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ABSTRACT 

This paper presents the results of laboratory testing of a clayey soil taken from a road 

subgrade in Tanzania. The results revealed a reduction in the soil water retention 

capacity, accompanied by shifts in the water retention curves with successive cycles. 

These changes affected the soil response to shear loading, resulting in decreased 

shear strength and stiffness with hydraulic cycles. While the soil experienced suction 

losses due to desiccation cracks and hysteresis effects, these suction variations alone 

could not account for the observed changes in shear strength, implying that the 

development of desiccation cracks contributed to reduced strength and stiffness. The 

results showed that the degradation effect of crack development on the shear strength 

and elastic modulus of the soil during hydraulic cycles could be justified using a 

macroscopic degree of saturation, i.e. the degree of saturation of large pores external 
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to the aggregates, through a microstructural-based effective stress approach. This 

allowed the increase in the large pores resulting from crack development to be 

accounted for and hence the successive reductions in shear strength and stiffness 

with drying-wetting cycles. These deterioration effects need to be considered for 

design of geotechnical infrastructure to ensure stability, and resilience of infrastructure 

over time. 
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1.0  INTRODUCTION 

Compacted soils that usually form the foundation bed of linear infrastructure such as 

roads and railways can remain unsaturated during their service life, particularly in 

tropical climatic regions, and are often exposed to atmospheric interactions. These 

soils undergo drying and wetting due to environmental loading brought about by 

weather events. This hydrological change causes many geotechnical problems such 

as shrinkage settlement due to extreme drying and shear strength failure due to 

intense rainfall, leading to premature loss of serviceability of infrastructure and causing 

huge distress to the economy (Ng and Pang 2000; Tang et al. 2011; Goh et al. 2014; 

Toll 2015; Mendes and Toll 2016; Stirling et al. 2021; Xu et al. 2021). The response of 

unsaturated soils to hydro-mechanical loading is dependent on soil water retention 

properties, i.e. soil suction and water content (Toll 1990; Wheeler 1996; Gallipoli et al. 

2003; Azizi et al. 2023a). The drying and wetting cycles can alter the soil fabric 

associated with volumetric expansion – contraction (Lloret et al. 2003; Airò Farulla et 

al. 2010; Azizi et al. 2020b) and crack development (Albrecht and Benson 2001; Yu et 

al. 2021; Xu et al. 2022). These changes in the microstructure and macrostructure of 
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soils influence the pore pressure regime, water distribution, and the development of 

suction, which ultimately govern the soil strength in unsaturated conditions. Therefore, 

understanding the performance of linear infrastructure requires assessment of the 

effects of drying and wetting cycles on water retention properties and mechanical 

characteristics of compacted soils forming their substructure. 

Soil's capacity to develop the suction-induced strength is dependent on the hydraulic 

history while soil water retention capacity evolves during drying and wetting cycles 

leading to subsequent changes in the mechanical behaviour of unsaturated soils. 

Several researchers (e.g. Fredlund and Xing 1994; Goh et al. 2014; Azizi et al. 2020b; 

Mu et al. 2020) reported that major hysteresis and evolution of the soil water retention 

behaviour occurs during the initial cycles of drying-wetting while these alterations 

become negligible in the following cycles due to the soil fabric reaching a stable state. 

Besides this, desiccation cracking is commonly observed in soils containing an 

appreciable proportion of fines while the extent of cracking is dependent on the water 

content and the evolved suction associated with drying-wetting cycles (Fredlund and 

Rahardjo 1993; Zuo et al. 2016; Albrecht and Benson 2001). It has been pointed out 

that subsequent drying and wetting under field environmental conditions are the main 

triggering factors for the development of cracks that can lead to the reduced strength 

of the soil matrix (Hen-Jones et al. 2017; Yu et al. 2021). Azizi et al. (2018; 2020b) 

and Stirling et al. (2021) tested clayey soils and reported the development of 

microcracks within the soil due to alternate drying and wetting cycles results in micro-

structural changes in terms of the pore size distribution, which eventually affect the 

hydro-mechanical properties of soils. Although the influence of soil water retention 

properties and crack development on the soil strength have been discussed, the 

dominant mechanism causing the strength degradation of soils under hydraulic cycles 
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considering the combined effects of evolving suction and desiccation cracking have 

not been explicitly addressed.  

This study provides evidence of the deterioration effects of drying-wetting cycles on 

both the hydraulic and the mechanical behaviours of a compacted soil, providing 

insights into the interrelation between these two aspects. First, the compaction 

characteristics of soil samples are discussed when the samples were subjected to 

various numbers of drying and wetting cycles. Next, the water retention response in 

terms of the soil water retention curve and the shrinkage curve, and the evolution of 

suction with water content of dried and wetted samples are considered. Thereafter, 

constant water content triaxial tests were performed on as-compacted, dried and 

wetted samples. The obtained experimental results were examined to establish a link 

between wetting and drying processes and the changes in soil water retention 

capacity, shear strength and stiffness. 

 

2.0 MATERIAL AND SAMPLE PREPARATION 

Soil samples were recovered from the subgrade layer of a low-volume road in the 

Lawate region located in the North-East part of Tanzania. Most low volume roads in 

the rural area of Tanzania are unpaved or sealed with poor surfacing. Therefore, these 

roads are exposed to atmosphere interactions and can deteriorate due to changing 

weather conditions while requiring frequent maintenance over their service life 

(Chinowsky et al. 2013). The material recovered was a clayey soil containing 43% 

clay, 44% silt, and 13% sand. A significant clay content suggests that the subgrade 

material can be highly susceptible to fluctuations in the moisture content induced by 

seasonal variations. The liquid limit, plasticity limit and specific gravity (BS 1377-2, 
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1990) of the air-dried natural soil are 51.4%, 34.9% and 2.66. The material was oven-

dried for 24h, then mechanically ground prior to sample preparation. The Atterberg 

limits of the oven-dried samples were also measured, and the liquid limit was found to 

be 47.2% and the plastic limit 32.5%. This showed that oven-drying did not significantly 

affect the consistency limits of the tested soil. The optimum water content of 24% and 

the maximum dry density of 1.62 Mg/m3 were obtained by standard Proctor 

compaction following BS 1377- 4 (1990). 

