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1. Introduction 
 

The soil water retention curve (SWRC) is an important 

hydraulic property to reflect the soil’s capacity to store and 

release water in unsaturated state, and it is usually presented 

by the suction (matric or total suction) versus gravimetric or 

volumetric water content, or degree of saturation (Fredlund 

and Rahardjo 1993). The SWRC is very important in 

understanding and predicting mechanical behavior of 

unsaturated soils, such as, compressibility, strength and 

permeability (Alonso et al. 2013, Aqtash and Bandini 2015, 

Rahimi et al. 2015, Jeong and Kim 2017, Zhang et al. 

2018b, Gao et al. 2021). For this reason, the SWRCs had 

been attracted great attentions from the scholars over past 

years. Moreover, the factors affecting the SWRCs had also 

been extensively investigated, including soil structure (Sun 

et al. 2016), dry density (Dieudonne et al. 2017), aggregate 

size (Lipiec et al. 2007), drying-wetting cycles (Azizi et al. 

2017), etc. Besides, the microstructure effect had been 

intensively studied, and that pore size distributions (PSDs)  
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had been employed to illustrate the features of SWRC in 

recent years (Sun et al. 2016, Hou et al. 2020, Niu et al. 

2020, Zhou et al. 2021). 

Many beneficial conclusions on the SWRCs had been 

obtained from previous studies, while the measured SWRCs 

of lateritic clays are relatively few (Kew and Gilkes 2006, 

Otálvaro et al. 2015, Sun et al. 2016, Chen et al. 2019). 

Indeed, the lateritic clay, as a problematic clay for obvious 

fissures and significant shrinkage (Gidigaso 1972), had 

caused many geology hazards by the rainfall infiltration in 

its distribution regions (Li and Cameron 2002, Meshida 

2006, Chen et al. 2019, Rasool and Kuwano 2020). Besides, 

the lateritic clay is mainly distributed in tropical or 

subtropical regions, and it sometimes has high suctions (low 

water content) in ground surface, owing to the arid climates 

(Miguel and Bonder 2012). Nevertheless, the investigations 

on the SWRCs of lateritic clay at high suctions (s>50 MPa) 

in existing results is fewer (Sun et al. 2016). Therefore, it is 

necessary to study the water retention behavior of lateritic 

clay over a wide suction range.  

It is well known that the water retention behavior of 

soils is highly dependent on the soil microstructure, and the 

SWRC features can be captured well by the PSDs (Sun et 

al. 2016, Ng et al. 2016, Niu et al. 2020). Nevertheless, the 

bimodal and unimodal PSDs of natural lateritic clays from 

different countries, were reported by Miguel and Bonder 
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Abstract.  To investigate the effects of soil structrue and dry density on water retention behavior of lateritic clay over a wide 

suction range, the axial translation technique (ATT), filter paper technique (FPT) and vapour equilibrium technique (VET) were 

combined to obtain soil-water retention curves (SWRCs) of specimens with different structures and dry densities. Measured 

SWRCs indicate that the air-entry value (AEV) and descent gradient in terms of saturation degree versus suction relationship are 

smallest for undisturbed specimens, and are largest for pre-consolidated specimens. The SWRCs obtained from compacted 

specimens with different dry densities illustrate that the AEV and descent gradient of saturation degree versus suction 

relationship increase with increasing the dry density. However, the effects of soil structure and dry density on the water retention 

behavior can be negligible at high suctions, which are verified by the curves of gravimetric water content (w) verusus suction (s) 

coincided after a limiting suction for specimens with different structures and dry densities. In addition, the water retention 

behavior can be well illustrated by pore size distributions (PSDs), obtained from mercury intrusion porosimetry (MIP). The 

AEVs depend on the diameters that corresponding to dramatically increase in differential intruded void ratio. And the descent 

gradients in the saturation degree versus suction relationship depend on their distinct PSD ranges and incremental peaks in the 

dominant pore sizes. Furthermore, the consistences of the AEVs and limiting suctions, deduced from the PSDs and SWRCs, 

demonstrate that the water retention behavior is highly dependent on the PSDs, and the SWRC features can be captured well by 

the PSDs. 
 

Keywords:  lateritic clay; soil water retention curve; soil structure; dry density; pore size distribution 

 



 

Pan Jin, Wenzhan Zhen, Bo Chen, De’an Sun, You Gao and Yonglin Xiong 

(2012) and Sun et al. (2016). Moreover, the SWRCs and 

PSDs of the lateritic clay are different for samples obtained 

from different regions (Miguel and Bonder 2012, Otálvaro 

et al. 2015, Sun et al. 2016). In addition, the variations of 

PSDs with soil structure and dry density for lateritic clay, 

and the mechanism how the PSD affects the SWRCs, are 

needed to be further investigated (Otálvaro et al. 2015, Sun 

et al. 2016). Thus, it is necessary to carry out the water 

retention tests and MIP tests on lateritic clay, with different 

soil structures and dry densities, to reveal the mechanism 

that how soil structure and dry density affect the SWRCs 

can be represented by the PSDs. 

