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ABSTRACT

Compacted soils used as formation layers of railways and roads continuously undergo water content and suction
changes due to seasonal variations. Such variations together with the impact of cyclic traffic-induced loads can
alter the hydro-mechanical behaviour of the soil, which in turn affects the performance of the superstructure. This
study investigates the impact of hydraulic cycles on the coupled water retention and cyclic response of a
compacted soil. Suction-monitored cyclic triaxial tests were performed on a compacted clayey sand. The cyclic
response of the soil obtained after applying drying and wetting paths was different to that obtained immediately
after compaction. The results showed that both suction and degree of saturation are required to interpret the cyclic
behaviour. A new approach was developed using (i) a hysteretic water retention model to predict suction variations
during cyclic loading and (ii) Bishop's stress together with a bonding parameter to predict accumulated permanent
strain and resilient modulus. The proposed formulations were able to predict the water retention behaviour,
accumulated permanent strains and resilient modulus well, indicating the potential capability of using the
fundamentals of unsaturated soils for predicting the effects of drying and wetting cycles on the coupled soil water

retention and cyclic response.
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INTRODUCTION

Formation layers of roads and railways are often compacted and exist in an unsaturated condition. These layers
continuously undergo cycles of drying and wetting due to environmental loads, which together with repeated
traffic loads can affect the cyclic response of soils and lead to premature loss of serviceability of the superstructure
(Brown, 1996; Li & Selig, 1998; McCartney & Khosravi, 2013; Stirling et al., 2020). With continuously changing
climatic conditions, the coupled effects of cyclic traffic-induced and environmental loads on the cyclic behaviour
of formation materials need to be assessed to develop a strategy to mitigate climate-risks at the design stage of
road and railway provision.

Experimental results have shown that an increase in water content can increase the accumulated permanent
deformation and decrease the resilient modulus of soils under cyclic loading (e.g. Seed et al., 1962; Drumm et al.,
1997; Lekarp et al., 2000; Khoury et al., 2009; Cao et al., 2017). It has also been suggested that the soil cyclic
response is better correlated with suction rather than water content (e.g. Fredlund et al., 1977; Yang et al., 2008;
Ngetal.,, 2013; Salour & Erlingsson, 2015; Chen et al., 2018). However, many experimental results have revealed
that a comprehensive understanding of the behaviour of unsaturated soils requires information on both suction
and water saturation (e.g. Toll, 1990; Wheeler et al., 1996; Toll & Ong, 2003; Sivakumar et al., 2013). The
hysteretic response of soil suction to drying and wetting cycles results in varied water retention properties (the
relationship between suction and water stored in soil pores), which in turn affects the cyclic behaviour of
unsaturated soils (e.g. Khalili et al., 2008; Khoury et al., 2011; Ng et al., 2013). Nevertheless, the effects of the
hydraulic cycles on the coupled water retention and cyclic behaviour of soils have not been fully addressed, mainly
owing to the lack of appropriate experimental data or the absence of a proper coupling approach.

Most studies have employed net stress (the difference between the total stress and air pressure) and suction as
independent stress variables to evaluate the accumulated permanent deformation and resilient modulus (e.g. Oloo
& Fredlund, 1998; Gupta et al., 2007; Ng et al., 2013; Han et al., 2015). These two stress variables are easy to
control under laboratory conditions but provide no information on soil water saturation. In recent years, alternative
stress variables have been proposed incorporating water retention properties into the shearing or bulk stress to
predict the soil cyclic behaviour (e.g. Heath et al., 2004; Oh et al., 2012; Han & Vanapalli, 2016). Bishop's stress
(Bishop, 1959) has been a well-known stress choice to account for the impact of suction (s) and degree of
saturation (S,) on the soil cyclic response (Liang et al. 2008; Zhou & Ng, 2016; Blackmore et al., 2020). Bishop's

stress a* is defined as:
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where @, is net stress, y has been commonly assumed to be equal to degree of saturation and I is the identity
tensor. Jommi (2000) explained that Bishop's stress accounts for the effect of suction on the average stress acting
on the soil skeleton. However, suction also influences the normal force acting at soil particle contacts due to the
presence of water menisci (Wheeler et al., 2003). Gallipoli et al. (2003) then proposed a bonding parameter ¢ as

an additional constitutive variable to consider the latter effect (called “suction bonding” in this paper):

§=0=5)f @

where (1 — S,.) accounts for the number of water menisci per unit soil volume and f; accounts for the increase in
the inter-granular force exerted by a single meniscus with suction. The bonding parameter, in addition to the
skeleton stress, has been used to reproduce various mechanical features of unsaturated soils under monotonic
loading conditions (e.g. Gallipoli et al., 2003; Tarantino & Tombolato, 2005; Tarantino, 2007; Hu et al., 2015),
but its application to the cyclic behaviour has not been explored. To the authors’ knowledge, only Ng & Zhou
(2014) and Zhou & Ng (2016) used these two variables to explain the effect of temperature on the cyclic response
of a clayey soil.

This research examined the water retention properties of a clayey sand after compaction and after applying drying
and wetting paths. Also, the cyclic behaviour of the compacted soil before and after applying hydraulic loads were
studied using a suction-monitored cyclic triaxial system. The coupling effects of soil water retention and cyclic
response were then addressed by: (i) tackling the impact of accumulated strains and degree of saturation on the
measured suction using a hysteretic water retention model (ii) accounting for the impact of the soil water retention
properties on the accumulated permanent strains and resilient modulus using two constitutive variables: Bishop's
stress and the bonding parameter. Semi-empirical models were proposed incorporating the effects of the hydraulic
history on the observed water retention behaviour, accumulated permanent strains and resilient modulus providing
insights into the coupled hydro-mechanical behaviour of a formation material subjected to cyclic traffic and

environmental loads.




111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

MATERIAL AND SAMPLE PREPARATION

The tested soil was taken from a railway line constructed along the southeastern coast of South Africa to transport
coal from around 40 mines to Richards Bay Coal Terminal. The formation layers of the railway embankment
comprise 40 cm of fill material below the ballast and sub-ballast layers. This study presents results of the tests
performed on the fill material (named as “CLASS B” e.g. in Gribe & Clayton, 2009), in this case a clayey sand
containing 79% sand, 12% silt and 9% clay. The liquid limit LL and plastic index PI of the fines are 25% and 9%,

respectively, and the specific gravity G; is 2.66 (BS 1377-2, 1990).