The oven-dried soil powder was mixed with distilled water equivalent to the optimum 

water content and sealed in a plastic bag for 24h for water homogenisation. Next the 

wet soil was statically compacted in 4 layers to form cylindrical samples of 38 mm in 

diameter and 76 mm in height where a dry density of 1.54 ± 0.02 Mg/m3 was achieved.  

A cross grooving was made at the soil surface after the compression of each layer to 

ensure a good contact between layers and prepare a uniform sample. The rate of 

application of the axial displacement during compaction was maintained very low (0.15 

mm/min) to avoid the development of any excess pore-water pressure that might affect 

the sample homogeneity. The sample was removed from the cylindrical brass mould 

by using a rate controlled mechanised sample extruder having a piston with a diameter 

of 37 mm. The compacted samples were then sealed in plastic bags while their weight 

and dimensions were carefully recorded at certain time intervals. No volume change 

was recorded after about 24h while the weight of the samples remained constant. 

Table 1 gives the details of the tested samples. 

 

3.0 TESTING PROCEDURE 

3.1. Drying and wetting 
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The compacted samples were subjected to alternate cycles of drying and wetting (up 

to 6 cycles) to mimic the effect of repeated evaporation and precipitation under field 

conditions. As shown in Figure 1a, the drying path was imposed by air-drying at a 

constant temperature of 20°C (±0.5°C) and a relative humidity of 39% in a laboratory 

environment (to achieve a suction s ~ 132 MPa). The water content was decreased 

until the attainment of a residual water content condition for each step of the drying 

process. The wetting path was imposed by placing the sample in a closed chamber at 

a high relative humidity (close to 100%) as shown in Figure 1b (following the approach 

explained in Kumar et al. 2022).  

This process of vapour absorption, with a small amount of capillary absorption from 

condensation, should lead to homogeneous distribution of water across the sample. 

However, samples were then sealed in a plastic bag for at least 48h to ensure water 

homogenisation. The rate of evaporation during drying and water absorption during 

wetting remained consistent across all samples. The duration of wetting or drying 

process varied depending on the initial water content of the samples, as samples with 

different water content possess varying permeability values. The wetting process 

varied between 5 hours to 150 hours. In the case of a fully air-dried sample, it took 

about 105 hours to wet up to a water content of 15% and 150 hours to attain a water 

content of 24%.  

The weight and dimensions of the sample were frequently measured (an average time 

interval of 4 hours) during drying and wetting using a digital balance (with a precision 

of 0.0001g) and a calliper (with a precision of 0.01 mm), respectively. As samples 

maintained a uniform cylindrical shape, volume measurements were achievable by 

measuring the dimensions of the samples. The diameter of the samples was 

measured at three locations including mid and end portions while the height of the 
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sample was measured at two locations in diametrically opposite directions. The 

samples were relatively stiff therefore no disturbance was observed during this 

process. After each cycle of drying and wetting, the sample was kept in a plastic bag 

for at least 48h for water homogenisation. Similar methods for volume measurements 

for water retention testing were adopted by Azizi et al. (2020a), Azizi et al. (2023), Dias 

et al. (2023) and Li et al. (2023). 

As shown in Table 1, the samples used for testing had different water contents as they 

were preserved and collected from distinct stages along the imposed drying or wetting 

paths, ranging from the 1st to the 6th hydraulic cycle. 

  
(a) (b) 

Fig 1. Applying drying and wetting to the compacted sample  
(a) air drying (b) wetting in a chamber 

 

Figure 2a shows the variation of the water content for one of the samples under 6 

drying and wetting cycles. “As” indicates the as-compacted state, and “D” and “W” 

indicate the drying and wetting cycles from 1st to 6th cycle. The drying paths were 

continued until the attainment of a stable water content at a fully air-dried state (wavg = 

1.5%) and the wetting paths were imposed until the water content reached around the 

initial water content of the samples (wavg = 24%).  
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(a) (b) 

Fig 2. (a) Variations of water content with wetting and drying paths (b) Volumetric 
strains along one cycle of drying and a wetting  

Figure 2b shows the measured volumetric strain 𝜀𝜀𝑣𝑣 and gravimetric water content 𝑤𝑤 

with respect to the elapsed time during one cycle of drying and wetting. During the 

drying process, the contractive volumetric strain (positive) during shrinkage stabilised 

(within 75h) earlier than the variation of the water content that stabilised within 180h 

of air-drying. This is likely because the deformation took place primarily due to the fast 

surficial evaporation and diminished during the delayed central core drying. The 

measured volumetric expansion (negative volume strain) during wetting was more 

consistent with the rate of the increase in the water content as water condensation 

caused by a high relative humidity air around the soil sample increased the water 

content across the sample more homogeneously. The sample indicated irreversible 

volume changes exhibiting a contractive volumetric strain of +6.5% at the end of the 

1st drying path and an expansive volumetric strain of -2.8% at the end of the 1st wetting 

path. 

 

3.2. Water retention testing 
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Several samples were used for determination of the water retention properties (suction 

and water content) of the tested soil. These samples were taken at certain water 

content values along 1st, 3rd, and 6th cycle of drying or wetting paths. The suction was 

measured on a cut portion of the sample core using a dew point potentiameter (WP4C) 

with an accuracy of ±0.05 MPa from 0 to 5 MPa and 1% from 5 to 300 MPa (ASTM 

D6836, 2002; Meter 2018) while the water content was obtained by weight 

measurements. The suction considered in the analysis is total suction as measured 

by WP4C. Therefore, the individual effects of osmotic and matric suction were not 

specifically examined. 

3.3. Triaxial testing 

The other samples were used for triaxial testing where the water drainage was closed 

during compression and shearing (constant water content condition). The shear 

behaviour of 26 samples at different water content levels along the drying and wetting 

paths was investigated at a constant confining pressure of 25 kPa which is a typical 

confining stress present at the subgrade layer of low-volume roads. An axial 

displacement rate of 0.063 mm/min was imposed during shearing. The water content 

and suction measurements were carried out using the core portion of the samples 

recovered immediately at the end of the triaxial tests. It was then assumed that the 

suction measured at the end of the test represents the suction level during shearing 

as a very low permeability of the tested soil reduces the rate of the water redistribution 

and suction equalisation within the samples. 

 

4.0 RESULTS 

4.1 Volumetric behaviour  
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Figure 3 shows the hydraulic path applied and the volumetric strains of all samples 

measured after they were subjected to different numbers of drying and wetting cycles. 

