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1. Introduction 
 

Loess is an inexpensive engineering material that is 

commonly used as a sub-base for roads after ground 

improvement via compaction. The subgrade loess project of 

National Highway G310 in Sanmenxia, Henan Province, 

China consists of embankments, bridges, and tunnels (Fig. 

1). Loess is unsaturated under high-s conditions in arid and 

semi-arid areas owing to the low relative humidity, and 

tends to change in response to water storage or diversion. 

Geological hazards (e.g., sinkholes, landslides, mudflows) 

are prone to occur upon loess collapsibility under adverse 

weather conditions such as rainfall. Subgrade loess 

therefore poses numerous engineering problems (Hu et al. 

2018, Chen et al. 2019, Wang et al. 2020, Pu et al. 2021). 

Suction is widely recognized to effectively improve the 

engineering properties of unsaturated soils (e.g., slope 

stability, strength, bearing capacity) (Leong and Abuel-

Naga 2018, Abd et al. 2020). An understanding of the 

influence of suction on the hydromechanical behavior of 

unsaturated compacted loess is therefore required to resolve 

infrastructure problems. 
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Unsaturated loess undergoes hydraulic and mechanical 

changes under the influence of suction. Ma et al. (2017) 

showed that loess is sensitive to hydraulic wetting owing to 

its metastable and porous structure, and that the water 

retention behavior of loess differ from other soils. Previous 

studies have addressed the mutual coupling progress of 

water volume changes using soil-water retention curves 

(SWRCs) (Zhou et al. 2012, Jiang et al. 2016, Liang et al. 

2018, Wu et al. 2019, Mu et al. 2020). The mechanical 

behavior of unsaturated loess is related to the suction (s) 

and net stress conditions. Zhang et al. (2020) carried out a 

series of triaxial tests on loess at s conditions of 50, 100 and 

200 kPa, and showed an increase of stiffness and strength 

owing to s at a given net cell pressure (σ3n). Loess under 

higher σ3n was also shown to exhibit higher deviator stress 

at failure. Similar observations have been reported in 

studies of loess stress-strain characteristics (Li et al. 2014, 

Mei et al. 2016, Liang et al. 2016, Ng et al. 2020, Zhang et 

al. 2021). However, the s range of such tests has generally 

been limited to 0-500 kPa, whereas the hydromechanical 

behavior of unsaturated loess over a wider s range remains 

poorly constrained. 

The control and measurement of s is the first critical 

step to build the core concept and theoretical basis of 

unsaturated soil research. Various tests have concentrated 

on the influence of s over a limited s range owing to air 

entry restrictions of the ceramic disk and other factors (Sun 
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Abstract.  Subgrade loess in arid and semi-arid regions subjected to high-suction conditions owing to low relative humidity 

and deep groundwater levels. Understanding the hydromechanical behavior of unsaturated compacted loess over a wide suction 

range is critical for resolving infrastructure problems in such areas. In this study, the water retention behavior of loess was 

investigated by imposing or measuring suction (s) using the axis translation technique, vapor equilibrium technique, and chilled 

mirror dew point technique. Triaxial tests were also performed to study the mechanical behavior of compacted loess under 

different net cell pressures (σ3n). The soil-water retention curves obtained using the different techniques are consistent. The 

degree of saturation and water content decreases significantly when s < 240 kPa, whereas the change of void ratio is relatively 

small. The water content versus s curves with different initial dry densities is coincident when s > 0.5 MPa, indicating that 

undrained triaxial tests can be considered as those under constant suction. For the same σ3n, specimens show strain-hardening, 

shrinkage, and drum-shaped shear failure under low-s conditions and strain-softening, dilatancy, and oblique section splitting 

under high-s conditions. The failure deviator stress and cohesion of the compacted loess specimens increase with increasing s 

over the full s range (0–299.37 MPa). An equation to predict the shear strength of unsaturated loess over a wide s range is 

proposed. The intersection of the capillary water retention curve and adsorption water retention curve is set as a reference point 

(sR), where capillary degree of saturation is applicable for s ≤ sR and adsorption degree of saturation is added for s > sR. The 

predicted and measured shear strengths of the compacted loess specimens are in good agreement.  
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et al. 2010, Jiang et al. 2014, Zhang et al. 2020). The quick 

suction measurement technique using a chilled mirror dew 

point device performs well at high s, but measurements tend 

to be underestimated at low s (Bulut and Leong 2008). A 

wide s range can in fact be controlled using different 

methods. Gao et al. (2018) used the axis translation 

technique and vapor equilibrium technique to investigate 

the hydromechanical behavior of Pearl clay. Zhang et al. 

(2016, 2020) and Chen et al. (2020) used the same approach 

to analyze the hydromechanical behavior of other soils. On 

the basis of the above two methods, Sun et al. (2016) and 

Cai et al. (2020) added the filter paper method to measure 

the hydromechanical behavior of Guilin lateritic clay. 