Compaction

The oven-dried soil was mechanically ground, then the soil powder was mixed with a controlled amount of water
and kept in a sealed bag at least 24 hours to allow water content equilibration. Next, the soil was placed in a
Proctor mould and dynamically compacted using 25 blows of the 2.5 kg standard Proctor hammer (BS 1377-4,
1990) in four layers. A steel sharp tube was intruded into the compacted specimen and a smaller specimen having
a height of 140 mm and a diameter of 70 mm was then extruded from the tube. The water content w was measured
to be 10.7+0.07% and dry density g, to be 1.820+0.015 Mg/m? (96 - 98% compaction considering the maximum
dry density of 1.871 Mg/m? obtained from the standard proctor compaction curve), i.e. just wet of optimum w =
10.2% (this is consistent with the values reported by Blackmore et al., 2020). The specimens were compacted
slightly on the wet side to ensure initial suctions were within the measurement range of the tensiometer. This also
allowed studying the effect of intense drying while the specimens underwent a larger suction variation during first
drying. Moreover, the compacted soil fabric was more uniform (less aggregated) on the wet side compared to the

case of optimum or on the dry side.

Drying and wetting

3 specimens were tested after compaction (named “As”, to indicate as-compacted) whereas the other 14 specimens
were subjected to different drying and wetting paths before cyclic triaxial testing to mimic the effect of
environmental loads on the in-situ material. The drying path was imposed by air-drying at a constant temperature
of 20°C (£0.5°C) and relative humidity of 34% (15 — 90 hours depending on the target water content level). The
wetting path was imposed by placing the specimen in a closed chamber at a high relative humidity close to 100%
(20 — 25 days depending on the target water content level). The rate of evaporation during drying and water intake

during wetting was the same for all the specimens so different water content levels imply that the specimens were
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dried out or wetted up for different time periods. The weight (using a digital balance) and dimensions (using a
digital calliper) of the specimen, and hence the water content and density, were measured at average time intervals
of 4 hours. The specimens were relatively dense so no disturbance was observed during this process. The
volumetric strains measured during drying and wetting were found to be in the range of +1.25%.

At the end of each hydraulic path, the specimens were wrapped and sealed in a plastic bag for at least 24 hours
for water equalisation. The specimens were then mounted on the triaxial pedestal while the suction of the
specimens was monitored using a suction probe under constant water content conditions (see detail in the section
of Testing Methodology). It was assumed that the water equilibrium was achieved when a constant suction value

was measured.

Figure 1 shows the hydraulic paths applied and the ranges of the water content obtained. “1D” indicates the
specimens being dried to different water contents along the first drying path, “1W” shows the specimens on the
first wetting up (after the first drying path), “2D” indicates the specimen subjected to the second drying path
(following the first drying-wetting cycle), “2W” indicates the specimen subjected to 2 cycles of drying and
wetting, and similarly “3W” indicates specimens subjected to 3 cycles of drying and wetting. It is to be noted that
drying was continued to a fully air-dried state (the suction at the fully air-dried condition was 146.1 MPa) before
applying the wetting path. Table 1 shows the properties of the as-compacted specimens (As) and those subjected

to drying and wetting after compaction (1D, 1W, 2D, 2W and 3W).
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Fig 1. Water content of the specimens after compaction and after hydraulic loading
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Table 1. Details of triaxial specimens after preparation

pd w K Sr
Title Specimen state
(Mg/m’) (%) (kPa) (%)

Aslq40* 1.838 10.80 40 64.29 As-compacted
1D1g40 1.882 8.62 140 55.51 1% drying
1D2g40 1.880 7.21 420 46.21 1*" drying

1D3q40* 1.841 7.29 259 43.57 1% drying
2D1g40 1.871 7.60 104 47.97 2" drying

1W1qg40* | 1.815 8.38 39 47.86 1% wetting
2W1g40 1.880 8.91 33 57.11 2M wetting
3W1g40 1.812 8.13 60 46.24 3" wetting
3W2q40 1.837 9.04 34 53.66 3 wetting
Aslq60 1.833 10.80 40 63.73 As-compacted
1D1q60 1.860 6.91 390 42.69 1% drying
1W1q60 1.872 7.89 70 49.90 1% wetting

As1q80 1.813 10.70 45 60.94 As-compacted
1D1q80 1.874 6.16 511 39.09 1% drying
1D2q80 1.840 6.82 220 40.70 1% drying
1W1q80 1.870 7.70 50 48.51 1% wetting

3W1q80 1.810 9.18 35 52.04 3 wetting

* The first number refers to the number of hydraulic cycles; ‘As’ refers to as-compacted; ‘D’ refers to the dried
specimen; ‘W’ refers to the wetted specimen; the second number refers to the number of tests under a similar
loading condition; ‘q’ refers to cyclic deviatoric stress and the third number refers to its value, e.g. ‘q40’ means
Geve = 40 kPa.

Water retention properties

The water retention behaviour of the tested soil compacted at gy = 1.854 Mg/m® and w = 12.1% is described in
Kumar et al. (2021). Figure 2a shows the water retention curves (WRCs), either continuous (measured by a
tensiometer) or discrete (measured by a tensiometer or WP4 Dewpoint Potentiameter), in terms of suction and
degree of saturation (please see details of the water retention tests in Kumar et al., 2021). Although WP4 measures

the total suction, i.e. matric suction plus osmotic suction, the data from WP4 measurements was combined with

the data from the tensiometer measurements, i.e. matric suction. The two sets of data matched well implying that
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the osmotic suction was not significant (see a similar approach used in e.g. Romero et al. 2011; Tripathy et al.
2014; Ng et al. 2016).

The hysteretic nature of the water retention behaviour along the drying and wetting paths and the scanning domain
bounded by the main WRCs (shown by the dashed lines) can be observed. The continuous drying curve followed
a scanning curve until the suction reached about 200 kPa where it met the main drying curve. The continuous
wetting curve followed a scanning curve from the suction value of 630 kPa and approached the main wetting

curve at the suction value of 10 kPa.
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Fig. 2. a) experimental data of main and scanning WRCs redrawn from Kumar et al. (2021) b) water retention
properties of the specimens, prepared for cyclic triaxial testing, after compaction and after applying drying and

wetting paths

Figure 2b shows the measured water retention properties of the specimens, prepared for cyclic triaxial testing in
this study, after compaction and after applying drying and wetting paths. The average suction of the as-compacted
specimens was about 40 kPa and the average degree of saturation was 63.0% implying that their water retention
states were within the scanning domain as shown in Figure 2b. The water retention states of the dried specimens
lay within the scanning domain or on the main curve depending on the degree of saturation achieved at the end of
drying. As all the wetted specimens (1W, 2W and 3W) were wetted up from the air-dried condition (s = 146.1
MPa), their suction and saturation levels lay on the main wetting curve regardless of the number of drying and

wetting cycles. The degree of saturation markedly increased along the main wetting curve at s < 100 kPa even
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when the decrease in suction was small. Therefore, the wetted specimens had a similar range of suction but
different saturation levels. The suction obtained for 2D was lower than 1D at a similar saturation level. This can
be explained considering the hydraulic history of 2D where the 2" drying path was applied from the wet state on
the main wetting curve having a lower suction and degree of saturation compared to the as-compacted state that

1D was dried from.