The samples were taken at different water content values along the drying and wetting 

paths that lead to development of compressive (negative) or expansive (positive) 

volumetric strains, respectively. The samples showing small volumetric strains are 

those with the water content values close to the initial water content at the as-

compacted state and the samples showing greater volumetric strains are those at drier 

or wetter states compared to their initial water content. 

 

 
Fig 3. The volumetric strains measured along the applied hydraulic loading paths 

 

For the samples subjected to one cycle, the volumetric strains showed that the dried 

samples (1D) experienced contractive volumetric strains while the wetted samples 

(1W) mostly exhibited expansive volumetric strains regardless of their water content 

levels. The volumetric strains showed a gradual increase from the 1st to the 3rd cycle, 
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with a growing tendency for the samples to exhibit contractive strains. These 

irreversible volumetric strains developed during initial drying and wetting cycles are 

likely to be due to fabric rearrangement during suction changes or the development of 

micro-cracks within the aggregate structure of the samples as also discussed by Cui 

et al. (2002), Nowamooz and Masrouri (2009) and Azizi et al. (2020b).  

However, the expansive volumetric strains further increased during the subsequent 

drying and wetting cycle, particularly noticeable in the samples exposed to 6 cycles of 

drying and wetting (6D/W). It can be observed that even the samples dried to the target 

water contents failed to recover any contractive strains during the shrinkage process. 

No visible cracks on the samples were observed during the initial drying-wetting cycles 

(after applying 1st and 3rd drying) as shown in Figures 4a and 4b. However, the micro-

cracks developed during initial cycles occasionally became apparent surficial cracks 

after about 4 cycles of drying and wetting (see the surficial cracks on the body of the 

sample subjected to 6th drying as shown in Figure 4c). 

It should be noted that the visible cracks on the sample likely developed during the 

drying process. This is mainly due to the shrinkage of the sample and the presence of 

the boundary condition on the sample body that developed non-homogenous stress 

state thereby producing tensile local stresses and cracking.   

The presence of surficial cracks and internal discontinuities within the soil mass 

seemed to increase the tendency of the samples to exhibit expansive volumetric 

strains while reducing their inclination to develop contractive strains between the 3rd 

and 6th cycles. It is worth noting that the appearance of these cracks mostly occurred 

during 3rd and 5th cycles while no further crack development was detected during the 

subsequent cycle. 
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(a) (b) (c) 

Fig 4. The condition of the dried samples (a) after applying 1st drying (b) after 
applying 3rd drying (c) after applying 6th drying 

 

Figure 5 shows the compaction curve for the tested soil together with the water content 

and density state of all samples used for triaxial testing (after compaction and applying 

drying and wetting cycles) in terms of the dry density (𝜌𝜌𝑑𝑑) and water content (𝑤𝑤). This 

indicates how the state of the sample changes due to volumetric expansion-

contraction when they were subjected to cycles of hydraulic loading. Although the 

samples were prepared at a constant dry density of about 1.54 Mg/m3, the cycles of 

drying and wetting changed the dry densities of the compacted samples due to 

volumetric expansion and contraction brought about by adsorption and desorption of 

water as discussed earlier.  

The dried samples lay close to the dry side of the compaction curve as their water 

contents decreased during drying, accompanied by an increase in suction (as 

indicated by the labels of the data points in Figure 5). The wetted samples lay close to 

the wet side of the compaction curve as their water contents increased during wetting, 

accompanied by a decrease in suction.  
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The samples subjected to one cycle (1st drying or wetting, 1D/W) showed transitions 

between the dry and wet sides of the optimum water content due to dying and wetting, 

following a trend within an area defined as Zone I as shown in Figure 5. The samples 

subjected to 3 drying-wetting cycles (3rd drying or wetting, 3D/W), showing greater 

volumetric contractions along the hydraulic paths, lay within the area defined as Zone 

II which had higher density values compared to Zone I, and samples subjected to 6 

drying-wetting cycles (6th drying or wetting, 6D/W), showing increased volumetric 

expansions after 4 cycles, lay within Zone III which represented lower density 

compared to the other zones.  

 

 
Fig 5. The compaction state of the as-compacted, dried and wetted samples 

 

The results imply that the density and water retention state of the tested soil changes 

due to the fabric change and development of the cracks with drying and wetting cycles. 
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As a consequence, the density increases from 1st to 3rd cycle while it reduces when 

the soil is subjected to 6 cycles.  

 

4.2 Water retention behaviour 

Figures 6 show the experimental water retention and shrinkage data for different 

cycles of drying and wetting and the curves fitted to experimental data generated by 

the van Genuchten (vG) model (van Genuchten, 1980). The least squares method of 

curve fitting was used to obtain the parameters of the vG model. The water retention 

experimental data indicated hysteretic water retention behaviour between the drying 

(Figure 6a) and wetting (Figure 6b) paths.  

  
(a) (b) 

  



15 
 

(c) (d) 

Fig 6. The water retention experimental and modelling data (a) 𝑤𝑤 - 𝑠𝑠 along the 
drying path (b) 𝑤𝑤 - 𝑠𝑠 along the wetting path (c) 𝑒𝑒 - 𝑤𝑤 along the drying path (d) 𝑒𝑒 - 𝑤𝑤 

along the wetting path 
 

Two different water retention trends can be observed in both datasets along hydraulic 

cycles. The results indicated a progressive suction loss with drying-wetting cycles for 

suction levels s > 4.5 MPa where the shift of the water retention curve to the lower 

suction levels was slightly more evident from 1D (or 1W) to 3D (or 3W) compared to 

the shift from 3D (or 3W) to 6D (or 6W).  

For suction levels s < 4.5 MPa, the trend was different, particularly for the drying paths 

(Figure 6a), where the water retention capacity increased from 1D to 3D as the water 

retention curve shifted upward. It then decreased from 3D to 6D associated with the 

downward movement of the curve. This can also be observed in terms of the saturated 

water content (𝑤𝑤𝑠𝑠) where it increased (24.5 % to 26.5 %) from 1D to 3D followed by 

the decrease in the saturated water content (26.5 % to 25%) from 3D to 6D. Similar 

changes in the saturated water content can be seen during wetting cycles although 

they were not as evident as the drying cycles. 

It can be pointed out that for s > 4.5 MPa, the micropores within the clay aggregates 

would govern the evolution of the suction (Romero et al. 2011) and hence the soil 

water retention capacity reduces because of the decrease in the size of the aggregates 

or the breakage of the aggregates into smaller pieces due to progressive development 

of microcracks during drying-wetting cycles (Azizi et al. 2020b; Stirling et al. 2021). 