However, only a small number of studies have incorporated 

the dew point method for SWRC measurements over a wide 

s range (Rahardjo et al. 2019, Satyanaga et al. 2019). 

Further research is therefore necessary to more effectively 

apply these methods. Suction control over a wide s range 

using multiple techniques remains an active area of study. 

The strength prediction equation is a good 

approximation for unsaturated shear strength in the absence 

of experimental data. The main difference is the expression 

for the unsaturated effective stress coefficient χ (Bishop et 

al. 1959, Guan et al. 2010). The degree of saturation (Sr) 

obtained from SWRCs has been widely embedded within 

strength predictions for unsaturated soils considering its 

close correlation with shear strength. This leads to an 

appreciable overestimation of shear strength under high-s 

conditions. Other parameters were substituted for 

subsequent studies: the effective degree of saturation that 

deducting the residual degree of saturation (Sre) or 

microscopic degree of saturation (Srm). However, the 

unsaturated strength enhancement term equals zero if s is 

equal to or greater than the residual s, thus strength 

predictions remain difficult in the dry state (Vanapalli et al. 

1996, Oberg and Sallfors 1997, Alonso et al. 2010, Sheng et 

al. 2011, Zhou and Sheng 2015). According to different 

nonlinear states of strength varying with suction, the 

influence of soil type should be considered to predict the 

shear strength of soil. Gao et al. (2020) proposed a shear 

strength equation of unsaturated sands or silts based on the 

maximum skeleton stress, but less effort has been put 

forward to find a suitable equation for loess. A suction 

stress characteristic framework has been proposed to predict 

shear strength using the concepts of capillary and adsorptive 

mechanisms (Greco and Gargano 2015, Lu 2016, 

Maleksaeedi and Nuth 2019). Previous studies of 

unsaturated soils have shown that shear strength predictions 

are significantly improved using capillary degree of 

saturation under moderate s (Zhou et al. 2017, Xu et al. 

2018), but the more prominent contribution of adsorption 

over a very high s range has been ignored. An approach to 

describe the role of capillary water and adsorbed water over 

a wide s range also remains unclear (Ng et al. 2017). 

Further research is therefore needed to establish a 

reasonable prediction equation of loess shear strength. 
To address these problems, this paper investigates the 

hydromechanical behavior and shear strength prediction of 
unsaturated loess over a wide s range of 0 to 299.37 MPa. 
The water retention behavior of loess was investigated 
using the axis translation technique, vapor equilibrium 

technique, and chilled mirror dew point technique. The 
mechanical behavior of compacted loess was analyzed 
using a geotechnical digital system (GDS) triaxial apparatus 
over the same s range under σ3n of 100, 200 and 300 kPa. A 
modified shear strength prediction equation is proposed for 
unsaturated loess over the investigated s range. 

 

 

2. Test material 
 

Intact loess was collected from a depth of 4–5 m below 

the surface of Dongshang Village, 1.2 km from the southern 

bank of the Yellow River in Sanmenxia, China. The particle 

size distribution (Fig. 2) indicates that the loess is composed 

of silt (77.24%), clay (24.9%), and sand (8.66%). The 

coefficient of curvature Ϲc and coefficient of uniformity Ϲu 

are 2.57 and 12.43, respectively. The other physical 

parameters are illustrated in Table 1. The loess is considered 

silty clay with low plasticity. 

Mineral components within the loess samples were 

measured using X-ray diffraction, as listed in Table 2. The 

loess consists of 81% non-clay minerals (quartz, albite, 

microcline, calcite, amphibole) and 19% clay minerals 

(illite, montmorillonite, clinochlore, kaolinite), which 

indicates that non-clay minerals play a leading role in the 

loess properties. 

Fig. 3 presents the results of mercury intrusion 

porosimetry (MIP) tests on the compacted loess with a 

 

 

 

Fig. 1 Embankment, bridge, tunnel, and route map of 

National Highway G310 

 

 

Fig. 2 Particle-size distribution of loess 
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water content of 12.5% and dry density of 1.5 g/cm3. The 

pore size density function illustrated in Fig. 3(a) shows that 

the maximum pore diameter (microscopic pores) in the 

aggregates was approximately 1.32 μm (Zhang et al. 2016, 

Sun et al. 2019). Fig. 3(b) shows that the microscopic 

volume of loess with grains smaller than 1.32 μm accounts 

for approximately 41.7% of the total volume. This implies 

that Srm = 41.7 %. 
 

 

3. Test apparatus and experimental techniques 
 

3.1 Pressure plate device 
 

A pressure plate device was used to measure the SWRCs 

of loess under low-s conditions based on the axis translation 

technique (ATT), as shown in Fig. 4. The s range of the 

apparatus is 0–0.5 MPa owing to limitations of the ceramic  

 

 

 

 

Fig. 4 The pressure plate device 
 
 

disk (Zhang et al. 2020, Jiang et al. 2020). 
 