TESTING METHODOLOGY

Cyclic tests were carried out using a triaxial apparatus with on-specimen instrumentation and continuous
measurements of volume changes and suction. The volume changes were measured using three mini Linear
Variable Differential Transformers (LVDTs), two of them were mounted vertically (with the ability to measure
+2.5 mm) on opposite sides of the specimen for measurement of axial deformations and the other one was mounted
horizontally in a radial-strain calliper attached to the mid-height of the specimen for measurement of radial
deformations. Direct measurement of suction was achieved using a high capacity tensiometer capable of
measuring pore water pressure in the range of £2MPa (Lourenco et al., 2008; Toll et al. 2013). An access hole
was made through the latex membrane covering the specimen, very close to the mid-height, where intimate contact
between the tensiometer and soil was achieved by inserting the tensiometer through a rubber grommet. Silica gel
was used to coat all around the access hole to ensure no water exchange could take place between the specimen
and triaxial cell. During triaxial tests, the air pressure was at atmospheric pressure while the water pressure was
negative in the unsaturated specimens; therefore, suction is the measured negative pore water pressure (expressed
as a positive value of suction). The fast response of the tensiometer and also the measurement at the specimen
mid-height, where the maximum deformation takes place during cyclic loading, allowed monitoring the evolving
suction during cyclic testing. The details of the on-specimen instrumentations are described in Kumar et al. (2021).
Triaxial tests included isotropic compression followed by stress-controlled cyclic loading under a constant water
content condition while the water drainage lines were closed. The water contents of the specimens measured after
compaction or at the end of the drying - wetting process (w;) was very similar to that measured at the end of the
cyclic triaxial tests (w; = 0.1%) ensuring that the constant water content condition was satisfied. All specimens
were subjected to a confining stress 0. of 20 kPa (the total stress was equal to the net stress as the air pressure was
at atmospheric pressure) typical of the stress considered for a railway embankment (Liu and Xiao, 2010). After
isotropic compression, cyclic deviatoric stresses g, of 40, 60 and 80 kPa were applied accounting for the stress

level at the formation layer typical of empty to fully loaded wagons, while a resting stress of 10 kPa and o, of
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20 kPa were maintained. The resting stress of 10 kPa ensured a continuous contact between the top of the soil
specimen and the loading ram. The sinusoidal deviatoric stress applied is shown in Figure 3a (in this case
qeve = 40 kPa). Specimens were subjected to 1000 load cycles at a frequency of 1Hz which were found to be

sufficient cycles to achieve a resilient state.
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Fig. 3. Loading and measured strains during cyclic testing a) sinusoidal deviatoric stress pattern b) example of

axial and volumetric strain responses

Figure 3b shows the axial and volumetric strains measured for one of the tested specimens during the first 100

cycles. The measured plastic axial deformation was used to define the accumulated permanent strain &, and the

recoverable axial strain &, was used to obtain the resilient modulus My (Seed et al., 1962):
My = eye 3)
ET

The volumetric strains governed the changes in the degree of saturation during testing under the constant water
content condition. The soil exhibited contractive behaviour (positive values of strains) under the given loading
conditions.

For cyclic triaxial testing, one of the dried specimens (1D2q80) was repetitively subjected to packets of cyclic
loads and wetting to reproduce the field condition of the formation layer periodically subjected to traffic loads

and precipitation. During the wetting stages, water was injected through the top of the specimen at a low

10
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infiltration rate (~ 1 g/h). The drainage was open for this test and the water content was obtained from back
calculation based on the water content of the specimen measured at the end of the test and the amount of water
injected at each wetting stage. The testing approach used was more representative of the natural mechanism of
water content variations within soil embankments compared to suction-controlled techniques such as axis

translation where cavitation is prevented from occurring within the soil (Toll et al. 2013).

EXPERIMENTAL RESULTS OF CYCLIC TRIAXIAL TESTING

After the specimens were assembled in the triaxial apparatus, a confining pressure o, of 20 kPa was applied. The
measured volumetric compression of the specimens was less than 1.1%. As a result of compression, the degree of
saturation slightly increased leading to a reduction in the suction level. After equilibrium was achieved at the end
of the compression stage, the specimens were subjected to cyclic loads. The properties of the specimens obtained
after compression and after cyclic loading are presented in Table 2.

Figure 4 shows the cyclic response of As1g40, 1D1g40, 1W1q40 and 2W1q40 (in these cases, g = 40 kPa, with
starting states as-compacted, after 1% drying, after the 1% wetting and after 2"¢ wetting, respectively). The results
are presented in terms of the axial strain, suction, degree of saturation and resilient modulus with respect to the
number of loading cycles. All the measured variables reached a steady state as the number of cycles approached
1000. Figure 4a shows the axial strain &, rapidly increased with the first cycles and then accumulated at a
decreasing rate with increasing loading cycles. &, decreased from As1q40 (with permanent axial strain &, of
1.46%) to 1D1g40 (&, = 0.84%) as the suction level increased from 22 kPa to 122 kPa (Figure 4b). &, of IW1q40
and 2W1q40, although having a similar range of suction to As1q40 (~ 29 kPa), showed significantly different
strain responses. &, of IW1q40 was measured (&, = 0.82%) to be close to &, of 1D1q40. However, &, of 2W1q40

was found (&, = 1.36%) to be higher than that of 1W1q40 and close to &, of As1q40.

11
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Table 2. Details of triaxial specimens after compression and after cyclic loading

After compression After cyclic loading

Testing

Title Y2 s S, Geve w s S, p* &
condition

(Mg’ | (kPa) | (%) | (kPa) | (%) | (kPa) | (%) | (kPa) | (-)