Also, it can be stated that the effect of hydraulic hysteresis reduces with an increase 

in the number of drying and wetting cycles (Wen et al 2021). This is mainly because 
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the suction within the clay aggregates tended to stabilise with initial cycles and did not 

seem to be significantly affected by the surficial cracks with further cycles.  

For s < 4.5 MPa, the water retention behaviour would be governed by macropores 

where the saturated water content of the sample increased from 1st to 3rd cycles. This 

increase can be attributed to the volumetric expansion observed at the end of the 2nd 

wetting path which increased the pore space within the soil mass, facilitating further 

accumulation of water at low suction levels along the 3rd cycle. At these suction levels, 

the desiccation cracking observed on the surface of the sample subjected to 6 cycles 

also affected the water retention capacity. As these surficial cracks are of equivalent 

size to larger pores, the suction levels applied during wetting were not low enough to 

make these large pores retain water. This resulted in the reduction of the water 

retention capacity of the soil associated with the reduction in the saturated water 

content of samples subjected to 6 cycles compared to those subjected to 3 cycles.  

Figure 6c shows the experimental shrinkage curve data for cycles of drying (Figure 

6c) and wetting paths (Figure 6d). As the water content increases, all samples tend 

towards the saturation line. However, the position of the shrinkage curves varies 

among samples subjected to different cycles. Samples experiencing initial hydraulic 

loading cycles, from the 1st to the 3rd cycles, exhibit a reduction in void ratio, placing 

the shrinkage curve of 3D (or 3W) below that of 1D (or 1W). This is attributed to the 

accumulation of compressive volumetric strains during the initial cycles, as previously 

discussed with respect to the state of the samples shown in Figure 5. On the other 

hand, the shrinkage curves of the samples subjected to the 6th cycle lie above those 

of samples subjected to the 1st and 3rd cycles due to an increase in the void ratio 

resulting from soil volume expansion during subsequent cycles. This is evident in the 

increase of the void ratio values at the driest state, where the average void ratio rises 
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from 0.57 to 0.67 from 3D to 6D samples. This pattern is primarily due to the reduced 

capacity of the soil to recover its contracted volume, due to the development of micro-

cracks and visible surface cracks. 

Figure 7 shows the suction loss (∆𝑠𝑠) resulting from the well-known hysteretic 

characteristics of the soil water retention behaviour (Hillel 1998) where ∆𝑠𝑠 refers to the 

suction difference between the drying and wetting paths at the same water content 

level. The amount of ∆𝑠𝑠 increased with a decrease in the water content but decreased 

from 1st to 6th cycle, implying that the hysteresis evolved with hydraulic cycles. It is 

noticeable the reversal in the shape of the ∆𝑠𝑠 curves at high water contents for the 3rd 

and 6th cycle, that can be attributed to cracking. Besides ∆𝑠𝑠 caused by hysteresis, the 

suction loss from 1st to 6th cycle due to the shifts in either the drying or wetting curves 

is also shown in Figure 7, i.e. the difference between suctions at the 1st and 6th cycle 

(either the drying or wetting paths) at the same water content level. This latter suction 

loss was induced by the combined effects of fabric changes and crack development 

during hydraulic cycles which altered the water retention properties of the tested soil, 

leading to suction loss that is as significant as the hysteresis phenomenon. These 

reductions in soil water retention capacity and suction generation were also reported 

at a field scale, where smaller suctions were gradually developed within earth 

structures subjected to seasonal variation for the same change in soil water content 

(Stirling et al. 2021; Rouainia et al. 2021). Such changes contribute to the degradation 

of soil hydro-mechanical properties, resulting in the deterioration of earthworks made 

of compacted soils and an increase in failure rates of transportation infrastructure 

(Briggs et al. 2023).  
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Fig 7. Suction loss due to hysteresis and shifts in the water retention capacity with 

drying and wetting cycles  

 

Figures 8a and 8b show the experimental water retention data in terms of degree of 

saturation and suction for different cycles of drying and wetting and the curves 

predicted the vG model. Table 2 shows the values of the model parameters used to 

simulate the drying and wetting experimental data. The degree of saturation curves 

provide insights into how water occupies pore volume within the soil matrix, making it 

more reliable for assessing and predicting soil water retention relationships under 

varying void ratio (Pasha et al. 2016). However, when water exists in the absorptive 

regime, the suction is largely controlled by water content (Romero et al. 2011; Azizi et 

al. 2020b; Dias et al. 2023) and less influenced by density (or degree of saturation), 

as density is controlled by the presence of air-filled macro voids that do not influence 

suction. Nevertheless, in the capillary regime, at low suctions, the macro voids can 

become filled and thus affect the water retention behaviour.  
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Although full saturation was not achieved because the minimum suction reached at 

the end of wetting was not low enough to fully saturate the large pores and the cracks 

that formed during drying and wetting, the shifts observed in terms of gravimetric water 

content are also evident in Figures 8a and 8b where the water retention curves are 

shown in terms of degree of saturation. These shifts indicate a reduction in water 

retention capacity with drying-wetting cycles that is not attributable to the influence of 

void ratio changes. For instance, from the 1st to the 3rd cycles, samples experienced a 

decrease in void ratio, as discussed earlier. It was expected that the water retention 

curves would shift towards higher suctions with an increase in the air entry value. 

However, in this study, the water retention curve shifts towards lower suction levels 

from 1D (or 1W) to 3D (3W), mainly due to microstructural changes taking place in the 

soil fabric that dictate the water retention behaviour rather than the overall 

macroscopic void ratio (Azizi et al. 2020b).  

  

(a) (b) 
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(c) (d) 

Fig.  8. The water retention experimental and modelling data (a) 𝑆𝑆𝑆𝑆 - 𝑠𝑠 along the 

drying path (b) 𝑆𝑆𝑆𝑆 - 𝑠𝑠 along the wetting path (c) air entry value (d) air occlusion value 

 

On the other hand, the samples subjected to 6 cycles, exhibiting an increase in void 

ratio, also exhibit shifts towards lower suction levels with a decrease in the air entry 

values. This trend can be explained by the impact of the void ratio, as crack 

development and volumetric expansion during further hydraulic cycles introduce more 

voids into the soil which lead to the increase in the void ratio and the decrease in the 

water retention capacity (Gallipoli et al. 2003; Tarantino 2009; Azizi et al. 2023b). The 

successive reduction in the air entry values, determined from water retention curves 

presented in terms of degree of saturation, from the 1st to the 3rd cycles, and then to 

the 6th cycles, can be observed in Figure 8c. A similar trend, with lesser variations, 

was observed for air occlusion values obtained along the drying and wetting cycles 

(Figure 8d). 