This paper presents the SWRCs of specimens with 

different soil structures and dry densities over a wide 

suction range, obtained by combining the axial translation 

technique (ATT), filter paper technique (FPT) and vapour 

equilibrium technique (VET). The effects of structure and 

dry density on the SWRCs of lateritic clay are illustrated by 

comparing the SWRCs of different specimens. Meanwhile, 

the variations of PSDs, obtained from the MIP tests on the 

specimens of lateritic clay, with different structures and dry 

densities, are intensively studied to investigate how the PSD 

affects the SWRC. Based on a close relationship between 

the SWRCs and PSDs, it can be concluded that the SWRC 

is highly dependent on its PSD, and the main features (e.g., 

AEV and descent gradient) of the SWRCs can be well 

captured by the PSDs of lateritic clay. 
 

 

2. Testing material and specimen preparation 
 

2.1 Testing material 
 

Undisturbed cubic samples (20 × 20 × 20 cm) of tested 

lateritic clay were trimmed from 1.5 m below the ground 

surface by the block sampling method, with the objective to 

reduce the effect of disturbance on soil structure. The 

detailed sampling site is located in Quzhou city, which is 

about 200 km northwest from Hangzhou, the capital of 

Zhejiang province in China. The detailed sampling site is 

shown in Fig.1. Moreover, the obtained intact natural soil 

samples are representative lateritic clay in Jinhua-Quzhou 

basin, and its basic physical properties are shown in Table 

1. Besides, the X-ray diffraction (XRD) demonstrates that 

the main mineral composition of tested lateritic clay 

contains montmorillonite, illite and kaolinite. Also, the 

hematite and gibbsitethe are detected in the tested lateritic 

clay. The X-ray fluorescence (XRF) illustrates that the 

predominant chemical oxides are silicon oxide (SiO2) and 

aluminum oxide (Al2O3), as well as a small quantity of iron 

II oxide (Fe2O3) is detected in tested clay (Wang 2020).  

 

2.2 Specimens preparation 
 

Undisturbed specimens for the tests were trimmed by 

cutting ring (d=61.8mm, h=20.0 mm), and specimens were 

saturated by the vacuum saturation technique before drying 

tests with suction-controlled methods. The aim of saturating 

specimens is to reduce the difference in initial states (e.g., 

water content, saturation degree) of undisturbed specimens 

used in the ATT, FPT and VET. Indeed, the SWRCs will be  

Table 1 Physical properties of tested lateritic clay 

Physical property Value Grain size distribution 

Specific gravity 2.73 Sand (%) 15.7 

Liquid limit (%) 41.1 Silty (%) 39.4 

Plastic limit (%) 18.5 Clay (%) 44.9 

Natural water content 

(%) 
18.2-22.7 Swelling and shrinkage 

Maximum dry density 

(Mg/m3) 
1.68 Free swelling ratio (%) 28 

Optimum water content 
(%) 

17.9 Volumetric shrinkage (%) 10 

 

 

Fig. 1 Detailed sampling site of tested lateritic clay 
 

 

obviously different for specimens with different initial 

states, caused by the difference in the PSDs (Burton et al. 

2014, Otálvaro et al. 2015, Zhang et al. 2018a). Moreover, 

the SWRCs of natural lateritic clays obtained from different 

regions were reported to be unimodal or bimodal, due to 

their different PSDs (Miguel and Bonder 2012; Sun et al. 

2016). Thus, to reduce the difference in the PSDs of natural 

lateritic specimens used in different techniques (ATT, FPT 

and VET), which may be caused by their different initial 

states (e.g., water content, void ratio, etc.), the undisturbed 

specimens are all saturated before the drying tests. 

The pre-consolidated sample was prepared as a method 

suggested by Burland (1990), i.e., the lateritic clay slurry 

with gravimetric water content of 2.0 wL (wL is liquid limit), 

was poured into a stainless-steel cylinder with the diameter 

of 15.0 cm and height of 16.0 cm. Then, the consolidation 

pressure was applied to 70 kPa (close to the dry density of 

1.50Mg/m3) by multi-stage loading. The sample was pushed 

out from cylinder after the completion of consolidation, and 

the pre-consolidated specimens were trimmed from the 

sample by cutting ring (d=61.8 mm, h=20.0 mm). Obtained 

pre-consolidated specimens were saturated at initial state, 

thus, the specimens can directly be used in the drying tests 

over a wide suction range.  

Compacted specimens were prepared as follows: de-

aerated water was sprayed on dried powders of lateritic clay 

until water content reached 12%, which is smaller than the 

optimum water content (wopt=17.9%). The reason to select 

12% as initial water content is that the water contents 

corresponding to initial dry density of compacted specimen 

at 1.65 Mg/m3 are 12% and 21%. The large soil aggregates 

will be formed when the powders are mixed with high water 

content (21%). And it is impossible to break down large soil 
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aggregates when specimens were compacted at a dry 

density of 1.35 Mg/m3. Besides, the effect of initial water 

content on the SWRCs can be eliminated after compacted 

specimens were saturated. The thoroughly mixed powder 

was sealed in plastic bags for 24 hours, to ensure added de-

aerated water distribute uniformly in the clay. Then, the 

prepared clay was placed in a molder with inner diameter of 

61.8 mm and height of 20.0 mm, and it was compacted to 

specimens with dry densities of 1.35, 1.50 and 1.65 Mg/m3, 

respectively. Because specimens compacted at the dry side 

of optimum water content exhibit bimodal PSDs (Delage et 

al. 1996), the SWRCs for soils with two pore populations 

are distinct (Zhang et al. 2018a). For this reason, compacted 

specimens in tests were all saturated by vacuum saturation 

technique before the drying tests, to ensure compacted 

specimens used in different techniques (e.g., ATT, FPT, 

VET) have the same initial states. 
 