Aslq40 1.848 22 65.37 40 | 10.80 17 67.56 | 48.5 | 0.32 | Constant water

content
1D1g40 | 1.897 122 57.00 40 8.62 90 58.18 | 89.0 | 0.46 Cons. w
1D2g40 | 1.891 413 47.12 40 7.21 378 | 47.85 | 217.6 | 0.62 Cons. w
1D3q40 1.844 217 43.78 40 7.29 201 4427 | 125.7 | 0.64 Cons. w
2D1g40 1.893 86 49.85 40 7.60 72 50.72 | 73.2 | 0.53 Cons. w
IWl1g40 | 1.818 30 48.17 40 8.38 25 49.09 | 489 | 0.52 Cons. w
2W1q40 | 1.889 29 58.12 40 8.91 22 59.91 49.8 | 0.40 Cons. w
3Wl1g40 | 1.821 45 46.93 40 8.13 40 47.70 | 557 | 0.55 Cons. w
3W2q40 | 1.850 25 54.89 40 9.04 23 56.28 | 493 | 0.44 Cons. w
Aslq60 1.855 22 66.20 60 |10.80 | 20 68.69 | 57.1 | 0.31 Cons. w
1D1g60 | 1.866 360 43.12 60 6.91 320 | 43.92 | 1839 | 0.66 Cons. w
IW1qg60 | 1.894 60 51.95 60 7.89 40 53.05 | 64.6 | 0.49 Cons. w
As1q80 1.821 26 61.75 80 | 10.70 25 64.48 | 659 | 0.36 Cons. w
1D1q80 1.876 490 39.20 80 6.16 | 433 39.87 | 222.6 | 0.73 Cons. w
Repetitive

1D2q80 1.860 201 42.15 80 6.82 172 | 43.15 | 1243 | 0.65

loading-wetting

IW1qg80 | 1.892 39 50.49 80 7.70 31 51.73 | 65.5 | 0.50 Cons. w
3WI1q80 | 1.829 25 53.76 80 9.18 20 5556 | 61.1 | 0.45 Cons. w

12
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Fig. 4. Cyclic behaviour of As1q40, 1D1g40, 1W1q40 and 2W1q40 with the number of load cycles: a) axial strain,

&, b) suction, s c¢) degree of saturation, S, d) resilient modulus, Mz

The measured suctions decreased during cyclic loading (as also observed by Yang et al., 2008 and Craciun & Lo,
2010) which can be explained by an increase in the degree of saturation S, (Figure 4c) due to the accumulation of
the permanent strains under constant water conditions. S, of these 4 specimens was different with As1q40 being
the highest (S, = 65.4%). The difference in S, for the wetted specimens was about 10% (1W1q40 having a value
0f 48.2% and 2W1q40 with a value of 58.1%). For specimens at the same suction level, the higher the increase in
S, the greater the reduction in suction. The suction variation of 1D1q40 with a higher suction level than the other

3 specimens was evidently greater although the increase in its degree of saturation was smaller. This implies that

13
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the variations of suction induced by cyclic loading were not only dependent on the changes in the degree of
saturation but also on the suction level.

Figure 4d shows that the resilient modulus My of As1q40, 1W1q40 and 2W1q40 increased with the number of
cycles due to accumulations of permanent strains and progressive densification (as also reported by Sivakumar et
al., 2013). On the contrary, Mz of 1D1q40 slightly decreased with the number of cycles owing to the greater
reduction in its suction compared to the other 3 specimens. My was observed to be higher for 1D1q40 (M = 74.7
MPa) compared to the other 3 specimens as the suction was higher. My of As1q40 was higher than 2W1q40 but
lower than 1W1g40 although their suction levels were not very different.

The results presented above imply that suction alone cannot exclusively describe the cyclic response of the tested
soil being subjected to different hydraulic paths and information on the water saturation level is also required.
Figure 5 shows the effect of increasing the cyclic deviator stress from 40kPa (As1q40 and 1D2q40) to 80kPa
(As1q80 and 1D1q80). Figure 5a shows that &, measured was significantly lower for 1D2q40 and 1D1q80
compared to As1q40 and As1q80 as the former cases had higher suction values (Figure 5b) due to being dried
after compaction. £, was also found to increase with g, comparing the accumulated permanent strain &, of the
specimens having similar suction levels, i.e. As1q40 (&, = 1.46%) to As1q80 (g, = 1.83%) and 1D2q40 (&, =
0.47%) to 1D1q80 (&, = 0.61%). This increase in the axial strain was greater in the case of the as-compacted
specimens where the suction level was low (s <40 kPa). Figure 5b shows that the decrease in suction for 1D2q40
and 1D1q80 was more evident where suction was above 350 kPa. The decrease in suction was slightly larger with
the increased gy as the increase in the accumulated permanent strain resulted in a greater increase in the degree
of saturation as shown in Figure 5c.

Figure 5d shows the resilient modulus My of 1D2q40 and 1D1q80 decreased with the number of loading cycles
which can be explained by the decrease in suction. Mz of As1q40 and As1q80 increased where suction variations
were small. This was due to the dominant effect of progressive densification and the resulting increase in S,. Mz
also increased with suction, comparing My of the as-compacted to dried specimens, but decreased with the cyclic
deviatoric stress. The decrease in the resilient modulus with g, was more evident at high suction levels (s > 350
kPa) comparing My of 1D2q40 (M = 161.3 MPa) to 1D1q80 (Mr = 85.7 MPa). This is consistent with the results

reported by Thom et al. (2008) and Ng et al. (2013).
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Fig. 5. Cyclic behaviour of As1q40, 1D2q40, As1q80 and 1D1q80 with the number of load cycles: a) axial strain,

&, b) suction, s c) degree of saturation, S, d) resilient modulus, Mz

The results show that the accumulated permanent strain increased and My decreased with the increase in geye,

implying that the soil resilience decayed with an increase in the cyclic load level. The effect of g on the

accumulated permanent strain was found to be more pronounced at low suctions but the equivalent effect on the

resilient modulus was more evident at high suction levels.

15




315
316
317
318
319
320
321
322
323

5 200

4 4 6" loading stage 160 +
Nrmomihoannn
3 —_ Injecting water into the specimen
X ©
=3 @ 120 -
K < -
c »
s <
2 S P
T 2 S 80
<>(< 4" loading stage 50 loading stage n
14 2% oading stage #?loading stage 40 + ro—
e
1t loading stage
0 T T T T T 0 T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Number of loading cycles, N Number of loading cycles, N
(a) (b)
100 100
—_ —~ 804
< 80 g
2 Injecting water into the specimen ~ oo
g Esx s S
5 — g
= S 60 e
3 3
o 60 =
S e =
[ c
o JU— g —
=2 ®
@ ]
a X 404
40
T T T T T 20 T T T T T
0 1000 2000 3000 4000 5000 600C 0 1000 2000 3000 4000 5000 6000
Number of loading cycles, N Number of loading cycles, N
(©) (d)

Fig. 6. Cyclic behaviour of 1D2q80 repetitively subjected to cyclic loads and wetting: a) axial strain, &, b) suction,

s ¢) degree of saturation, S, d) resilient modulus, Mz

To investigate the effect of subsequent wetting on the strain response, 1D2q80 was repetitively subjected to
packets of 1000 cyclic loads and wetting as shown in Figure 6. Before applying the first packet of loads, the
suction was 201 kPa and the degree of saturation was 42.2%. &, measured after applying the first packet of the
cyclic loads was 0.64% (Figure 6a). After each loading stage, the specimen was wetted so the degree of saturation
increased, leading to subsequent reductions in the suction level (Figures 6b and 6¢). The volumetric strains
measured during each wetting were negligible (g, < 0.05%). &, increased with the application of successive
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packets of cyclic loads as the suction level decreased. The rate of the increase in €, jumped abruptly during the
last stage of cyclic loading where the suction was 26 kPa.