 

4.3 Shear strength behaviour 
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Figure 9 shows the stress-strain behaviour of the dried and wetted samples during the 

1st hydraulic cycle in terms of deviatoric stress 𝑞𝑞 and axial strain 𝜀𝜀𝑎𝑎. Figure 9a shows 

that the peak deviatoric stress increased from 2.16 MPa to 4.82 MPa with the decrease 

in the water content from 20.6% to 16.2% during drying. Consequently, as the water 

content of the wetted samples increased from 17.6% to 22.1% during wetting, the peak 

deviatoric stress decreased from 2.66 MPa to 0.72 MPa as shown in Figure 9b. At the 

same water content levels, the wetted samples showed lower strength values when 

compared to the dried samples. Similar trends were also observed in samples 

subjected to 3 and 6 drying and wetting cycles. 

 
 

(a) (b) 
Fig 9. The deviatoric stress and axial strain during the 1st cycle  

(a) dried samples (1D) (b) wetted samples (1W)  
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Fig 10. The peak deviatoric stress and water content for all sample  

 

Figure 10 shows the variation of the peak deviatoric stress 𝑞𝑞𝑝𝑝 with respect to water 

content 𝑤𝑤 for the samples subjected to the 1st and 6th cycles including 1D, 1W, 6D and 

6W. The results indicate that 𝑞𝑞𝑝𝑝 was not only dependent on the water content of the 

samples but also on the hydraulic history which affected how the suction evolved 

within the soil as will be discussed in the following. The peak strength reduced from 

the drying to the wetting paths, i.e. from 1D to 1W and from 6D to 6W. Also, 𝑞𝑞𝑝𝑝 

decreased from the 1st cycle to the 6th cycle, i.e. from 1D to 6D and from 1W to 6W. 

Figure 11a shows the stress-strain behaviour of an as-compacted sample (As) with   

𝑤𝑤 = 23.9% and samples dried to water contents of 20.6% and 16.2% during the 1st 

cycle (1D) and 16.3% during the 3rd cycle (3D). The peak deviatoric stress of the As 

and 1D samples increased from 1.91 MPa to 4.82 MPa with an increase in the suction 

(𝑠𝑠) from 2.74 MPa to 16.1 MPa during drying. The soil became stiffer and brittle with 

an increase in 𝑠𝑠 due to the bonding effect brought about by suction increments. 

However, the dried sample during the 3rd cycle (3D), despite having a similar water 

content to the driest 1D sample (𝑤𝑤 = 16.2-16.3%), exhibited a reduction in peak stress 

from 4.82 MPa to 3.42 MPa. This decrease can be attributed to the loss of suction 

from 1D to 3D, where the suction decreased from 16.1 MPa to 9.53 MPa, despite 

similar water content levels. This suction loss is consistent with the shift of the drying 

water retention curves with successive cycles observed for a suction range greater 

than 4.5 MPa as discussed earlier. Similar response of strength degradation due to 

the development of desiccation cracks were reported by Tang et al. (2020) for high-

plasticity clay.  
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Figure 11b shows 𝑞𝑞-𝜀𝜀𝑎𝑎 behaviour of samples subjected to 1st drying (1D), 1st wetting 

(1W), 3rd drying (3D) and 6th drying (6D) cycles having water contents of 20.1%, 

18.7%, 21.7% and 21.6%, respectively. Comparing 1D to 1W, the wetting phase 

reduced the soil suction from 5.08 MPa to 2.99 MPa due to the hysteresis of the water 

retention behaviour, leading to the reduction of the peak strength from 2.6 MPa to 1.7 

MPa. On the other hand, the dried sample subjected to 3 cycles (3D) exhibited a peak 

strength similar to 1W as the suction level of both samples were about 3 MPa.  

 

  
(a) (b) 

Fig 11. The deviatoric stress and axial strain for (a) as-compacted, 1D and 3D 
samples (b) 1D 1W, 3D and 6D samples 

 

The results discussed above suggest the shear strength of the soil depends on the 

suction levels within the samples which undergo changes during the drying and 

wetting processes. These changes lead to suction losses because of the hysteresis 

observed between the drying and wetting paths, as well as the shifts in the water 

retention capacity with successive cycles. However, it is noteworthy that the samples 

subjected to 6 cycles showed lower peak strength levels compared to those subjected 

to a lower number of cycles at the same suction levels. For example, as shown in 
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Figure 10b, 6D exhibited a lower peak deviatoric stress (1.41 MPa) despite having a 

higher suction level compared to 1W and 3D. This implies that the reduction in the 

strength observed in samples subjected to 6 cycles is not only attributable to the 

suction loss but also the development of micro-cracks as discussed in section 5. 

 

4.4 Stiffness behaviour 

Some researchers, e.g. Fredlund et al. (1975), Ng et al. (2009) and Lu and Kaya 

(2014), have noted that the stiffness properties of unsaturated soils depend on their 

suction level. However, the stress-strain relationships observed in some of the 

samples during shearing, shown in Figures 9 and 11, suggest that the stiffness of the 

tested soil may not be solely dependent on soil suction levels (or water content levels). 

For instance, in Figure 11b, the peak strengths of 3D and 1W having a similar suction 

(about 3 MPa) were found to be at the same level but they took place at different 

strains implying the stiffness of these two samples was different.  

It has to be pointed out that the soil stiffness depends on both strain and suction levels. 

However, the above-mentioned observation on the stiffness was found to be 

consistent regardless of the strain level. As this study aimed to highlight the effect of 

hydraulic cycles on the evolution of stiffness, the elastic modulus E50 was determined 

as the slope of the deviatoric stress–axial strain plot corresponding to 50% of the 

maximum deviatoric stress that the samples reached before failure.  