 

3. Testing methods and procedure 
 

In order to obtain the SWRCs over a wide suction range, 

the ATT and VET were combined to control the suctions. 

Meanwhile, the FPT was employed to measure the suctions 

of specimens with different gravimetric water contents. The 

detailed procedures of above-mentioned techniques are as 

follows. 
 

 

 

Fig. 2 Pressure plate apparatus used in tests 
 

  

(a) Contact filter papers 

placed 

(b) Tested specimen placed 

  
(c) Isolate filter paper placed (d) Tested specimen sealed 

Fig. 3 Filter paper techniques 

 

Fig. 4 Vapor equilibrium technique used in tests 

 

   

Axial Translation Technique (ATT) 

The ATT is based on the principle that the matric suction 

can be controlled by the air pressure if the pore water 

pressure in the specimen is maintained to atmospheric 

pressures (Hoyos et al. 2008). Therefore, the desired 

suction can be applied by controlling the air pressure in the 

pressure plate apparatus (Fig. 2). The ATT can only control 

the suctions from 0 to 1.5 MPa, for the highest AEV of 

ceramic disk in the pressure plate apparatus is 15 bars (1.5 

MPa). During the drying tests, saturated specimen with 

cutting ring was put on saturated ceramic disk, and air 

pressures were applied by step and step. When the 

equilibriums of water and deformation were reached, the 

weight and volume of specimens were measured to 

determine the gravimetric water content and dry density 

(void ratio) at each stage. 

Filter Paper Technique (FPT) 

The FPT, as an effective way to determine matric and 

total suctions simultaneously, can measure the suctions 

from 0.1 to 100 MPa (Leong et al. 2002, Bonder and 

Miguel 2012, Sun et al. 2016). The detailed procedures in 

the tests were shown in Fig. 3, i.e., specimens were air-

dried to desired gravimetric water contents, and a single 

Whatman No.42 filter paper was inserted between two filter 

papers with larger diameters to protect the paper from 

contamination. The sandwiched filter papers were placed on 

the bottom of specimens, keeping the sandwiched filter 

papers in intimate contact with the soil specimens in a 

sealed box (see Fig. 3). At the same time, another filter 

paper was put on clean plastic strainer to measure the total 

suction. The objective of putting the plastic strainer on the 

specimen was to isolate the filter paper and specimen. The 

specimen was then sealed in lock-lock box to reach water 

and vapor equilibriums in 2 weeks at temperature of 22 ºC 

(ASTM 2007). The gravimetric water contents of the filter 

papers, water contents and volumes of soil specimens were 

measured after the suction equilibrium. According to the 

calibration curves of the gravimetric water content versus 

suction for the filter paper by Leong et al. (2002), the 

matric and total suctions of soil specimens can be calculated 

by Eqs. (1)-(3) and Eqs. (4) and (5), respectively. 

 
(1) 

  
(2) 

lg 2.909 0.0229        ( 47)f fw w   

lg 4.945 0.0673     (26 47) f fw w    
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(3) 

 
(4) 

 
(5) 

where wf is the gravimetric water content of the filter paper, 

and ψ is matric or total suction. 

Vapor Equilibrium Technique (VET) 

The VET can well control the high suctions (3.29~367  

 

 

 

MPa) by sealing specimens in the desiccators with different 

saturated salt solutions (Fig. 4). The suctions applied to the 

specimens is thorough the equilibrium of vapor potential 

between specimen and saturated salt solution in enclosed 

space (Blatz et al. 2008). The detailed relative humidity of 

saturated salt solution and corresponding suctions at 20°C 

are listed in Table 2 (Greenspan 1977).  

With the objective to decrease the suction equilibrium 

time by the VET in the drying tests, saturated specimens 

(d=61.8 mm, h=20mm) used in the VET were cut to eight 

pieces, and each two pieces were sealed in one desiccator.  

lg 5.310 0.0879          ( 26)f fw w   

lg 8.778 0.2220          ( 26)f fw w   

lg 5.310 0.0879          ( 26)f fw w   

Table 2 Saturated salt solution and corresponding suction  

Saturated salt solution RH(%) Total suction(MPa) 

LiBr 6.6 367.54 

LiCl·H2O 12.0 286.70 

CH3COOK 23.1 198.14 

MgCl2·6H2O 33.1 149.51 

K2CO3 43.2 113.50 

NaBr 59.1 71.12 

KI 69.9 48.42 

NaCl 75.5 38.00 

KCL 85.1 21.82 

Na2SO3·7H2O 90.8 13.10 

K2SO4 97.6 3.29 

  

(a) w-s curve (b) Sr-s curve 

 
(c) e-s curve 

Fig. 5 Water retention behavior of natural lateritic clay over a wide suction range technique 
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One piece was used to determine gravimetric water content, 

and the other piece was used to measure the volume of 

irregular lateritic clay. After the equilibrium of water and 

vapor was reached, the volumes of small pieces with 

different suctions were measured by the liquid 

displacement, suggested by Péron et al. (2007) and Sun et 

al. (2016). Then, the variations of gravimetric water content 

and void ratio with suction were obtained. 