It should be noted that a complete resilient state was not achieved at the end of cyclic loading from the 3™ to 6™
loading stage, possibly due to the successive increases in the degree of saturation and decreases in the suction of
the soil. The values of the permanent strain and resilient modulus measured for 1D2q40 after the 3™ loading stage
may be slightly different from the values at the resilient state, but these differences were very small and did not
lead to erroneous interpretation of the result.

Figure 6d shows M measured for 1D2q80 was 71.5 MPa after the first packet of loading but decreased in the
following loading stages due to reductions in suction. The rate of the decrease in M intensified where it reduced
from 58.4 MPa to 46.1 MPa during the last cyclic loading.

The results showed that the progressive saturation of the tested soil can aggravate the soil cyclic response, leading
to a higher accumulation of permanent strains and lower resilient modulus under cyclic loading as the soil

approaches a full saturation level.

DISSCUSSIONS AND DEVELOPING PREDICTIVE FORMULATIONS

As discussed earlier, the experimental results showed that both suction and degree of saturation are required to
describe the coupled water retention and cyclic response of the tested soil. In the following, a hysteretic water
retention model is formulated to simulate the water retention behaviour and predict the suction variations during
cyclic loading. The implication of using Bishop's stress and suction bonding to interpret the soil cyclic response
is then discussed. Semi-empirical formulations are developed incorporating Bishop's stress and suction bonding
to predict the accumulated permanent strains and resilient modulus.

It has to be pointed out that density affects the soil water retention and cyclic behaviour. In this study, such an
effect was not as significant as the effect of suction and degree of saturation as the specimens were compacted at
the same density and the changes in their density were small under drying and wetting and during cyclic loading.
The water retention and cyclic behaviour of the tested soil were dominantly governed by the effect of suction and
degree of saturation of the specimens that were considerably different due to the applied drying and wetting paths

(in addition to the effect of the cyclic deviatoric stress), so these aspects were focussed on in this study.
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Water retention behaviour
First, a model was formulated to capture the soil water retention behaviour discussed in Figure 2a. The main

WRCs were simulated using the model proposed by van Genuchten (1980). For drying S, = S,:

1
Sa=——— T AS, <0 (4a)
1+ agsg™) ™

and for wetting S, = S,

1
Sw = —(1 L nw)l—ni AS, >0 (4b)
wSw w

where S, is the degree of saturation on the main drying curve and a, and ny are the corresponding drying
parameters, and S, is the degree of saturation on the main wetting curve and a,, and n,, are the corresponding
wetting parameters. @ is calibrated based on the inverse of the air entry value of the drying water retention curve
and a,, is based on the inverse of the air occlusion value of the main wetting water retention curve. As the air
entry value is expected to be greater than the air occlusion value, always a4 < a,,. n4 and n,, are also calibrated
using the main drying and wetting curves obtained from water retention tests, respectively. Unreasonable values
must not be assumed (e.g. ng; >>n,,) as it may lead to the incorrect prediction of a wetting water retention curve
that lies above a drying water retention curve (S,, > S, at a given suction).

sq and s, are the suction values on the main drying and wetting curves, respectively. The scanning curves were

simulated employing incremental formulations for S,, <S§, <S;:

1+s)As
AS,- = —k s ? AST < 0 (Sa)
d
Sw As
AS, = -k a+ s)? AS, >0 (5b)

where k controls the shape of the scanning curves and needs to be calibrated in a way that it avoids any divergency

between scanning and main curves and allows transitions between the scanning and main domains. Although a

. . . A . D . o
simple form of this formula, i.e. k ?S, can also predict a similar line in the scanning domain, it was found not to
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completely simulate the shape of the continuous experimental water retention data shown in Figure 2a. Therefore,

the additional terms, (tﬁ for drying and
d

suction (s) and the suction on the main curves (s; or s,,) which allowed better prediction of the continuous

experimental water retention data. Table 3 provides values of the parameters used to simulate the observed

hysteretic water retention behaviour. Figure 7 shows the model captured the experimental scanning and main

WRCs well.

Sw
(1+s)

Table 3. Parameters of the water retention model

for wetting, were added to consider the ratio between the current

Hydraulic path Model parameter
0d ng k
Drying
0.031 1.33
O Ny 0.14
Wetting
0.27 1.28
100