3.2 Vapor equilibrium technique (VET) 
 

The triaxial test specimens were placed in a sealed  

Table 1 Physical parameters of loess 

Physical parameters Values 

Liquid limit, wL (%) 26.92 

Plastic limit, wP (%) 18.06 

Plasticity index, IP 12.79 

Specific gravity of the solid, Gs 2.70 

Natural water content, w0 (%) 5.10 

Natural dry weight, ρd0 (g/cm3) 1.33 

Optimal water content, wopt (%) 17.70 

Maximum dry density, ρdmax (g/cm3) 1.74 

Table 2 Mineralogical composition of loess 

Classification Mineral Content (%) 

No-clay mineral 

Quartz 52 

Albite 13 

Calcite 9 

Microcline 5 

Amphibole 3 

Clay mineral 

Illite 13 

Montmorillonite 3 

Clinochlore 2 

Kaolinite 1 

  
(a) Pore size density function (b) Cumulative intrusion curve 

Fig. 3 MIP test results on loess 
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Fig. 5 The Water Potential 4C 

 

 

desiccator containing a specific saturated salt solution, as 

shown in Fig. 5. Two months were required to achieve 

suction balance. Suction was considered to have reached 

equilibrium when the change in specimen quality was less 

than 0.02 g over a week. The saturated saline solutions and 

their corresponding relative humidity and s values at 25 °C 

are summarized in Table 3, which are from Greenspan 

(1977). The total s is calculated using Kelvin’s law (Zhang 

et al. 2020): 

 
(1) 

where ψ is the total suction (kPa), ρw is the water density 

(g/cm3), R is the universal gas constant (8.31432 J/mol∙K), 

T is the absolute temperature, ωv is the molecular weight of 

water vapor, which is assumed to be 18.016 g/mol, and RH 

is the relative humidity (%). 

 

3.3 Water potential 4C (WP4C) 
 

The WP4C (shown Fig. 5) uses the chilled mirror dew 

point technique to measure the water potential of the 

specimen. The principle is to measure the soil water 

potential by determining the RH of the air above the 

specimen in a sealed chamber. The relationship between ψ 

and RH can also be expressed by Kelvin’s equation. The 

accuracy of the WP4C method is in the range of 0.1 to 300 

MPa and can obtain an s value within 5-10 min. 

Considering the influence of temperature and 

environment on relative humidity, the device must first be 

calibrated using a saturated salt solution. The temperature 

was maintained at 25°C using air conditioning. A standard 

0.5 M KCl solution was poured into the specimen cup and 

placed in the chamber. The calibration was completed when 

s reached within ±0.05 of 2.22 MPa; otherwise, an 

additional step was applied to correct the s value. Eight 

other saturated saline solutions were added and the data 

were read for further calibration. A comparison of the 

results in Table 3 shows that the reference s values obtained 

from Greenspan (1977) are consistent with the values 

measured in the calibration test, which supports that the 

WP4C method is applicable for measuring high s. 

 

3.4 GDS triaxial apparatus 
 

The unsaturated soil triaxial apparatus is produced by  

Table 3 Saturated saline solution and the corresponding 

suction (25℃) 

Saturated 

saline 
solution 

Relative 

humidity 
(%) 

Reference suction value 

(MPa) 

Measured suction 

value 
(MPa) 

LiCl∙H2O 11.3 299.37 299.14 

MgCl2∙6H2O 32.8 153.06 153.88 

K2CO3 43.2 115.24 115.27 

NaBr 57.6 75.74 76.11 

KI 68.9 51.15 51.26 

NaCl 75.3 38.95 39.00 

KCl 84.2 23.61 23.61 

K2SO4 97.3 3.76 3.76 

 

 

GDS company, UK. This apparatus also controls the s 

through ATT (Gao et al. 2018). 
 

 

4. Testing program and suction path 
 

4.1 Water retention behavior tests 

Different techniques were combined to analyze the 

water retention behavior of loess over a wide s range. 

Specimens under low s (0-0.4 MPa) were balanced using 

the pressure plate device and GDS triaxial apparatus, and 

specimens under high s (3.76-299.37 MPa) were controlled 

by the VET using four saturated saline solutions. The s path 

for the pressure plate method is shown in Table 4. Water 

retention behavior tests of loess powder and compacted 

loess of three dry densities were also carried out using the 

WP4C. 

