results show higher suctions are 
maintained during winter (i.e. wet periods) due to in-
creased suction generated during summer. These high 
suction cycles will lead to increased embankment sta-
bility. Smethurst et al. (2012) used field data to inves-
tigate the factors controlling the seasonal variation in 
pore water pressures in a clay slope. The field meas-
urements included extremely dry and wet summers. It 
was observed that the lack of summer rainfall results 
in significant soil drying, which affects seasonal pore 
water pressures. The influence of antecedent condi-
tions is also observed by Hemmati et al. (2012). They 
show that different periods of sustained drought ad-
versely impact the serviceability of embankments, the 
extent of which depends on the drought period.  

The preceding studies highlight the uncertainty 
when droughts are of concern, which is partly due to 
the irregularity of climate conditions as well as the 
inherent variation in soil properties and the associated 
seasonal changes. A more systematic approach is 
therefore required to comprehensively investigate the 
impact of drought conditions, coupled with rainfall, 
on embankment performance.  

In this study a centrifuge test is conducted to im-
prove our understanding of the impact of drought and 
rainfall on the thermo-hydrological performance of 

Influence of drought and rainfall on an unsaturated silt embankment: 
centrifuge study 

A. Archer 
Jones and Wagener Engineering and Environmental Consultants, Johannesburg, South Africa;  
formerly The Hong Kong University of Science and Technology, Hong Kong SAR, China 

C.W.W. Ng 
The Hong Kong University of Science and Technology, Hong Kong SAR, China 
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centrifuge environmental chamber is employed to impose atmospheric boundary conditions on the model em-
bankment. The thermo-hydrological response of the silt embankment is presented and discussed.  
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an embankment. Sustained drought and rainfall con-
ditions were imposed on a silt embankment and the 
observed variation in pore water pressure and temper-
ature is presented. 

 
 

2 DROUGHT CLASSIFICATION 
 
The Intergovernmental Panel on Climate Change 
(IPCC 2013) defines a meteorological drought as a 
“prolonged absence or marked deficiency of pre-
cipitation”. Therefore, in its simplest form a drought 
can be classified by considering precipitation data 
over time. The Standardized Precipitation Index (SPI) 
is a simple, flexible and powerful drought index that 
only requires precipitation as input parameter 
(McKee et al. 1993). The SPI is a probability-based 
approach and compares precipitation against 
multiyear averages for a specified time scale (i.e. 3, 
6, 9 or 12 months). McKee et al. (1993) used the 
categories shown in Table 1 to define different 
drought intensities for different SPI values. 

For this study the SPI is used to classify the 
simulated drought conditions. Details on the drought 
classification will be given later.  
 
Table 1. SPI based drought categories (McKee et al. 1993). __________________________________________________ 
SPI Value         Drought Category __________________________________________________ 
0 to -0.99         Mild drought 
-1.00 to -1.49        Moderate drought 
-1.50 to -1.99        Severe drought 
≤ -2.00          Extreme drought __________________________________________________ 

 
 

3 CENTRIFUGE EMBANKMENT TEST 
 
Over the past decade environmental chambers cou-
pled with centrifuge modelling has proven to be an 
effective tool for climate change studies. It has the ad-
vantage of reproducing the correct stress states and 
the benefit of modelling long term soil response in a 
single test. A new centrifuge environmental chamber 
capable of simulating various climate conditions has 
been developed by Archer & Ng (2018) and is employed 
in this study. The centrifuge test was conducted at the 
Hong Kong University of Science and Technology 
Centrifuge Facility (Ng et al. 2001). The test was car-
ried out an acceleration of 40 g, hence the scale factor 
is N = 40. A summary of relevant scaling laws related 
to the soil-atmosphere boundary are presented in 
Table 2.  

3.1 Model setup and test procedure 

The centrifuge package and a schematic of the model 
setup are shown in Figure 1 and 2, respectively. The 
embankment comprised of a silty soil and was 
compacted to 95 % MDD at optimum moisture 
content, representing a well-compacted embankment  

Table 2. Summary of relevant scaling laws (adapted from Tris-
tancho et al. 2012). __________________________________________________ 
Parameter       Unit     Scaling factor  __________________________________________________ 
Length        L      1/N 
Density        M/L3     1 
Mass         M      1/N3 
Time (diffusion)     T      1/N2 
Seepage velocity     L/T     N 
Temperature      °C      1 
Relative humidity, RH  -      1 
Irradiance       I      1/N(αp/αm)† 
Rain duration      T      1/N2 
Rain intensity      L/T     N 
Rate of evaporation    E      N 
Vapour pressure deficit  D*      N†† 
Wind velocity     Vw     1†† __________________________________________________ 
†α is the mean absorption coefficient 
††Other combinations of wind velocity and vapour pressure deficit are 

possible to satisfy the scaling law concerning the rate of mass evapo-

rated per unit surface. 
*D = es - ea, where es is the saturation vapour pressure at the soil sur-

face and ea is the vapour pressure in the air. 