— WRC modelling

—— Continuous drying

~~~~~ Continuous wetting

80 4 @ Discrete drying

< Discrete wetting
S
e
2 "". scanning drying curve
< 60 - | (eq. 5a)
kel :
§ -
=]
®©
n A
S 40 . . h main drying curve
@ scanning wetting curve’ (eq. 4a)
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a
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Fig. 7. Water retention behaviour of the tested soil and model prediction
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Fig. 8. a) water retention behaviour of the specimens subjected to cyclic loading b) predicted and measured suction

variations during cyclic loading

Figure 8a shows the predicted scanning and main WRCs and the suction values of the specimens measured before
and after applying cyclic loads. The suction of the dried specimens (1D and 2D) was within the scanning domain
or close to the main drying curve where the decreases in suction during cyclic loading were evident as the suction
shifted towards the main wetting curve even with a small increase in the degree of saturation. The suction of the
as-compacted (As) and wetted (1W, 2W and 3W) specimens was close to the main wetting curve. The water
retention behaviour of these specimens during cyclic loading evolved along the main wetting curve where the
increase in the degree of saturation was evident. However, the decrease in the suction level of these specimens
was less pronounced than that of the dried specimens.

Next, the proposed water retention model was used to predict suction variations As during cyclic loading where
AS,. of the specimens was obtained from the measured volumetric strains and constant water content. Since the
degree of saturation increased, the equations proposed for the wetting path were used: equation 4b in the case of
S-= S\ (corresponds to the main wetting curve) and equation 5b in the case of S, > S, (corresponds to the scanning

curves). The two equations were rearranged to obtain the suction variations As:

- 1
sTwTIAS,

As=— S+ ,s™) T 5.=S.,  (6)

aw™w (ny—

and
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Equations 6 and 7 imply that the change in suction As is dependent on both the suction level and changes in the
degree of saturation AS, where As intensifies if s or AS, increases. Under similar AS,, As predicted by the
scanning curve (equation 7) results in greater values compared to As predicted by the main wetting curve (equation
6) because the weight of suction in equation 7 is greater than its weight in equation 6. This is consistent with the
greater suction reductions observed at high suction levels during cyclic loading. When the water retention
behaviour changed along the main wetting curve, suction was low so the effect of AS,. was more marked compared
to high suction levels. Figure 8b shows the predicted and measured suction variations with respect to the suction
values obtained before applying the cycles.

It has to be noted that the soil water retention behaviour within the scanning domain is likely be dependent on
different parameters such as soil fabric, density, etc. For simplification, such effects were neglected in this study
to emphasise the effect of hysteresis and transition between main and scanning water retention domains. Figure
8b shows that the model predictions for the suction level greater than 300 kPa were not as accurate as the model
employs only one parameter (k) to control the shape of the predicted curves under both drying and wetting paths.
Although the proposed model slightly overestimated As at high suctions, the predicted and measured suction
variations are consistent and the predicted suction values are in good agreement with the suction values measured

after applying the cyclic loads as shown in Figure 9.

500

400 -

300 R2=099% /o
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Fig. 9. Predicted and measured suction after applying cyclic loading
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The proposed hysteretic water retention model allows simulating the soil water retention response and predicting

suction that is required to develop predictive formulations for the soil cyclic behaviour.

Accumulated permanent deformation
Figure 10a shows the accumulated permanent strains measured for the specimens subjected to different hydraulic

paths and g, of 40 kPa in terms of mean Bishop's stress (p*). p* was obtained as

P*=pptSs ®)

where p,, is the mean net stress. For the calculations, suction and degree of saturation measured at the end of

cyclic loading were used as they were more relevant to the permanent strain and resilient modulus obtained at the

resilient state.

2 2
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Fig. 10. Accumulated permanent strains with mean Bishop's stress and bonding parameter a) in case g = 40 kPa

b) in cases g = 40, 60 and 80 kPa

As mean Bishop's stress increased, €, substantially decreased. Although mean Bishop's stress incorporated both
suction and degree of saturation, it cannot exclusively capture all the measured ¢, as some data points deviated

from the trendline drawn to fit the experimental data. This was more evident considering &, of the wetted
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specimens where the measured strains changed dramatically at the same level of Bishop's stress. This can be
explained as Bishop's stress considers the effect of suction and degree of saturation on the average soil skeleton
stress whereas their effect on the normal force acting at soil particle contacts due to water menisci is neglected.
Generally, the bonding inter-particle force depends on different factors such as contact angle, surface tension, size
of particles, shape of pores, etc. This bonding effect was considered in this study using the bonding parameter
(equation 2) formulated in terms of degree of saturation and suction only as these variables are often accessible in
laboratory testing of unsaturated soils. Later in the paper, semi-empirical equations are proposed to relate the
bonding parameter to the cyclic behaviour of the tested soil where phenomenological parameters are used to
account for the above-mentioned factors.

Gallipoli et al. (2003) suggested values for f; based on an inter-granular force estimated by Fisher (1926) assuming

006 was found to fit the values

a soil consists of identical sphere particles having radii of 1 um. f; = 0.838s
suggested by Gallipoli et al. (2003) well; hence, & = (1 — S,.)0.8385%%° was used in the present study to obtain
the bonding parameter. The obtained values of the bonding parameter ¢ are shown as labels of the experimental
data in Figure 10a. It is worthwhile pointing out that the effects of suction on the average skeleton stress and
suction bonding are regulated by the soil saturation level in different senses; the increase in the degree of saturation
expands the relative area over which the water and air pressures act on the average stress but reduces the number
of water menisci acting on the normal inter-particle force. At the same range of mean Bishop's stress, &, of those
specimens with a lower bonding parameter was higher and above the trendline (¢ < 0.5) whereas the specimens
having higher bonding parameters (¢ > 0.5) exhibited lower permanent deformations and their measured &, lay
below the trendline.

Figure 10b shows the accumulated permanent strains measured for all specimens which decreased sharply as p*
increased while approaching a steady level at higher stresses. &, enlarged as g, increased from 40 kPa to 60 kPa
and 80 kPa but this increase became less evident with the increase in p*. For the specimens having p* =~ 40 kPa
and being subjected to gcyc of 80 kPa, the effect of the suction bonding was also visible where &, decreased as the
bonding parameter increased from 0.36 (as-compacted) to 0.45 (3" wetting) and 0.50 (1% wetting). &, measured
showed that the increase in g, and the decrease in the bonding parameter resulted in an increase in the permanent
deformation but such effects diminished as mean Bishop's stress or suction bonding increased. Both Bishop's
stress and suction bonding provided stabilising effects that reduced the effect of gy on the measured strains.

The results discussed above showed that the number of the applied hydraulic cycles induced no significant effect

on the measured strains. However, changes in the soil water retention properties due to the different hydraulic
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history and hysteretic water retention behaviour along the drying and wetting paths were found to significantly
affect the accumulated permanent deformations and result in different strains from those measured for the as-
compacted soil. Different values of suction and degree of saturation altered both mean Bishop's stress and suction
bonding acting on the specimens. An increase in suction stress S,.s modified the average soil skeleton stress and
minimised the possibility of slippage at the particle contacts; therefore, it reduced the accumulation of permanent
strains induced by cyclic loading. The possibility of such slippages was also influenced by the stabilising effect