Mercury Intrusion Porosimetry (MIP) 

The PSDs of specimens with different soil structures 

and dry densities were obtained by the MIP tests, and the 

procedures are as follows. (1) The representative portions of 

specimens with different soil structures and dry densities, 

were cut into small cubes with about 1cm3 in volume; (2) 

The small cubes were hydrated by the freeze-drying 

method, suggested by Griffiths and Joshi (1989) and Delage 

et al. (1996), to reduce negative influence on the 

microstructure during the specimen preparation. (3) The 

hydrated cubes were intruded by mercury from low to high 

pressures step by step, and the cumulative curves of 

intruded void ratio versus entrance pore sizes (0.005~350 

μm) can be obtained from the MIP tests. 
 

 

4. Results of SWRCs over a wide suction range 
 

4.1 SWRCs obtianed by combined techniques 
 

Fig. 5 shows the SWRCs of undisturbed lateritic clay 

specimens in the drying tests, obtained by using different 

testing techniques (ATT, FPT, VET), and the information of 

tested undisturbed specimens (dry density, void ratio) is 

shown in Table 3. The letters U, C and P in Table 3 

represent undisturbed, compacted and pre-consolidated 

specimens, respectively, and the meaning of symbols shown 

in the following figures are the same. The variations of 

gravimetric water content (w), degree of saturation (Sr) and 

void ratio (e) with the suction are shown in Figs. 5(a)-5(c), 

respectively. The coincidences of water retention (w-s; Sr-s) 

and deformation (e-s) in the overlapped suction ranges with 

different techniques, mean that the combined techniques are 

effective to measure the SWRCs over a wide suction range. 

Besides, the coincidence of matric and total suctions at the 

same gravimetric water content or saturation degree, 

simultaneously measured by FPT, indicates that there is no  

 

 

osmotic suction (salinity) existing in tested lateritic clay. 

Fig. 5 shows that the SWRCs of undisturbed specimen 

are typical curves with conventional ‘‘S’’ shape. The AEV 

and residual value deduced from the Sr-s curve in Fig. 5(b) 

are 13.2 kPa and 55.1 MPa, respectively. It is worth noting 

that the AEV and residual value were determined from the 

SWRCs by a graphical method, i.e., the reflection points of 

two tangent lines in boundary effect zone and transition 

zone, transition zone and residual zone (Sun et al. 2016). 

The gravimetric water content and saturation degree 

decrease to 1.54% and 7.91% when the suction reaches 367 

MPa. The results are close to the conclusion that the 

gravimetric water content and saturation degree of clays 

will be zero at the suction of 1000 MPa (Vanapalli et al. 

2000). Besides, Fig. 5(c) shows that void ratio decreases 

with increasing suction, and it is more obvious at low to 

medium suctions (s<1.2 MPa). The variation of void ratio 

with suction is similar with results reported by Ng et al. 

(2016) and Sun et al. (2016). It had been reported that two 

AEVs were observed in transition zone of the SWRCs from 

lateritic clays, which is caused by the bimodal PSDs of clay 

(Miguel and Bonder 2012), as well as the cracks generated 

by the shrinkage of lateritic clay specimens (Sun et al. 

2016). Indeed, if there is no fissure existing in soils, only 

one AEV can be observed for unimodal PSDs, and two 

AEVs can be observed in soils with two population of pores 

(Sun et al. 2016; Zhang et al. 2018a). For the reason that 

undisturbed specimens used in the tests are saturated and 

intact without cracks, and the saturated specimen often 

exhibits unimodal PSDs (Burton et al. 2014; Otálvaro et al. 

2015), the SWRCs of tested undisturbed lateritic clay are 

typical curve with one AEV. 

 

4.2 SWRCs for specimens with different structures 
 

Fig. 6 shows the SWRCs of specimens with different 

soil structures, which is caused by the different specimen 

preparation methods, at the same initial dry density of 1.50 

Mg/m3. Figs. 6(a) and 6(b) show that the SWRCs of 

different specimens are typical curves with conventional ‘S’ 

shape. Nonetheless, the AEVs and residual values are 

different for specimens with different soil structures. It can 

be deduced from Fig. 6(b) that the AEVs for undisturbed, 

compacted and pre-consolidated specimens are 13.2, 40.6 

and 65.4 kPa, respectively. The difference in the AEV  

Table 3 Comparing the calculated and measured suctions for specimens with different structures and dry densities 

Specimen 
Dry density 

(Mg/m3) 
e emf 

da 

(μm) 
sae 

(kPa) 
sad 

(kPa) 
dc 

(μm) 
sce 

(kPa) 
scd 

(kPa) 
dr 

(μm) 
sre 

(MPa) 
srd 

(MPa) 

U 1.51 0.812 0.708 19.8 14.5 13.2 0.25 1152 1120 0.01 28.8 55.1 

C 1.50 0.822 0.685 6.9 41.7 40.6 0.25 1152 1120 0.01 28.8 42.3 

P 1.51 0.808 0.660 4.4 65.4 68.5 0.25 1152 1120 0.01 28.8 25.4 

C1 1.35 1.022 0.764 10.9 26.4 21.8 0.32 900 800 0.01 28.8 38.1 

C 1.50 0.822 0.685 6.4 45.0 40.6 0.32 900 800 0.01 28.8 42.3 

C2 1.65 0.654 0.600 4.3 66.9 76.8 0.32 900 800 0.01 28.8 45.7 

Note: e is the void ratio measured physically from specimens; emf is the intruded void ratio by MIP; da, dr are diameters 

corresponding to AEV and residual suction value; dc is the limiting diameter corresponding to the limiting suction; sae, 

sce, sre are the suctions calculated from Eq. (6); sad, scd, srd are the suctions deduced from the SWRCs  
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among different specimens can be attributed to the 
difference in the PSDs of specimens, and the PSDs in 
compacted or pre-consolidated specimen is more uniform  