 

 
Figure 1. Centrifuge model package 

 

 
Figure 2. Elevation view of the model setup 

 
(Highways England 2016). This equates to a 
compaction degree of saturation of 66 %. Slope 
angles are 2:1 (H:V) with a model height of 150 mm 
(6 m prototype). 

Once 40 g was reached the atmospheric conditions 
were allowed to equalise to ambient conditions, 
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where after the climate boundary was imposed. 
Miniature pore-water pressure transducers (PPT) 
were used to measure pore-water pressures (PWPs). 
Temperature changes in the soil were measured with 
N-type thermocouples. The PPTs are temperature 
compensated up to 60 °C. 

3.2 Soil properties 

Completely decomposed granite (CDG), commonly 
found in Hong Kong, was selected for this study. Ac-
cording to the Unified Soil Classification System 
(ASTM 2011), CDG is classified as silty sand (SM). 
The geotechnical properties of CDG are given in Ta-
ble 3. 
 
Table 3. Summary of soil properties of CDG. 

Parameter Value 

Index properties  
Maximum dry density, MDD (kg/m3) 1870 
Optimum moisture content, OMC (%) 13 
Sand content (≤ 2 mm, %) 61 
Silt content (≤ 63 μm, %) 35 
Clay content (≤ 2 μm, %) 4 
Specific gravity, Gs 2.65 
Plastic limit (%) 23 
Liquid limit (%) 33 
Plasticity index (%) 10 
Unified soil classification system 
(USCS) 

Silty sand 
(SM) 

Strength properties   
Effective cohesion, c (kPa) 0 
Critical state friction angle, ϕ’cs (°) 37 

3.3 Imposed climate boundary 

The boundary conditions were simulated by utilising 
the new CEC. Three drying cycles were simulated 
with low intensity rainfall applied intermittently be-
tween each cycle. Drying conditions were simulated 
by increasing the temperature (> 40 °C) and decreas-
ing the relative humidity (RH). A prototype rainfall 
intensity of 6.5 mm/h was applied. The atmospheric 
conditions monitored were temperature, RH, wind 
speed and radiation. 

Figure 3 shows the imposed climate conditions. 
The temporal plots of temperature and RH are shown 
as well as the rainfall events. Drying conditions were 
imposed for a period of ~11 months in prototype 
scale, except for the third drought event between 
rainfall 3 and 4. Using a 3-month time scale, the SPI 
calculation of the imposed drying conditions results 
in an SPI-value of -4.8. This classifies the imposed 
drying conditions as an extreme drought (Table 1). 

 
Figure 3. Imposed climate boundary on the embankment: (a) Air 
relative humidity, (b) Air temperature 

 
 

4 TEST RESULTS 

4.1 Temperature response 

The soil temperature variation with time for the em-
bankment is shown in Figure 4. The temperature re-
sponse shows an overall trend of gradually increasing 
temperature of about ~ 5 - 8 °C with time, peaking 
midway through the seconds drought period. The 
time to reach peak values are in line with simulated 
atmospheric temperature. After reaching peak values, 
temperatures seem to be maintained until the end of 
the test. This is somewhat expected since there are no 
significant fluctuations in the atmospheric tempera-
ture.  

As expected, higher temperatures are observed 
closer to the surface and lower temperatures at deeper 
depths. Temperatures at deeper depths also tend to 
have slower response. During the longer rainfall 
events (i.e. rainfall 2 and 4) there is an increase in 
temperature for the locations closer to the surface. 
This may be due to the high surface temperatures be-
fore the rainfall event which is transported into the 
embankment as convective process. 

The measurements show that after a prolonged pe-
riod of drying, high temperatures may be maintained 
in the embankment, even during subsequent cooler 
periods. This would imply more pronounced evapo-
ration conditions well after a drought period is over. 
This in turn may assist with embankment stability as 
higher suctions are expected, since and increase in 
temperature increases suction as per Kelvin’s thermo-
dynamic equation.  

4.2 Pore-water pressure response 

The temporal pore-water pressure (PWP) variation of 
the embankment is shown in Figure 5. A clear trend 
where the PWP decreases (i.e. increase in suction) 
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during the drying periods and increases during rain-
fall events is observed. PWPs near the ground surface 
were most affected by the drying events. The lowest 
PWP was measured at PPT5, which implies that 
cracks are likely to form first at the top of the slope 
due to the high negative PWP causing tensile stresses 
to increase. During the rainfall events the PWP in-
creases to ~0 kPa, showing that even after a prolonged 
drying period the silt embankment does not maintain 
the negative PWPs developed during subsequent wet-
ting events. This is partly due to the high saturated 
permeability of the silt compared to embankments 
constructed from clay as well as the possible devel-
opment of cracks toward the end of a drying period. 
The increase in PWP will result in reduced effective 
stresses and subsequent reduction in shear strengths.  

Another aspect to note is that at the end of the sec-
ond drying period, which is about the same duration 
as drying period 1, the maximum negative surface 
PWPs increased compared to the first drying period. 
 