of the normal force exerted at the soil inter-particle contacts by water menisci. The meniscus lenses of water
within the tested soil under unsaturated states made the inter-particle contacts more stable, and therefore restrained
the reciprocal slippage of soil particles that causes permanent deformation under cyclic loading. The bonding
parameter ¢ can incorporate the latter stabilising effect where ¢, decreased with an increase in the bonding
parameter as well as Bishop's stress. It has to be noted that the wetted specimens had similar suction values but
different degrees of saturation where suction bonding decreased with the increase in the degree of saturation
leading to the greater accumulation of strains.

In order to develop a formulation for predicting the accumulated permanent strains, Bishop's stress ratio n* was

introduced:
* _ Qmax
n = T ©)

where Gpqx 1 cyc plus the resting stress (10 kPa).
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Fig. 11. Experimental data and predictions of accumulated permanent strains a) in terms of Bishop's stress ratio

b) in terms of bonding parameter

Figure 11a shows the measured &, in terms of Bishop's stress ratio where the labels are the values of the bonding
parameters. &, increased with Bishop's stress ratio and decreased with the bonding parameter. A new semi-

empirical formulation was then developed incorporating the effects of Bishop's stress ratio and suction bonding

to predict the accumulated permanent strain:

e =07/ [ff (bmy O €T (10)
where
fe = nyexp(-ns?) an
and
1
=T ew® (12)

n4, Ny, My, M, and @ are model parameters.
The first term incorporates Bishop's stress ratio where n*ff defines the permanent strain in terms of the stress
ratio and f; allows controlling the rate of the change in €, with the bonding parameter regulated by n,and n,. The

rate of increase in the permanent strain predicted by the model reduces with the increase in the bonding parameter
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as the soil becomes more stable with the increase in the inter-granular bonding forces. The second term directly
accounts for the effect of the inter-granular bonding force. fé' incorporates the effect of the bonding parameter and
allows shifting the level of the predicted permanent strain with changes in the bonding parameter using m,and
m,. The obtained experimental data showed that the permanent strains measured at low stress ratios converge
toward a constant value regardless of the bonding parameter. Bishop's stress ratio is also introduced in the second
term where a controls the predicted values at low stress ratios. The parameters are calibrated based on the best-
fit using the regression method for data points represented in terms of the &, — " graph. The parameters obtained

for the tested soil are presented in Table 4.

Table 4. Parameters of the models proposed to predict the cyclic behaviour of the tested soil

ny n, my m, a
Model parameters for predicting &,
19.7 7.3 91.2 52 0.3
kq k, ks M,
Model parameters for predicting M,
2.57 2.52 0.73 46

The accumulated permanent strains predicted by equation 10 under constant values of the bonding parameter are
shown in Figure 11a. The predicted curves explicitly showed that &, increases with n* and decreases with ¢. The
model predictions show that the specimens having lower bonding parameters (¢ < 0.46) exhibited high
accumulated permanent strains where the rate of the increase in &, became greater with n*. &, of the specimens
having higher bonding parameters (¢ > 0.46) were smaller and increased with n* gently. When the bonding
parameter was low, the slippage of soil particles was facilitated and the soil became more prone to larger
accumulations of strains with the increase in n* (i.e. increase in gy, or decrease in p*). When the bonding
parameter increased, suction bonding improved the stabilising effect and restrained the effect of n* on the
measured &,.

Figure 11b shows ¢, in terms of the bonding parameter (the labels are n*). The values of &, measured at different
stress ratios reduced as the bonding parameter increased. The contours predicted by equation 10 under constant
values of ™ are also shown in Figure 11b where all the curves tend to merge as the bonding parameter increased.
This implies that the effect of the stress level at high values of the bonding parameter was less evident. On the

other hand, the model predictions show the effect of the bonding parameter was less evident where n* = 0.4
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implying that the soil cyclic response is mainly governed by the skeleton stress rather than suction bonding where
Bishop's stress is sufficiently high compared to the applied cyclic loads. The predicted values of &, are in good

agreement with the measured values as shown in Figure 12.
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Fig. 12. Predicted and measured accumulated permanent strains

Resilient modulus

Figure 13a shows the resilient modulus My obtained for the tested soil with respect to mean Bishop's stress. Mz
increased with p*. At a Bishop's stress level about 50 kPa, M dramatically increased but the rate of this increase
declined as the stress level exceeded 50 kPa. This deviation was also discussed by Han & Vanapalli (2016) where
the resilient modulus-suction relationship was divided into two regions using the air-entry value of the soil water
retention curve. My was also found to decrease with g.,. as also reported by Yang et al. (2008) and Ng et al. (2013).
Mean Bishop's stress enlarged the effect of g.,. on the resilient modulus at p* > 140 kPa where My substantially
decreased with gy increasing from 40 kPa to 60 and 80 kPa. The effect of g, on Mz may be explained by the
strain level at which the permanent strain of the specimens increased with g.,c; hence, the specimens exhibiting
higher strains became less resilient and showed lower M.

The effect of suction bonding on My was not obvious over the whole range of mean Bishop’s stress shown in
Figure 13a due to the substantial increase in the resilient modulus with an increase in p*. Figure 13b shows the
resilient modulus for p* < 140 kPa where the data points are labelled with the values of the bonding parameter.
For the specimens subjected to gy of 40 kPa, My increased from 58.2 MPa to 94.5 MPa as p* increased from 50

kPa to 126 kPa. The effect of suction bonding can be then observed comparing Mz measured for the specimens
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having p* of about 50 kPa where the increase in ¢ from 0.32 to 0.55 improved the cyclic resilience of the tested
soil and Mp increased from 64.9 MPa to 74.6 MPa. The increase in Mz with the bonding parameter can also be
observed for the specimens subjected to g, of 80 kPa and having p* of about 65 kPa. The beneficial effects of &
on Mp arise due to the fact that an increase in suction bonding induces a larger normal inter-particle force, thereby

enhancing the cyclic resilience of the tested soil.
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Fig. 13. Experimental data and predictions of resilient modulus a) in terms of mean Bishop's stress b) in case p*

< 140)

It has to be pointed out that mean Bishop's stress and cyclic deviatoric stress affect the resilient modulus of the
tested soil predominantly whereas the effect of the bonding parameter on the resilient modulus was found to be
more evident at lower stress levels. This can be partly due to the fact that My is greatly affected by a combined
effect of the stress and strain levels. It may also be related to the hydraulic history of the tested specimens. The
wetted specimens had lower values of mean Bishop's stress as they were wetted to a limited suction range of 20 -
40 kPa. The water adsorption rate along the main wetting path abruptly changed, leading to different saturation
levels and in turn varied suction bonding. On the other hand, the dried specimens had very different suction levels
where the difference in Bishop's stress was more pronounced. This indicates that the influence of suction bonding

on My was more evident on the wetted specimens whereas the resilience of the dried specimens was dominantly

influenced by the stress level.
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A semi-empirical equation was then developed to predict Mk:

Mg = (" /p ). (1 + eye/py) " + Moexp(ksé) (13)

where p, = 1 is the reference mean stress (in kPa). k4, k,, M, and k5 are model parameters.

The proposed formulation takes a form similar to the one proposed by Gupta et al. (2007), but incorporating
Bishop's stress and the bonding parameter. The first term accounts for the effect of mean Bishop's stress whereas
the second term incorporates the effect of the cyclic deviatoric stress. The last term is dependent on the bonding
parameter and allows independent consideration of the contribution of the bonding parameter to the resilient
modulus. k4, k, are calibrated based on the effect of p* and g.,. on the resilient modulus, respectively. M, is the
reference resilient modulus in the saturated state and k3 is calibrated considering the effect of & on My. The