 

 

 

than undisturbed specimen. It is because the extra-

large pores in the compacted or pre-consolidated specimen 

will be eliminated by the specimen reconstruction (Burton 

  

(a) w-s curve (b) Sr-s curve 

 
(c) e-s curve 

Fig. 6 Water retention behavior of specimens with different structures over a wide suction range 

  
(a) w-s curve (b) Sr-s curve 

 
(c) e-s curve 

Fig.7 Water retention curves of specimens with different dry densities over a wide suction range 
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et al. 2014, Ng et al. 2016).  

It is worth noting that the AEV of pre-consolidated 

specimen is almost the same as its consolidation pressure. It 

is because the PSDs will be greatly affected by the applied 

loading in the early, while the AEV is highly dependent on 

the PSDs. The residual values deduced from the Sr-s curves 

in Fig. 6(b) are 55.1, 42.3 and 25.4 MPa for undisturbed, 

compacted and pre-consolidated specimens, respectively. 

The distinct difference in residual value can be attributed to 

the different loss of saturation degree with increasing the 

suction. Meanwhile, it can be seen from Fig. 6(b) that the 

descent gradient of the saturation degree versus suction 

relationship is smallest for undisturbed specimen, while it is 

largest for pre-consolidated specimen.  

It needs to note that the gravimetric water content versus 

suction relationships for different specimens are almost the 

same after the limiting suction (the suction that w-s curves 

from different specimens begin to coincide) of 1120 kPa, as 

shown in Fig. 6(a). Moreover, the difference in the 

saturation degree versus suction relationships for different 

specimens tends to be slight in the very high suction ranges 

(Fig. 6b). 

Ng et al. (2016) and Sun et al. (2016) had also reported 

that the variation of gravimetric water content or saturation 

degree with suction is the same for the undisturbed and 

compacted specimens in high suction ranges, due to the 

same distribution of micro-pores in tested clay. Besides, the 

coincidences of gravimetric water content and saturation 

degree versus suction in different specimens mean that the 

influence of soil structure on water retention behavior can 

be negligible at very high suctions, despite the effect of soil 

structure on residual value of the SWRCs cannot be 

neglected.  

Fig. 6(c) shows that the variations of void ratio with 

suction are distinct for undisturbed and pre-consolidated 

specimens. And the void ratios are largest and smallest for 

the undisturbed and pre-consolidated specimens at the same 

suction, because the minimum and maximum shrinkage 

occurred in undisturbed and pre-consolidated specimens. 

However, the variations of void ratio with suction are 

almost the same for the compacted and pre-consolidated 

specimens, and the difference in void ratio at the same 

suction is mainly caused by their different initial void ratio. 

In addition, it is worth noting that the reduction of void ratio 

is obvious at low suction ranges, while reduction is slight at 

high suctions in the drying tests. The result is consistent 

with the reduction of void ratio with suction in other clays 

(Otálvaro et al. 2015, Ng et al. 2016, Sun et al. 2016, Niu et 

al. 2020). Furthermore, the suctions corresponding to the 

change of variation tendency in void ratio is about 0.4 MPa, 

and that it is the same for specimens with different soil 

structures. 

 

4.3 SWRCs for specimens with different dry densities 
 

Fig. 7 shows the SWRCs of specimens with different 

dry densities, and gravimetric water content (w), degree of 

saturation (Sr) and void ratio (e) versus suction are shown in 

Figs.7(a)-7(c), respectively. It needs to be illustrated that 

only two suction-controlled techniques (e.g., ATT and VET) 

were used in the tests. It is because the SWRCs over a wide 

suction range can be obtained by interpolating the curves 

between suctions of 1.5 and 3.29 MPa. Fig.7(a) shows that 

although the initial gravimetric water content is highest for 

specimen with dry density of 1.35 Mg/m3, the w-s curves of 

specimens with different dry densities are coincident when 

the suction exceeds the limiting suction (s= 800 kPa). It 

means that the dry density has negligible effect on the 

gravimetric water content if suction is larger than limiting 

suction. Romemo et al. (1999) and Dieudonne et al. (2017) 

had also reported similar test results, obtained from the 

compacted Boom clay and bentonite clay. 

Fig. 7(b) indicates that the AEV is higher for larger dry 

density. It shows that the AEV increases from 21.8 to 76.8 

kPa gradually when the dry density varies from 1.35 to 1.65 

Mg/m3. Besides, the Sr-s curve of the specimen with dry 

density of 1.65 Mg/m3 beyond that of specimen with lower 

dry density at the same suction. It means that the specimen 

with higher dry density will have higher saturation degree. 