The initial water content for the pressure plate method 

was approximately 12.5% and the dry density was 

approximately 1.5 g/cm3. The specimens (diameter = 61.8 

mm, height = 20 mm) were placed in the device after 

saturation. For the VET, the specimens (diameter = 76 mm, 

height = 38 mm) had the same initial water content and dry 

density as those tested using the pressure plate method. In 

the WP4C tests, the target water contents of loess were 

2.5%, 5%, 7.5%, 10%, 12.5%, 15%, and 17.5%. Small 

specimens (diameter = 33 mm, height = 7 mm) with 

different water contents were prepared with dry densities of 

1.3, 1.4, and 1.5 g/cm3. The specimens used in the WP4C 

are shown in Fig. 6. 

 

4.2 GDS triaxial shear tests 
 
A series of GDS unsaturated triaxial shear tests were 

conducted on the compacted loess over a wide s range and 

σ3n of 100, 200 and 300 kPa. The specimen size, initial 

water content, and initial dry density were the same as those 

tested using the VET. Fig. 7 shows the stress and s paths for 

the triaxial tests under different σ3n. The q in Fig. 7 

represents the deviator stress. The σ3n was determined by 

the difference between the cell pressure and pore air 

pressure (ua). The tests CL 1-5 in Fig. 7(a) were conducted 

under low s (0, 50, 100, 200, 300 kPa), which was achieved  

w

V

ln(RH)
RT




 
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Fig. 6 Loess specimens with different water contents 

Table 4 Suction design in the soil-water retention tests 

Path type Suction path 

Drying 
0 kPa→5 kPa→10 kPa→20 kPa→ 40 kPa→ 60 kPa→80 kPa→100 kPa→ 

120 kPa→240 kPa→400 kPa 

  
(a) Maximum suction was achieved by ATT (b) Maximum suction was achieved by VET 

Fig. 7 Stress and suction paths for triaxial tests under different net cell pressures 

Table 5 The state of triaxial specimen at different stages 

Test 

no. 

Molding state Before triaxial shearing 
s (MPa) Stress path σ3n (kPa) 

w0 Sr0 (%) e0 w Sr (%) e 

1 13.48 44.93 0.81 26.63 99.86 0.72 0.00 CL1 

100 

2 12.50 42.72 0.79 19.98 77.07 0.70 0.05 CL2 

3 12.68 42.27 0.81 14.19 55.53 0.69 0.10 CL3 

4 12.36 43.34 0.77 10.65 45.64 0.63 0.20 CL4 

5 12.59 43.03 0.79 9.19 40.02 0.62 0.30 CL5 

6 12.64 42.13 0.81 5.68 25.14 0.61 3.76 CH1 

7 13.21 42.97 0.83 3.13 14.09 0.60 51.15 CH2 

8 12.39 42.35 0.79 0.65 2.83 0.62 153.06 CH3 

9 12.05 41.18 0.79 0.43 1.90 0.61 299.37 CH4 

10 12.89 42.97 0.81 25.59 97.31 0.71 0.00 CL1 

200 

11 12.67 42.76 0.80 19.03 74.47 0.69 0.05 CL2 

12 11.47 39.70 0.78 13.72 55.29 0.67 0.10 CL3 

13 12.65 45.54 0.75 10.99 47.10 0.63 0.20 CL4 

14 12.21 41.73 0.79 9.77 42.55 0.62 0.30 CL5 

15 12.25 40.83 0.81 5.59 24.34 0.62 3.76 CH1 

16 12.42 41.40 0.81 3.62 16.02 0.61 51.15 CH2 

17 12.73 42.96 0.80 0.78 3.45 0.61 153.06 CH3 

18 12.54 41.80 0.81 0.37 1.67 0.60 299.37 CH4 

19 12.51 41.70 0.81 25.51 98.40 0.70 0.00 CL1 

300 20 12.43 42.48 0.79 18.95 74.15 0.69 0.05 CL2 

21 11.90 41.19 0.78 13.93 54.51 0.69 0.10 CL3 

Q
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using the ATT. The tests CH 1-5 in Fig. 7(b) were 

conducted under high s (3.76, 51.15, 153.06, 299.37 MPa), 

which was achieved using the VET. Specimen consolidation 

and drainage were considered stable when the rates of 

volume change and drainage were less than 0.005 cm3/h. To 

ensure the uniformity of the pore water pressure distribution 

in the specimen, the shear rate was set to 0.0027 mm/min 

and the maximum shear strain reached 15% over 

approximately 3 days. The initial s of the specimens 

measured using the ATT on the triaxial apparatus was 

approximately 120 kPa (Q in Fig. 7). Table 5 summarizes 

the state of the triaxial specimens at different stages. 
 

 

5. Results and discussion 
 

Fig. 8 shows the loess SWRCs obtained using the ATT 

and VET under a σ3n of 100 kPa. The FX model proposed 

by Fredlund and Xing (1994) was used to more accurately 

fit the loess results, according to: 

 

(2) 

where sre is the residual suction, and a, n and m are fitting 

parameters equal 28.5, 0.5 and 2.1 for loess, respectively. 