parameters obtained for the tested soil are presented in Table 4.

Figures 13a and 13b show the predictions of the proposed model while the predicted curves correspond to the
values of My at constant values of ¢. The proposed model was able to capture the My values obtained at high mean
stresses and also the reductions in My observed with g as shown in Figure 13a. Figure 13b shows that the
increase in the resilient modulus with suction bonding was also predicted well at low stress levels. Figure 14
shows the experimental resilient modulus against the values predicted by equation 13 where the regression line

displays a good agreement between the measured and predicted data.

200

160
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120

80 | N
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Fig. 14. Predicted and measured resilient modulus
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PREDICTING SOIL RESPONSE TO REPETITIVE CYCLIC LOADING AND WETTING
The proposed formulations were used to predict the suction, permanent strains and resilient modulus for 1D2q80
that was repetitively subjected to packets of cyclic loads and wetting. Similar parameters shown in Tables 3 and

4 were used to predict the soil response.

100 —

) -4 Measured suction at the end of loading stages, s (kPa)

! - Model prediction, s (kPa)
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Fig. 15. Measured and predicted suction values of 1D2q80 subjected to repetitive cyclic loading and wetting

Figure 15 shows main WRCs of the tested soil and the water retention properties of 1D2q80 where the suction
decreased with the loading and wetting stages due to the successive increase in the degree of saturation. The
predicted and measured suction values matched well. Equation 7 was used to predict the suction for the first 4
stages (for the scanning domain, S, > S,,) and equation 6 was used to predict the suction values for the last 2 stages

where the degree of saturation lay on the main wetting curve (S, = Sy).
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Fig. 16. Experimental data and predictions of the response of 1D2q80 to repetitive cyclic loading and wetting a)

accumulated permanent strains, &, b) resilient modulus, Mg

The predicted and measured accumulated permanent strains are shown in Figure 16a. &, predicted was in good
agreement with the measured values. Bishop’s stress ratio and the bonding parameter (shown as labels) evolved
due to the reduction in suction and increase in the degree of saturation upon the loading and wetting stages. &,
increased with the successive stages, as also predicted by the model, owing to the increase in Bishop's stress ratio
and decrease in suction bonding. The suction at the end of the last wetting stage was 26 kPa and the degree of
saturation was 88.4 where &, substantially increased. This was also predicted by the proposed model accounting
for a low value of ¢ = 0.12 and a high value of n* = 1.23.

The model also predicted the resilient modulus well as shown in Figure 16b. The predicted My decreased with the
loading and wetting stages as Bishop's stress and suction bonding decreased. The rate of the decrease in the
predicted My, intensified along the loading stages as the decrease in the bonding parameter was pronounced with
the successive stages.

The accurate predictions of the water retention and cyclic response of the specimen to repetitive cyclic loading
and wetting show the capability of the proposed framework in reproducing the effects of alternative field
conditions, in this case periodic rainfalls followed by frequent movements of traffic, on the coupled water retention

and cyclic response of the tested soil.
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Most design guidelines for roads and railways (e.g. AASHTO, 1993; UIC, 1994; Network Rail, 2003) typically
neglect the unsaturated state of formation layers assuming that the subgrade material is compacted in the field at
optimum water content. However, water content varies with time due to the effect of changing environmental
conditions such as rainfall and evaporation. As shown in the present study, such variations together with traffic-
induced loads can modify the long-term behaviour (both accumulative permanent strains and resilient modulus)
of the construction materials and under unfavourable conditions may lead to poor performance of substructure.
Some guidelines do suggest accounting for the effect of soil moisture variation considering the effect of soil water
content or saturation level (e.g. Witczak et al., 2003; ARA, 2004), but this was found not to be sufficient to predict
the coupled hydro-mechanical behaviour of the formation material tested in this study. The approach proposed
hereby uses Bishop's stress and the bonding parameter and allows appropriate incorporation of the effect of the
hydraulic history on the soil behaviour. The outcome showed that a predictive framework incorporating these two
constitutive variables can potentially predict the long-term performance of formation materials and prevent
unfavourable scenarios under cyclic traffic-induced and environmental loads, thereby mitigating the climate-risk
when used at the design stage of road and railway provision.

It has to be pointed out the proposed semi-empirical equations are example models that showed how Bishop's
stress and the bonding parameter can be formulated to provide a good prediction of the accumulated permanent
strain and resilient modulus of the tested soil. A wide-ranging validation is required to generalise these equations

for a wider range of soil types.

CONCLUSIONS

The present study investigated the influence of the hydraulic history on the cyclic behaviour of a formation
material of a railway line, in this case a compacted clayey sand. The results of cyclic triaxial tests showed that the
cyclic response of the soil obtained after applying drying and wetting paths was different to that obtained
immediately after compaction. This implies that seasonal variations affect the long-term performance of the
railway formation layers under traffic loads as compacted formation materials continuously undergo drying and
wetting.

Changes in soil water retention properties (suction and degree of saturation) along the drying and wetting paths
were found to significantly affect the suction variations, accumulated permanent strain and resilient modulus
during cyclic loading. The measured accumulated permanent strain and resilient modulus were described using

two constitutive variables: Bishop's stress and suction bonding. This allowed incorporating the effect of the
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hydraulic history on the cyclic response of the tested soil as both constitutive variables evolve with changes in
suction and degree of saturation. The experimental results showed that:

- The measured suction decreased during cyclic loading due to the increase in the degree of saturation.
The decrease in suction was more evident for the specimens being dried compared to the as-compacted
and wetted specimens. This was explained by the hysteretic nature of the soil water retention behaviour.

- The accumulated permanent strains reduced with an increase in Bishop's stress and suction bonding as
the increase in soil skeleton stress and inter-particle bonding force provided the stabilising effects and
inhibited slippage at particle contacts. The increase in the cyclic deviatoric stress resulted in an increase
in the permanent deformation but such effect diminished as mean Bishop's stress and suction bonding
increased.

- Theresilient modulus was found to increase with Bishop's stress and decreased with the cyclic deviatoric
stress. It also increased with suction bonding which was more evident at lower stress levels where the
wetted specimens had pronounced varied suction bonding.

- For the test where the specimen was repeatedly subjected to cyclic loading and wetting, the progressive
saturation and reductions in Bishop’s stress and suction bonding led to subsequent increases in the

permanent strains and decreases in the resilient modulus.

A predictive framework was then proposed using (i) a hysteretic water retention model to predict water retention
behaviour and suction variations during cyclic loading and (ii) semi-empirical formulations incorporating
Bishop's stress and the bonding parameter to predict the accumulated permanent strain and resilient modulus. The
predicted and experimental data were in good agreement showing that the proposed approach was able to account
for the effects of the hydraulic history on the coupled water retention and cyclic behaviour of the tested soil. This
allows considering the coupled effect of cyclic traffic-induced and environmental loads on the long-term
performance of unsaturated formation materials and developing strategies to mitigate the climate-risks for the

design of road and railway embankments, leading to more sustainable construction of transportation infrastructure.
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