Furthermore, the descent gradient of saturation degree is 

larger for specimen with higher dry density, attributed to 

larger loss of the gravimetric water content for specimen 

with higher dry density. Despite the difference in saturation 

degree among different specimens narrows with increasing 

the suction, the difference in the saturation degree cannot be 

eliminated at high suctions, even though the suction is high 

up to 367 MPa. It is because the difference in void ratio for 

different specimens is still obvious at high suctions. At the 

same time, the residual value continues to increase with 

increasing the dry densities, the same to the conclusions 

obtained by Romero et al. (1999). The variations of void 

ratio with suction for specimens with different dry densities 

are shown in Fig.7(c). It shows that the e-s curves are 

almost parallel for specimens with different dry densities, 

despite the difference in initial void ratio is distinct for 

different specimens. It is mainly because the dry density has 

no effect on the shrinkage of lateritic clay, reported by Tan 

et al. (2015) and Wang (2020). In addition, the reduction of 

void ratio is significant at low suctions, while the loss of 

void ratio with suction can be negligible at high suctions, 

which is the same to the results obtained by Ng et al. (2016) 

and Sun et al. (2016). 

 

 

5. Results from MIP tests 
 

5.1 PSDs of specimens with different structures 
 

Fig. 8 shows the cumulative and differential intruded 

void ratio of the saturated specimens with different soil 

structures, and the detailed intruded void ratio (em) and 

measured void ratio (e) are listed in Table 3. It can be seen 

that the difference in intruded void ratio and measured void 

ratio is obvious, attributing to reason that the closed pores, 

extra-small pores (d<0.005 μm) and extra-large pores 

(d>350 μm) can't be detected by MIP (Delage et al. 1996). 

By reasons that the extra-large pores in compacted or pre-

consolidated specimens are eliminated during specimen 

reconstruction, while their intruded void ratios are also 

about 80% of measured void ratios. Therefore, it can be  
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concluded that the difference in measured and intruded void 

ratio is mainly caused by the extra-small pores, owing to the 

existing of montmorillonite and illite in tested lateritic clay. 

Lubelli et al. (2013) had also reported that the higher 

content of montmorillonite and illite, the greater difference 

in intruded and measured void ratios. In addition, a number 

of small micro-pores (d<0.01 μm) existing in tested lateritic 

clay can be verified from the MIP test results. For instance, 

the cumulative intruded void ratio continues to increase 

with increasing pressure and it is not flattening out when the 

pores less than 0.01 μm. 

The differential PSDs in Fig. 8(b) indicates that the 

PSDs of saturated specimens with different structures are all 

unimodal. Based on the diameter that corresponding to free 

or nonconstricted porosity can be selected as the delimiting 

diameter (Delage and Lefebvre 1984), and the determined 

delimiting diameter by using the above method is 0.18 μm 

for tested lateritic clay. In addition, the delimiting diameter 

for the lateritic clay from Brazil was suggested as 0.3 μm 

(Otálvaro et al. 2015). Therefore, the delimiting diameter 

for macro- and micro-pores is selected as 0.2 μm, Despite 

the unimodal PSDs exhibit in different specimens, the 

dominant PSDs are distinct for specimens with different 

structures. The distribution of dominant pore sizes for 

undisturbed specimen is wider than that of compacted or 

pre-consolidated specimen, while the incremental peak of  

 

 

 

dominant pore sizes in undisturbed specimen is obviously 

lower than that of compacted or pre-consolidated specimen. 

Meanwhile, comparing with compacted specimen, pre-

consolidated specimen has narrower distribution and higher 

incremental peak in the dominant pore sizes. 

It is worth noting that differential PSDs of undisturbed 

specimen is away from the coordinate axis of entrance pore 

diameter, which means that the pores are distributed in the 

full pore size range. By contrast, the differential PSDs of 

compacted or pre-consolidated specimens is close to the 

coordinate axis of entrance pore diameter at large pores 

(d>7 μm). The above result indicates that there are large 

pores existing in undisturbed specimens, and they are 

eliminated by the specimen reconstruction. On the contrary, 

the micro-pores are not affected by specimen 

reconstruction, which can be verified by the coincidence of 

micro-pores for undisturbed and remolded specimens. 

 

5.2 PSDs of specimens with different dry densities 
 

Fig. 9 shows the cumulative and differential intruded 

void ratio of the saturated specimens with different dry 

densities. It can be seen from Table 3 that the intruded void 

ratio is smaller than measured void ratio for all specimens, 

due to closed pores and undetectable pores by the MIP. 

Besides, the intruded void ratio increases with decreasing 

  
(a) Cumulative intruded void ratio (b) Differential intruded void ratio 

Fig. 8 PSDs of specimens with different structures 

  
(a) Cumulative intruded void ratio (b) Differential intruded void ratio 

Fig. 9 PSDs of specimens with different dry densities 
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the dry density, attributing to larger void ratio for specimen 

with lower dry density. In the same way, the cumulative 

intruded void ratio continues to increase and never flatten 

out at small micro-pores (d<0.01 μm), it further confirms 

that there are a number of undetectable pores existing in the 

specimens of tested lateritic clay. 

The differential intruded void ratio shown in Fig. 9(b) 

indicates that the PSDs of specimens with different dry 

densities are all unimodal, due to saturation of specimens. 