The relationship between the Sr and s is shown in Fig. 

8(a). The goodness of fit (R2 = 0.99) verifies the accuracy 

and validity of the available data using the FX model. The 

smooth curve indicates that the air entry value (sa) and Sre 

can be estimated as 16 kPa and 15%, respectively. 

 

 

 

Fig. 9 SWRCs of compacted loess and loess powder 

obtained by the WP4C 

 

 

Fig. 8(b) shows the relationship between the matric s 

and water content. Water content generally decreases with 

increasing s; initially decreasing strongly and then 

following a linearly decreasing trend. The specimens under 

low s were easily dehydrated under the action of capillary 

water, and the water holding capacity was weak. Fig. 8(c) 

shows the small influence of s on the void ratio. The void 

ratio is sensitive to s mainly in the range of s < 80 kPa, 

which reflects that s within this range has the most 

significant compression effect on soil pores. 

The SWRCs of the compacted loess with different dry 

densities and loess powder obtained by WP4C are shown in 

Fig. 9. The relationship between the compacted loess with 

different dry densities and loess powder is nearly the same 

for s > 0.5 MPa. This provides strong evidence for the 

undrained triaxial test is equal to those under constant 

suction under high s. Gao et al. (2018, 2021) and Zhang et 

al. (2020) obtained the same results for other soils. 
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Table 5 Continued 

Test 

no. 

Molding state Before triaxial shearing 
s (MPa) Stress path σ3n (kPa) 

w0 Sr0 (%) e0 w Sr (%) e 

22 12.39 42.35 0.79 10.22 43.80 0.63 0.20 CL4 

300 

23 12.64 42.66 0.80 9.50 41.35 0.62 0.30 CL5 

24 12.41 41.37 0.81 5.03 21.90 0.62 3.76 CH1 

25 12.59 42.49 0.80 3.36 14.63 0.62 51.15 CH2 

26 12.49 43.80 0.77 1.05 4.57 0.62 153.06 CH3 

27 12.51 42.76 0.79 0.36 1.59 0.61 299.37 CH4 

   
(a) Sr-s (b) w-s (c) e-s 

Fig. 8 Measured SWRCs of loess 
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(a) s = 0.3 MPa (b) s= 51.15 MPa 

Fig. 12 The shape of unsaturated loess after shearing 

under different suctions 

 

 
5.2 Mechanical behavior 
 

Fig. 10 depicts the curves of q versus axial strain (ε1) 

over a wide range of s conditions and σ3n of 100, 200 and 

300 kPa from the triaxial shear tests. The stress-strain 

curves under low s show a strain-hardening behavior: q 

increases with increasing ε1 and then stabilizes. The stress-

strain curve moves upward gradually with increasing s. As s 

increased to a high value (called critical s), q reaches the 

peak shear strength, sharply decreases, and then stabilizes, 

demonstrating strain-softening behavior at different 

degrees. A comparison of the three different σ3n curves 

shows that the critical s of loess also tends to increase with 

increasing σ3n. The critical s is approximately 3.76 MPa  

 

 

 

under a σ3n of 100 kPa and then increases to approximately 

51.15 MPa when the σ3n is 200 and 300 kPa. Under the 

same s condition, the stress-strain relationship differs 

depending on the σ3n. For s = 3.76 MPa, strain softening 

occurs at low σ3n (100 kPa). Under intermediate σ3n (200 

kPa), the stress-strain relationship becomes an ideal elastic-

plastic type, and strain hardening occurs when the σ3n is 300 

kPa. The slope of the stress-strain curve in the initial linear 

segment, termed the elastic modulus, increases with 

increasing s (Zhang et al. 2020). The axial strain 

corresponding to the peak shear strength also decreases with 

increasing s. Larger s is therefore associated with an earlier 

deviator stress peak and earlier failure. 

Fig. 11 shows the relationship between volumetric strain 

(εv) and ε1 during shearing, in which negative εv values 

indicate dilative volume change. The results show that the 

specimens exhibit shearing shrinkage under low-s 

conditions and expansion under high-s conditions. This is 

mainly because of the loss of water and reduction of the 

void ratio during the transition from low to high s. The 

specimen deformation characteristics are similar to those of 

the over-consolidated unsaturated soil in the shear tests. For 

the same imposed s conditions, larger σ3n are associated 

with more notable shear contraction (except for the 

saturated specimen). As an example, the specimen with s = 

3.76 MPa undergoes dilation, weak shear contraction, and 

shear contraction under σ3n of 100, 200 and 300 kPa, 

respectively. 

Compacted loess with s values of 0.3 and 51.15 MPa 

under a σ3n of 100 kPa were selected as representative 

specimens to analyze the specimen shape after shearing.  