Figure 12 shows the relationship between E50, water content and hydraulic paths for 

samples subjected to 1 and 6 cycles while the suction values are shown as labels of 

the data points. The results indicated a general reduction in E50 with an increase in the 

water content and the hydraulic cycles. The wetted samples showed lower E50 values 
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compared to the dried samples at the same hydraulic cycle due to the lower suction 

and more ductile behaviour of the samples under wetting conditions (Wheeler et al. 

2003; Khoury and Zaman 2004). E50 also decreased when samples were subjected to 

a higher number of hydraulic cycles. However, when comparing the results of 1st and 

6th cycles, the suction level is not exclusively explaining the changes in E50. For 

example, 6D with s of 3.86 MPa (or 6W with s of 4.05 MPa) exhibited lower E50 than 

1D with s of 3.61 MPa (or 1W with s of 2.99 MPa). 

 

 
Fig 12. The elastic modulus E50 with respect to water content and the hydraulic paths 

5.0 DISCUSSION 

Figure 13a shows the peak deviatoric stress 𝑞𝑞𝑝𝑝 for samples upon various hydraulic 

paths with their suction values indicated as labels of the data points. The strength 

increased from As to 1D due to the increase in suction while the suction loss due to 

the water retention hysteresis reduced 𝑞𝑞𝑝𝑝 of 1W. Sample 3D, having a water content 

similar to 1D, exhibited a lower 𝑞𝑞𝑝𝑝 due to the suction loss resulting from shifts in the 
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drying water retention capacity. On the other hand, 3D and 3W exhibited a peak 

strength similar to that of 1W as all these three samples have a similar suction of 

around 3 MPa. In contrast, 6D and 6W, which had a higher suction level than 1W, 3D 

and 3W, showed a noticeable reduction in 𝑞𝑞𝑝𝑝.  

Figure 13b shows 𝑞𝑞𝑝𝑝 for all tested samples with respect to suction where suction 

values are plotted on the logarithmic scale to emphasise the effect of cracking on the 

shear strength of the soil. The results indicate that 𝑞𝑞𝑝𝑝 of the samples subjected to 1 

and 3 cycles was primarily governed by the suction level with 𝑞𝑞𝑝𝑝 increasing as the 

suction level rises. However, 𝑞𝑞𝑝𝑝 of the samples subjected to 6 cycles clearly lie below 

the envelop in which the suction dependent strength behaviour was observed. A curve 

projecting the variation of 𝑞𝑞𝑝𝑝 for the samples subjected to 6 drying and wetting cycles 

indicated a distinct reduction of about 40% when compared to the average curve 

projected for the data within the envelope. Using the logarithmic scale to present the 

suction data enhances the clarity of how drying-wetting cycles impact soil strength, 

particularly within the suction range below 6 MPa where data exhibit scattering. 

However, it is important to acknowledge that the logarithmic scale may exaggerate the 

apparent rate of the strength increase. 
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(a) (b) 

Fig 13. The relationship between the deviatoric stress at failure and  
(a) water paths (b) suction levels  

 
 

The results suggest the initial drying and wetting cycles (up to 3 cycles) reduce the water 

retention capacity and cause suction losses due to microstructural changes and 

development of microcracks within the soil. Despite these changes, the shear strength of 

the soil mass remains predominantly dependent on suction over the initial cycles regardless 

of the hydraulic path followed. During the following cycles, further development and 

propagation of prominent cracks degraded the soil and eventually brings the strength to a 

lower level compared to the soil strength measured during the initial cycles. This is 

consistent with the change in compaction characteristics of the soil with successive cycles 

as discussed earlier, i.e. the density reduces after 6 cycles. 

The strength characteristics of the tested soil are also interpreted using Bishop′s stress 

(Bishop 1959). Normal Bishop′s stress 𝜎𝜎∗ is defined as 𝜎𝜎∗ = 𝜎𝜎1+𝜎𝜎3
2

+ 𝑆𝑆𝑟𝑟𝑠𝑠, where 𝜎𝜎1 and 𝜎𝜎3 

are the net axial and radial stresses, respectively, 𝑆𝑆𝑟𝑟 is the degree of saturation and 𝑠𝑠 is the 

suction. 𝑆𝑆𝑟𝑟 is used in place of Bishop′s parameter as it describes the average stress acting 

on the soil skeleton (Jommi 2000) where 𝑆𝑆𝑟𝑟𝑠𝑠 incorporates the effect of suction bonding 
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present in unsaturated soils (Wheeler et al. 2003). The measurement of 𝑆𝑆𝑟𝑟 was not possible 

for all samples at the end of the tests as the samples with higher suction values crumbled 

during shearing rather than showing a progressive failure. Therefore, 𝑆𝑆𝑟𝑟 used for 

interpretation was measured based on the initial density of the samples before shearing, 

assuming it would remain constant during shearing as the volume change of the samples 

with very high suction levels was very small under the constant water content condition.  

Figure 14a shows the failure envelopes fitted to the data points, represented in terms of 

peak shear strength 𝜏𝜏𝑝𝑝 = 𝜎𝜎1−𝜎𝜎3
2

 and normal Bishop′s stress 𝜎𝜎∗ for all samples, including 

those subjected to 1st (1D/W), 3rd (3D/W) and 6th (6D/W) cycles. The result indicates 

changes in the failure envelop (particularly at 𝜎𝜎∗ < 4 MPa) with drying and wetting cycles 

where the peak strength reduced from 1st to 3rd cycles and then from 3rd to 6th cycles. The 

progressive degradation of the soil strength with drying and wetting cycles can be 

recognised, even during the initial cycles, when both suction and degree of saturation are 

considered for the interpretation of the shear behaviour of the tested soil. This could imply 

that the effect of the initial hydraulic cycles on the strength of the soil was not detectable, 

partially due to the varying degree of saturation among the data points. But it has to be 

pointed out that the shear strength data points show some scatter when plotted against 

Bishop′s stress which makes drawing such conclusions tentative. 
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(a) (b) 

Fig 14. (a) Peak shear strength 𝜏𝜏𝑝𝑝 and normal Bishop′s stress 𝜎𝜎∗ 
(b) Changes in apparent cohesion 𝑐𝑐𝑎𝑎 and friction angle 𝜑𝜑 with hydraulic cycles  

 

Figure 14b shows the evolution of shear strength parameters (the apparent cohesion 

𝑐𝑐𝑎𝑎 and the angle of shearing resistance 𝜑𝜑 based on 𝜏𝜏𝑝𝑝 = 𝑐𝑐𝑎𝑎 + 𝜎𝜎∗ tan𝜑𝜑) with hydraulic 

cycles. It can be observed that 𝑐𝑐𝑎𝑎 reduced from 0.51 MPa to 0.06 MPa (80% reduction) 

from 1st to 6th cycles while changes in 𝜑𝜑 with drying and wetting cycles were 

insignificant. This suggests that the development and propagation of desiccation 

cracking during drying and wetting cycles mainly contributed to the deterioration of the 

inter-particle or inter-aggregate bonding within the soil, leading to a reduction of the 

apparent soil cohesion. On the other hand, the angle of shearing resistance remained 

relatively unchanged because the particle-to-particle or aggregate-to-aggregate 

friction was not significantly influenced by the development of the cracks during drying 

and wetting cycles. 