The dominant pore sizes are mainly distributed between 0.5 

and 10.9 μm, nevertheless, the diameters corresponding to 

dramatically increase and incremental peak in the PSDs are 

different. It is worth noting that there is slight difference in 

incremental peak for specimens with dry densities of 1.35 

and 1.50 Mg/m3. This is because many macro-pores were 

not detected in the specimen with dry density of 

1.35Mg/m3, which is verified by great difference in the 

intruded and measured void ratios (Table 3). Besides, the 

incremental peak of dominant pore sizes declines and shifts 

to left with increasing the dry density, nonetheless, the 

distributions of micro-pores are coincident for specimens 

with different dry densities. The results indicate that the dry 

density has only great effect on the macro-pores, which is 

consistent to the results obtained by Romemo et al. (1999) 

and Dieudonne et al. (2017). In addition, the variation of 

PSDs with the dry density is similar with the test results 

observed in other soils subjected higher vertical stress 

progressively (Burton et al. 2014). This is because the 

higher dry density is realized by increasing compacted force 

during specimen preparation, and the process is similar with 

applying the vertical loading on the specimens gradually. 

Therefore, variations of the PSDs with dry density and 

vertical stress are similar. 

 

 

6. Discussion 
 

The effects of soil structure and dry density on the water 

retention behavior have been intensively investigated, and 

some useful conclusions are known (Romero et al. 1999, 

Sun et al. 2016, Ng et al. 2016, Dieudonne et al. 2017, Hou 

et al. 2020). In fact, the effects of above factors on the 

SWRCs can be attributed to different microstructures in 

specimens, and it can be illustrated by the PSDs of soils. 

Furthermore, the features of SWRCs can be well presented 

by the PSDs of soils (Ng et al. 2016, Hou et al. 2020, Niu et 

al. 2020). Therefore, the influences of soil structure and dry 

density on the SWRCs can be discussed from the soil 

microstructure (e.g., PSD). 

 

6.1 Effect of soil structure on SWRCs 
 

The water in soils is expelled from macro- to micro-

pores gradually, therefore, the features (e.g., AEV, descent 

gradient, residual value) of SWRCs can be well presented 

by the PSDs (Miguel and Bonder 2012, Ng et al. 2016, 

Zhang et al. 2018a). In addition, the AEV in SWRCs is 

corresponding to the diameter at which pores dramatically 

increase in differential PSDs (Ng et al. 2016, Niu et al. 

2020). Fig. 8(b) shows that the maximum diameters (da) 

that dramatically increase in the differential intruded void 

ratio, which are corresponding to the AEV of undisturbed 

and pre-consolidated specimens, are maximum and 

minimum for three types of soil structure. Thus, the AEVs 

are lowest and highest for undisturbed and pre-consolidated 

specimens. Meanwhile, the descent gradient of saturation 

degree versus suction relationship is smallest for 

undisturbed specimen, owing to its lowest incremental peak 

of dominant pore sizes. In the same way, the largest descent 

gradient of pre-consolidated specimen can be owing to the 

highest incremental peak of differential intruded void ratio. 

In addition, when suction exceeds the limiting suction in 

Fig. 6(a), the same gravimetric water content for specimens 

with different structures can be attributed to the same 

distribution of the pores smaller than 0.25 μm in different 

specimens. 

The mercury intrusion to porous medium, is a similar 

process of air injection in saturated soils in the drying tests 

(Sun et al. 2016, Niu et al. 2020, Hou et al. 2020). Thus, the 

suctions (AEV, residual value) can be deduced from the 

corresponding diameters by the Young-Laplace equation 

(Diamond, 1970) as  

 (6) 

where s is suction; ua is the air pressure, uw is the water 

pressures; σw is surface tension at air-water interface, and it 

was treated as 0.072 N/m at 20℃ (Fredlund and Rahardjo 

1993); α is the contact angle between solid and water, and 

assumed to be 0° in the calculation; d is the pore diameter. 

The detailed maximum diameters (da) for dramatically 

increase in differential PSDs are 19.8, 6.9 and 4.4 μm for 

the undisturbed, compacted and pre-consolidated 

specimens, respectively. The corresponding AEVs can be 

calculated by Eq. (6), and the detailed suctions are listed in 

Table 3. The coincidence of AEVs deduced from PSDs and 

SWRCs (Table 3), illustrates that the AEV of specimen can 

be well captured by the PSDs. At the same time, the 

diameter where the differential PSDs of soils begin to 

coincide is defined as the limiting diameter (dc), which is 

corresponding to the limiting suction in this paper. The 

limiting diameter for the specimens with different structures 

is 0.25 μm, as shown in Fig. 8(b), which means that the 

pores smaller than 0.25 μm are the same for the specimens 

with different soil structures. Correspondingly, the 

gravimetric water content will be the same for different 

specimens when the suction exceeds the limiting suction. 

The detailed limiting suctions calculated by using Eq. (6) 

are shown in Table 3, and they are close to the suction 

deduced from the SWRCs shown in Fig. 6(a). 

The residual value is corresponding to the minimum 

diameter (dr) in dominant pore sizes for unimodal PSDs, as 

suggested by Niu et al. (2020). However, the suggestion is 

suitable for soils that the pores smaller than the minimum 

diameter of dominant pore sizes, can be negligible. On the 

contrary, numerous micro-pores existing in tested lateritic 

clay, which can be verified by tiny peak shown in micro-

pores at 0.1 μm (Fig. 8b). Thus, selecting 0.01 μm as the 

diameter corresponding to residual value is more reasonable 

(Ng et al. 2016, Niu et al. 2020). The residual values 

calculated from the PSDs are listed in Table 3, and it can be 

4 cos /a w ws u u d   
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seen from Table 3 that the residual values calculated from 

the PSDs are not close to the residual values deduced from 

the SWRCs. Moreover, the calculated residual values from 

PSDs for different specimens are identical, different to the 

residual values deduced from the SWRCs. It is because the 

effect of different relationships of saturation degree versus 

suction on the determination of residual values of lateritic 

clay, cannot be illustrated by the PSDs.  