   
(a) σ3n = 100 kPa (b) σ3n = 200 kPa (c) σ3n = 300 kPa 

Fig. 10 The relationship between deviator stress and axial strain 

   

(a) σ3n = 100 kPa (b) σ3n = 200 kPa (c) σ3n = 300 kPa 

Fig. 11 Relationship between volumetric strain and axial strain 
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Fig. 13 Relationship between failure deviator stress and 

suction 

 

 

Fig. 14 Relationship between failure deviator stress and 

mean net stress 

 

 

Fig. 15 Relationship between cohesion and suction 

 

 

Fig. 12 shows that the compacted specimen 

demonstrates a cylindrical drum-type after the triaxial shear 

test under low s (0.3 MPa). The specimen shows a visible 

shear band in the high-s case (51.15 MPa), which is called 

the failure form of oblique section splitting. The 

characteristics of brittle failure and an apparent shear zone 

occur after shear failure. The different types of shear 

morphology under high s are related to the appearance of 

strain softening and dilatancy. 

The q corresponding to the maximum ε1 of 15% or the 

peak point is taken as the failure deviator stress (qf) for the 

strain-hardening or strain-softening curves, respectively. 

The tests result of qf varying with s under the different σ3n  

Table 6 Shear parameters of loess 

s (MPa) σ3n (kPa) qf (kPa) pf (kPa) ξ (kPa) Mf c (kPa) φ (°) 

0.00 

100 171.28 157.09 

1.77 1.04 5.04 25.34 200 304.31 301.44 

300 470.20 463.07 

0.05 

100 280.79 193.60 

32.17 1.13 15.39 28.39 200 337.44 312.48 

300 624.69 508.23 

0.10 

100 320.10 206.70 

62.85 1.26 30.42 31.36 200 553.05 384.35 

300 753.75 551.25 

0.20 

100 358.03 219.34 

70.96 1.31 34.54 32.50 200 590.85 396.94 

300 822.65 574.22 

0.30 

100 458.62 252.87 

125.19 1.31 60.90 32.41 200 670.92 423.64 

300 878.50 574.22 

3.76 

100 480.25 477.83 

183.07 1.31 89.07 32.45 200 822.59 474.20 

300 1000.04 633.33 

51.15 

100 1133.50 567.49 

386.48 1.34 188.89 33.30 200 1223.00 607.67 

300 1387.00 762.33 

153.06 

100 1402.47 567.49 

611.73 1.40 301.29 34.62 200 1506.40 702.13 

300 1551.81 817.27 

299.37 

100 1533.94 611.31 

644.47 1.41 317.79 34.81 200 1670.40 756.80 

300 2050.01 983.33 

 

 

Fig. 16 Relationship between internal friction angle and 

suction 

 

 

are shown in Fig. 13. Under the same σ3n, qf increases with 

increasing s and does not show a stable or peak value. 

Specimens under higher σ3n conditions show higher shear 

strengths. 

Fig. 14 presents the critical state curve of qf and net 

mean stress (pf = qf/3+σ3n) at failure and residual of loess 

over the full s range. The shear parameters obtained from 
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the triaxial tests are listed in Table 6, where ξ and Mf are the 

intercept and slope of the line in the pf-qf plane, 

respectively. The cohesion (c = ξ(3-sinφ)/(6cosφ)) and 

internal friction angle (φ = arcsin(3Mf/6+Mf)) can also be 

calculated by Mf and ξ. As shown in Figs. 15 and16, the c of 

compacted loess exhibited increased trends with the 

increase of s, and φ also increases slightly. The change of φ 

mainly occurs for s < 200 kPa. 

 

 

6. Shear strength prediction of loess over a wide 
suction range 
 

The shear strength of unsaturated soil consists of three 

parts: effective cohesion (c'); net stress; and suction. The 

strength prediction equation proposed by Bishop (1959) 

based on the single stress variable theory is expressed as:  

 (3) 

 

(4) 

where σ is the total stress, φ' is the effective internal friction 

angle, ̅p = [(σ1+2σ3)/3]-ua is the net mean stress, M = 

6sinφ'/(3-sinφ') represents the slope of the failure envelope 

on the space of  ̅p–q plane. From the saturated shear test, c' 

= 5 kPa and φ' = 25.34°. 

Based on the extended spatially mobilized plane failure 

criterion (Sun et al. 2000, Lu 2016), the suction stress σ0(s) 

that considers the influence of s on unsaturated soil is 

embedded in the failure criterion: 

 (5) 

 

(6) 

where 

 (7) 

With the development of shear strength prediction 

research, numerous models have been proposed by several 

investigators. Table 7 summarizes the strength prediction 

equations of unsaturated soils commonly found in previous 

literatures. The difference between these equations is 

mainly reflected in the effective stress parameter χ. 