To further explore the shear strength behaviour of the tested soils, the results were 

also interpreted in terms of the microstructural based effective stress proposed by 

Alonso et al. (2010) for modelling the behaviour of unsaturated soils. The normal 

microstructural Bishop′s stress 𝜎𝜎𝑀𝑀∗ is defined as 𝜎𝜎𝑀𝑀∗ = 𝜎𝜎1+𝜎𝜎3
2

+ 𝑆𝑆𝑟𝑟𝑘𝑘𝑠𝑠, where 𝑆𝑆𝑟𝑟𝑘𝑘 
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represents the macroscopic degree of saturation. 𝑆𝑆𝑟𝑟𝑘𝑘 is used in place of Bishop′s 

parameter assuming that the capillary effect, governing the mechanical behaviour of 

soils, is present due to water occupying macropores rather than water within 

aggregates. 𝑘𝑘 regulates the fraction of the total degree of saturation that is attributed 

to macropores. 𝑘𝑘 was independently calibrated to find the best fit for samples 

subjected to the 1st, 3rd, and 6th cycles.  

Figure 15a shows the peak shear strength 𝜏𝜏𝑝𝑝 against to the normal microstructural 

Bishop’s stress 𝜎𝜎𝑀𝑀∗ for all samples. The peak shear strength values show less scatter 

in relation to 𝜎𝜎𝑀𝑀∗ when compared to their scatter against normal Bishop′s stress 𝜎𝜎∗ 

(Figure 13a). This is particularly noticeable for 𝜎𝜎∗ < 4 MPa where the 𝜏𝜏𝑝𝑝 values of 

6D/W samples align with the 𝜏𝜏𝑝𝑝 values of 3D/W and 1D/W samples. As a result, a 

single failure line can be well-fitted to the data points in the case of 𝜎𝜎𝑀𝑀∗ (𝑐𝑐𝑎𝑎 = 0.16 MPa 

and 𝜑𝜑 = 17°). 

 

  
(a) (b) 

Fig 15. (a) Peak shear strength 𝜏𝜏𝑝𝑝 and normal microstructural stress 𝜎𝜎𝑀𝑀∗  
(b) Changes in the parameter 𝑘𝑘 with hydraulic cycles 
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Figure 15b shows the values of the parameter 𝑘𝑘 used for samples subjected to 

different hydraulic cycles where 𝑘𝑘 increases with successive drying – wetting cycles. 

The increase in 𝑘𝑘 from 1.1 to 2.5 indicate a reduction in 𝑆𝑆𝑟𝑟𝑘𝑘, and in turn, a decrease in 

the degree of saturation of macropores. This is consistent with the increase in the 

volume of large pores within the soil due to the development of microcracks and 

surficial cracks during drying and wetting cycles. 𝑘𝑘 = 1.1 for the samples subjected to 

the 1st drying and wetting cycle means 𝜎𝜎𝑀𝑀∗ is similar to Bishop′s stress 𝜎𝜎∗ (𝑆𝑆𝑟𝑟𝑘𝑘 ≈ 𝑆𝑆𝑟𝑟). 

This aligns with the proposition put forth by Alonso et al. (2010), which suggests that 

for very clayey soils with aggregated structures, similar to the soil tested in this study, 

using 𝑆𝑆𝑟𝑟 as Bishop′s parameter is more suitable than 𝑆𝑆𝑟𝑟𝑘𝑘. However, 𝑘𝑘 around 1 does 

not seem to reproduce the shear strength data of the tested soils when subjected to 

further drying – wetting cycles. As crack development increases the volume of large 

pores within the soil mass and lowers the macroscopic degree of saturation, the 

contribution of the total degree of saturation requires reductions through an increase 

in 𝑘𝑘 to 2.1 and 2.5 with 3 and 6 cycles, respectively. 

The results showed the successive drying-wetting cycles led to suction losses 

associated with the shifts and reductions in the water retention capacity of the tested 

soil, alongside hysteresis effects. However, the changes in the shear strength of the 

soil could not be solely attributed to these suction losses, as the development of 

desiccation cracks also altered the fundamental properties of the soil. Nevertheless, 

the degradation effect of crack development on the shear strength of the tested soil, 

subjected to hydraulic cycles, was found to be explained by the contribution of the 

degree of saturation rather than the cracking mechanism. The effect on the shear 

strength was justified by employing the macroscopic degree of saturation through the 

microstructural-based effective stress, providing that k values change with drying and 
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wetting cycles. This accounted for the increase in the size of large pores due to crack 

development. Despite the presence of cracks from hydraulic cycles, the high level of 

suction in the soil and the capillary effect present within the pores also influence the 

mechanical behaviour of the soil.  

A similar trend was also observed in the stiffness behaviour of the tested soil. Figure 

16a shows the elastic modulus E50 against suction. Plotting suction values on a 

logarithmic scale helps to highlight the effects of drying-wetting cycles and cracks on 

the stiffness at suction levels below 6 MPa, which is not clearly visible on a linear scale 

due to the wide range of suction values involved. E50 was dependent on suction but 

also decreased from the 1st to 3rd and 6th cycles regardless of the suction levels. This 

implies that the development of microcracks during initial cycles affect the stiffness of 

the tested soil as well as surficial cracks observed along the following cycles. When 

E50 values were plotted against the normal microstructural stress 𝜎𝜎𝑀𝑀∗ (Figure 16b), a 

good correlation was observed between the two data sets. Interestingly, the same 

values obtained for 𝑘𝑘 to analyse the shear strengths effectively captured the stiffness 

values for the samples subjected to 1st cycle (𝑘𝑘 = 1.1), 3rd cycle (𝑘𝑘 = 2.1) and 6th cycle 

(𝑘𝑘 = 2.5), implying that progressive microstructural changes during the applied drying 

and wetting cycles continuously affected the stiffness behaviour of the soil.  