This may be due to the increase in soil permeability, 
due to possible cracking, which allows more water to 
be evaporated. A permanent increase in permeability 
may therefore be induced because of the first drying 
period. 

PPT8, at the bottom of the embankment, provides 
some insight into the potential impact of the pro-
longed drying periods and perhaps the inclusion of 
temperature during drying. After the first rainfall 
event PPT8 responds as expected, with a slight PWP 
increase sometime after the rainfall due to the slow 
percolation of the water. During the subsequent rain-
fall events the response of PPT8 is as rapid as those 
located near the soil surface, albeit smaller in magni-
tude.  

This implies that the permeability had to increase 
to such an extent, that it allowed water to infiltrate 
rapidly to the bottom. This may be due to desiccation 
cracks, which will be discussed later. 
 

 
Figure 4. Temporal plot of temperature response 

 

 
Figure 5. Temporal plot of pore-water pressure response 
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The PWPs before and after the rainfall events are 
plotted in Figure 6. The results show that PWPs re-
tained after rainfall is independent of the PWPs ob-
tained before rainfall. This is in contrast with obser-
vations by Rouainia et al. (2009), which showed that 
PWPs induced during dry periods are maintained dur-
ing wet periods leading to increased stability. Moreo-
ver, it is generally expected that water permeability of 
soil would be lower due to higher negative PWP (Ng 
& Leung 2012), which will reduce infiltration. The 
opposite is observed for test reported here, most likely 
due to cracks that alter the permeability of the soil. 
Given future climate conditions where more intense 
rainfall is expected the increase in PWP may be more 
severe. 

4.3 Potential cracking 

To investigate the potential cracks that formed during 
drying events, the theoretical crack depth was calcu-
lated. Miller et al. (2015) proposed the following 
equation to predict the crack depth (zc) in soil for a 
change in suction (ua – uw): 

 (1) 

where ua is the air pressure, uw is water pressure, E 
and H are the elastic moduli with respect to net nor-
mal stress and suction, μ is the Poisson’s ratio, K0 is 
the lateral stress ratio, γ is the total unit weight and σt 
is the tensile strength of the soil. 

Figure 7 depicts the measured changes in negative 
PWPs (i.e. suctions) for the three drying periods. Also 
shown is the estimated changes in suction required to 
produce cracks at certain depths, as calculated with 
Equation 1. The theoretical lines were determined 
with the CDG parameters given in Table 3 and the 
±15% lines were obtained by increasing or decreasing 
the parameters by 15%. The ±15% lines are plotted to 
indicate a range of possible crack depths due to pa-
rameter uncertainty. The point where measured suc-
tion changes intersect the theoretical lines is the esti-
mated potential crack depth. Based on the PWP data, 
the potential crack depth is between 1.2-1.6 m (proto-
type) after drying periods 1 and 2. Due to the short-
ened drying period 3 there is no clear evidence of pos-
sible cracking. The possible cracks resulted in the 
PWP response observed during rainfall event 4 and 
may be due to a permanent increase in permeability 
from the previous drying periods. Rayhani et al. 
(2007) have shown that after one wetting-drying cy-
cle the permeability of natural clayey soil is increased 
permanently.  

 
 
 
 
 

5 CONCLUSIONS 
 
This paper presented a centrifuge study which inves-
tigated the impact of drought and rainfall on the 
thermo-hydrological response of a silt embankment. 

 

 
Figure 6. Correlations of measured PWP before and after rainfall 

 

 
Figure 7. Change is suction based on variations in measured 
PWPs and theoretical change in suction to produce cracks 

 
A newly developed environmental chamber for use in 
the centrifuge was employed to impose drought and 
rainfall conditions on a silt embankment. Extreme 
drought and moderate intensity rainfall conditions 
were imposed as boundary conditions. 

Test results show that after prolonged drying con-
ditions, negative PWP increase to 0 kPa or even pos-
itive pressure in some locations during rainfall events. 
This is most likely because of the cracks formed dur-
ing drying periods, which is caused by the low nega-
tive PWP (i.e. high suctions) exceeding the tensile 
stress of the soil. It was shown that potential cracks 
developed after the first drying period, which in-
creased the wetting influence depth of ~1.5 m to the 
entire depth of the embankment. This was aggravated 
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by the high temperatures observed in the embank-
ment, which increased thermal strains as well as the 
increased evaporation.  

Compared with observations from the literature, 
the results show that PWPs induced during drying pe-
riods (where temperature is included) may not be 
maintained during ensuing rainfall events. Thus, 
drought conditions may not necessarily lead to im-
proved soil conditions as a result of increased suction. 
Cracks may form, resulting in increased water perme-
ability and increased infiltration, which may lead to 
serviceability or stability problems. Thus, for silt em-
bankment it may only take a single extreme drought 
event to cause cracks to form that can lead to un-
wanted PWP build-up during rainfall, as observed in 
this study. 
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