Eq. (8) is a further description of the equation proposed 

by Zhou et al. (2016). The Sr is divided into two parts: 

capillary degree of saturation (Sr
cap) and adsorption degree 

of saturation (Sr
ads). The SWRC is correspondingly 

superimposed by the capillary water retention curve 

(CWRC) and adsorption water retention curve (AWRC). 

The capillary includes the curvature of the water-air 

interface and negative pore water pressure, and the 

adsorption is mainly related to the adsorbed water and 

minerals on the surface of the soil particles. The capillary 

water function gradually weakens as the soil varies from 

saturated to unsaturated conditions (Liu et al. 2020). In the 

dry state, capillary water is entirely vaporized and adsorbed  

Table 7 The equations for shear-strength prediction of 

unsaturated soils 

Authors χ 

Vanapalli et al. (1996) (Sr-Sre)/(1-Sre) 

Oberg and Sallfors (1997) Sr 

Alonso et al. (2010) (Sr-Srm)/(1-Srm) 

Zhou et al. (2016) 

 

 

 

Where the ξ, φm, α are derived 
from the SWRC 

 

 

water plays a dominant role (Zhang and Lu 2021). 

According to the shear strength criterion proposed by Zhou 

et al. (2016), only the capillary component of degree of 

saturation is applied to the shear strength prediction and its 

contribution to the shear strength of unsaturated soil is 

directly related to capillary water rather than adsorbed 

water. 

 

(8) 

Gao et al. (2020) divided soil into three types based on 

the variation of shear strength with increasing s: (1) “peak 

type”, in which the strength gradually increases to a peak 

value and then sharply decreases to stabilize; (2) “stable 

type”, in which the strength gradually increases to a 

constant or maximum value and then slightly decreases; and 

(3) “growth type”, in which the strength continually 

increases. On the basis of the maximum average skeleton 

stress (Sun et al. 2014, Zhao et al. 2016) that differentiates 

consolidation from over-consolidation (Eq. (9)), Gao et al. 

(2020) proposed a modified shear strength equation for 

peak and stable types (Eq. (10)) over a wide s range. 

Considering the absence of net stress using the pressure 

plate method and VET, the average skeleton stress p' = σ0(s) 

= -χs. Similar to the relationship between qf and s, the 

average skeleton stress consistently increases with 

increasing s, thus there is no maximum average skeleton 

stress in loess (called “growth type” soil). This equation 

only considers Sr
cap when calculating the shear strength of 

loess, which is essentially the same as the equation 

proposed by Zhou et al. (2016). In order to predict the shear 

strength of “growth type” soil, a correction parameter (η) is 

introduced into the equations proposed by Khalili and 

Khabbaz (1998) and Tekinsoy et al. (2004). It is worth 

noting that the parameters used in the two modified 

equations are precisely identical. The two modified 

prediction equations for the shear strength of “growth type”  
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soil are expressed as Eqs. (11) and (12), respectively. 

 
(9) 

 

(10) 

 

(11) 

 

(12) 

where σ'ij is the average soil skeleton stress, σij is the total 

stress tensor, δij is Kronecker’s delta, smax, qmax, and χmax are 

the parameters related to maximum average skeleton stress 

p'max, Pat is atmospheric pressure (kPa). 

 

 

 

 

Take the s corresponding to the intersection of the 

CWRC and AWRC as the reference point (sR), χ in the two 

expressions in Eq. (10) proposed by Gao et al. (2020) are 

replaced by Sr
cap and Sr

ads, respectively. According to the 

“contribution factor” and “the link between unimodal pore 

size distribution and water storage mechanisms” proposed 

by Qiao et al. (2020), the maximum contribution of 

capillarity to the water retention is much higher than that of 

adsorption for loess when s ≤ sR ( Fig. 3(a)). In the case of s 

> sR, AWRC is the upper curve, the micropores or 

nanopores is considered to play a significant role in loess 

soil. The influence of absorbed water on shear strength 

cannot be ignored. Since both Sr
cap and Sr

ads should be 

considered in high s, the sution stress at the intersection is 

deducted based on the suction stress caused by Sr
ads. The 

modified prediction equation of unsaturated loess under a 

wide s range is given in Eq. (13), and the corresponding 

failure criterion under triaxial conditions is given in Eq. 

(14). 
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Fig. 17 Water retention behavior and model prediction results using Eq. (8) 

   
(a) σ3n = 100 kPa (b) σ3n = 200 kPa (c) σ3n = 300 kPa 

Fig. 18 Measured and predicted deviator stress for unsaturated Sanmenxia loess soils at failure 

  
(a) SWRC predicted by the FX model (b) SWRC, CWRC, and AWRC predicted by Eq. (8) 

Fig. 19 Measured water retention behavior of loess (data after Ng et al. 2020) and model simulations 
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(13) 

 

(14) 

where τR, SrR, φR, qR, and MR are the parameters 

corresponding to the intersection of the CWRC and AWRC. 