 

6.2 Effect of dry density on SWRCs 
 

The differential PSDs in the Fig. 9(b), indicates that the 

maximum diameter for dramatically increase in the macro-

pores, corresponding to the AEV of lateritic clay, continues 

to decrease with increasing the dry density. Therefore, the 

AEV continues to increase with increasing the dry density. 

For the same reason, the descent gradient of saturation 

degree versus suction relationship continues to increase 

with an increase in the dry density, attributed to a narrower 

distribution in the dominant pore sizes. Besides, Fig. 9(b) 

shows that the differential PSDs of specimens with different 

dry densities coincide at diameter of 0.32 μm (dc=0.32 μm), 

it means that pore size (d<0.32 μm) existing in compacted 

specimens with different dry densities are identical. Thus, 

the gravimetric water content for specimens with different 

dry densities are the same when the suctions exceed the 

suction calculated from the diameter of 0.32 μm, due to the 

same distribution of pores smaller than 0.32 μm.  

As shown in Fig.9(b), the detailed maximum diameters 

for dramatically increase in differential intruded void ratio 

are 10.9, 6.4 and 4.3 μm, for the compacted specimens with 

dry densities of 1.35, 1.50 and 1.65 Mg/m3, respectively. 

And the detailed suctions (AEVs) calculated by Eq. (6), 

listed in Table 3, are close to the AEVs deduced from the 

SWRCs in Fig.7(b). At the same time, the limiting suction 

calculated from the limiting diameter (dc) are listed in Table 

3. The calculated suction is also close to the suction 

deduced from the w-s curves in Fig. 7(a). In the same way, 

the diameter corresponding to the residual value is also 

selected as 0.01 μm. Correspondingly, the residual values 

calculated from the PSDs of clays, listed in Table 3, are 

different from residual values deduced from the SWRCs. It 

needs to be emphasized that the identical residual value 

calculated from the PSDs indicates that the PSDs can't well 

capture the residual value of SWRCs for the lateritic clay, 

owing to the existence of numerous micro-pores. 
 

 

7. Conclusions 
 

The ATT, FPT and VET were combined to investigate 

the SWRCs of undisturbed, compacted and pre-

consolidated lateritic clay over a wide suction range, 

together with the PSD measurements of specimens with 

different structures and dry densities by the MIP. The main 

conclusions are as follows. 

The smooth transition of the SWRCs from low to high 

suctions indicates that the combined techniques (ATT, FPT 

and VET) are effective ways to investigate the soil water 

retention behavior over a wide suction range. Furthermore, 

no difference in matric and total suctions indicates that 

there is no osmotic suction (salinity) in tested lateritic clay. 

The difference in SWRCs for specimens with different 

structures indicates that soil structure has great effect on the 

water retention behavior at low to medium suctions. Such 

as, the AEV and descent gradient are smallest for 

undisturbed specimens, while they are largest for pre-

consolidated specimens. By contrast, the influence of soil 

structure on the water retention behavior can be negligible 

at high suctions, owing to the coincidence of gravimetric 

water content of different specimens at the same suctions 

after the limiting suctions. 

The SWRCs of compacted specimens with different dry 

densities illustrate that the AEV and descent gradient 

continue to increase with increasing the dry density. At the 

same time, the coincidence of gravimetric water content 

versus suction relationship after the limiting suction means 

that the dry density only has great influence on gravimetric 

water content at low suctions (s<800 kPa). In addition, the 

similarity in the variations of void ratio with suction for 

specimens with different dry densities means that the dry 

density has no effect on the shrinkage of lateritic clay. 

The saturated specimens with different soil structures 

and dry densities all exhibit unimodal PSDs. However, the 

narrower distribution and higher incremental peak in the 

dominant pore size indicate that the pores in compacted or 

pre-consolidated specimens are more uniform. Only large 

pores detected in undisturbed specimens mean that large 

pores are eliminated by the specimen reconstruction. The 

incremental peak declines and shifts to left in dominant 

pore size of compacted specimens with increasing the dry 

density, which means that the dominant pore sizes become 

less and smaller with increasing the dry density gradually. 

However, the coincidence of the micro-pores for different 

specimens indicates that the dry density has no effect on the 

micro-pores of lateritic clay. 

The difference in SWRCs of specimens with different 

structures and dry densities can be well illustrated by the 

PSDs. The AEVs depend on the maximum diameters where 

the differential intruded void ratio dramatically increases, 

and the descent gradients depend on the PSD ranges and 

incremental peaks in the dominant pore sizes. Besides, the 

coincidences of AEVs and the limiting suctions, deduced 

from the PSDs and SWRCs, demonstrate that the main 

features of the SWRCs can well captured by the PSDs. 

However, the residual suction value cannot be well captured 

by the PSDs of tested lateritic clay, which can be attributed 

to the existence of numerous micro-pores. 
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