Various microstructural-based approaches have been proposed to explain the hydro-

mechanical behaviour of unsaturated soils, such as those by Gens and Alonso (1992), 

Alonso et al. (2010), Della Vecchia et al. (2013) and Musso et al. (2020). In the present 

study, it was found that the contribution of the microstructural aspect (in this case the 

macroscopic degree of saturation) evolved with drying and wetting cycles, requiring 

the establishment of a relationship between the microstructural framework and 

hydraulic cycles. 
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(a) (b) 

Fig 16. The elastic modulus E50 with respect to (a) suction  
(b) normal microstructural stress 𝜎𝜎𝑀𝑀∗ 

 

6.0 CONCLUSION 

The work described in this paper provides insights into the effects of drying and wetting 

cycles and desiccation cracks on the soil water retention properties, shear strength 

and elastic modulus of a compacted clayey soil taken from a road subgrade layer in 

Tanzania. The improvement in the understanding of these mechanisms will help in 

predicting the long-term performance of the compacted soils used in linear 

infrastructure under weather-driven water fluctuation due to climate changes. 

The experimental campaign included performing cyclic drying-wetting, water retention 

testing and stress-strain shearing on the samples subjected to 1st, 3rd and 6th cycles 

of drying and wetting. The results showed reductions in the water retention capacity 

of the soil accompanied by subsequent shifts in the water retention curves with 

successive drying and wetting cycles. This also affected the stress-strain response of 

the soil to shear loading where the shear strength and elastic modulus of the soil 

subsequently reduced from 1st to 3rd and 6th cycles. While the soil experienced suction 
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losses due to shifts and reductions in its water retention capacity, resulting from the 

development and propagation of desiccation cracks and the hysteresis effect between 

drying and wetting, these suction losses were not solely responsible for the observed 

changes in shear strength. For instance, certain samples subjected to 6th drying-

wetting cycles exhibited lower shear strength values than samples subjected to a lower 

number of cycles, despite having higher suction levels. The development of 

desiccation cracks played a significant role in altering the fundamental properties of 

the soil and contributed to the deterioration of its strength and stiffness. 

Nonetheless, the study revealed that the degradation effect of crack development on 

the shear strength and elastic modulus for the soil tested in this study, under the 

influence of hydraulic cycles, could be explained by considering the contribution of the 

degree of saturation rather than the cracking mechanism. This was supported by 

employing a fraction of the total degree of saturation attributed to the macrostructural 

pores (those external to the aggregates within the soil) through a microstructural-

based effective stress approach. This allowed accounting for the reduced contribution 

of the total degree of saturation to the generation of strength, attributed to the 

enlargement of large pores resulting from the development of cracks. With the 

microstructural-based effective stress approach, the successive changes in shear 

strength and stiffness with drying and wetting cycles observed in the soil could be 

effectively explained and justified. 

In conclusion, the repetitive drying and wetting cycles have a profound impact on both 

the hydraulic and mechanical properties of compacted soils, due to the fabric changes 

as well as development of desiccation cracks. These deterioration effects on soil 

characteristics can significantly influence the long-term performance of geotechnical 

structures constructed with such soils, particularly in regions prone to extreme weather 
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events or situated near water bodies. Therefore, it becomes imperative to consider the 

effects of hydraulic cycles during the design of geotechnical infrastructure to ensure 

the reliability and stability of infrastructure projects.  
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Table 1. Properties of soil sample under the constant water content condition 
Sample 

No. 

Dry Density, ρd 

(Mg/m3) 

Water content, w 

(%) 

Suction, s 

(MPa) 

Sample 

Type 

Drying-wetting sample 

1 1.54 23.5 - As 

2 1.55 23.5 - As 

Soil-water retention testing sample 

1 1.55 24.2 0.4 As 

2 1.51 25.9 0.6 3D 

3 1.51 24.4 0.44 6D 

4 1.69 4.0 128 1D 

5 1.66 2.98 129 3W 

6 1.68 2.5 132 6W 

Constant water content samples 

1 1.54 23.9 2.74 As 

2 1.56 20.6  3.61 1D* 

3 1.57 20.1 5.08 1D 

4 1.58 16.2 16.1 1D 

5 1.51 25.1 0.44 1W* 

6 1.50 26.1 0.19 1W 

7 1.55 17.6 8.95 1W 

8 1.55 18.7 2.99 1W 

9 1.50 22.1 0.71 1W 

10 1.52 24.1 0.51 1W 

11 1.52 24.6 0.04 3D* 

12 1.55 21.7 3.04 3D 

13 1.61 20.3 8.15 3D 

14 1.60 16.3  9.53 3D 

15 1.59 22.1 5.09 3W* 

16 1.56 23.3 3.00 3W 

17 1.57 25.7 0.18 3W 

18 1.50 27.1 0.14 3W 

19 1.44 30.2 0.07 6D* 

20 1.47 25.6 0.68 6D 

21 1.52 21.6 3.86 6D 
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22 1.49 21.4 4.50 6D 

23 1.48 24.6 0.18 6W* 

24 1.47 21.0 1.80 6W 

25 1.48 19.5 3.90 6W 

26 1.48 18.5 4.05 6W 

* ‘As’ indicates as-compacted state of the sample and ‘1D’ indicates the sample being air-

dried from the ‘As’ state. ‘1W” indicate the 1st cycle of wetting (after the 1st air-drying), ‘3D’ 

indicates the sample subjected to the 3rd drying path (following the second drying-wetting 

cycle), ‘3W’ indicates the sample subjected to 3 cycles of drying and wetting. Similarly, ‘6D’ 

indicates the sample is subjected to 6 drying cycles following 5 drying-wetting cycles and ‘6W’ 

indicates the sample is subjected to 6 full cycles of drying and wetting. 

 

Table 2. Parameters of the water retention model 

Hydraulic path 

vG model  

parameters 

water content  

parameters 

α n ws wr 

Drying: 1D, 3D, 6D 0.05, 0.08,0.10 1.92,1.69,1.65 24.5, 26.5, 25 1.6 

Wetting: 1W, 3W, 6W 0.10, 0.13, 0.14 1.64,1.69,1.65 24.5, 25, 24.5 1.6 
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