For loess, the degree of saturation parameters Sre and Srm 

are 15% and 41.7%, respectively. Additional parameters 

used in other equations to predict shear strength are listed in 

Table 8. The SWRC, CWRC, AWRC and water retention 

parameters of loess are shown in Fig. 17. The part fitting 

compared results of the shear strength at failure under the 

three different σ3n are shown in Fig. 18. The equations fit 

differently for the intermediate and high s conditions. The 

unsaturated strength enhancement term equals zero when s 

is equal to or greater than the s corresponding to Sre or Srm. 

Therefore, the shear strength calculation in the high s 

residual zone is invalid regardless of which form of 

effective degree of saturation is used. This is why shear 

strength cannot be correctly predicted at high s using the 

equations proposed by Vanapalli et al. (1996) and Alonso et 

al. (2010) (not shown in Fig. 18). The data in the high s 

range are overestimated when Eqs. (8) (proposed by Oberg 

and Sallfors (1997)) and (11) are used to predict the shear 

strength. The fitting results obtained using Eq. (12) perform 

well when σ3n is 100 kPa, but the accuracy is insufficient 

when σ3n is 200 or 300 kPa.  

Since adsorption is more prominent at high s, Sr
ads is 

taken into account in the strength prediction of loess (Eq. 

(14)). The reference point sR is 600 kPa for the loess, as 

shown in Fig. 17. The strength parameters M and MR 

determined by fitting the test data are 1.2 and 0.2, 

respectively. A comparison of the measured and predicted 

strength data shown in Fig. 18 indicates that it is feasible to 

calculate the shear strength of unsaturated Sanmenxia loess 

over a wide s range. 
 

 

7. Validation and comparison 
 

Ng et al. (2020) conducted saturated and unsaturated s- 

 

Table 8 Additional parameters in the shear-strength 

equations for loess 

Numbers Additional parameters 

8 ξ =1.2, φm = 0.1 MPa, α = 0.4 

10 χ = Sr
cap, no smax 

11 sa = 16 kPa, η = 2 

12 Pat = 100 kPa, η = 2 

13 sR = 600 kPa 

 

 

controlled direct shear tests on compacted loess under 

different net vertical stresses. The soil consisted of 0.1% 

sand, 71.9% silt, and 28.0% clay particles, and was 

classified as low-plasticity clay, which is consistent with the 

Sanmenxia loess. Fig. 19(a) shows the SWRC of compacted 

loess predicted by the FX model where Sre = 12%, sa = 2.4 

kPa, a = 79.8, n = 1.7 and m = 0.5. Fig. 19(b) shows the 

SWRC, CWRC, and AWRC obtained using Eq. (8). The 

reference point sR = 480 kPa, the effective friction angle is 

27.7°, and the effective cohesion is considered to be zero 

from saturated shear tests. The strength parameter φR is 

24.0°. The loess shear strength was measured at five s 

values (0, 8, 40, 125 and 230 MPa). Fig. 20 shows the 

measured and predicted loess shear strengths at different net 

vertical stresses (σv-ua = 50 and 200 kPa). Eqs. (8) and (11)–

(13) are used to predict the shear strength of compacted 

loess. The correction parameter η in Eqs. (11) and (12) is 

0.4. The prediction using Eq. (11) leads to an 

underestimation in the intermediate s range, and Eqs. (8) 

and (11) overestimate the shear strength in the second 

transition zone and residual zone. The criterion that 

accounts for capillary and adsorptive processes (Eq. (13)) 

produces the best predictions over the entire s range. 

 

 

8. Conclusions 
 

In order to study the hydromechanical behavior of 

unsaturated loess under a large s range, the SWRC tests 

using multiple techniques and unsaturated triaxial shear 

tests under the constant σ3n of 100, 200 and 300 kPa were 

carried out in this study. The main results are summarized 

as follows. 

• The water content and degree of saturation of loess 

cap
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(a) σv-ua = 50 kPa (b) σv-ua = 200 kPa 

Fig. 20 Loess shear strength (data after Ng et al. 2020) and model simulations 
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decrease continuously with the increase of s until reaching a 

stable value at zero, and the variation range of the void ratio 

is small. Specimens under high net confining pressure 

generally show higher shear strength and shrinkage. When 

the s is greater than 0.5 MPa, the curves of gravimetric 

water content versus s are coincident for different initial dry 

densities measured using the chilled mirror dew point 

technique. This indicates that the undrained triaxial tests are 

equal to those under constant s. 

• Specimens under low s show strain-hardening and 

shear contraction, whereas strain-softening and shear 

dilation occur in the high s range. The shear strain 

corresponding to the peak strength decreases with 

increasing s, and the loess shear zone is fully developed. 

• Over the wide s range investigated here, increased s 

consistently leads to higher failure deviator stress and 

cohesion. The internal friction angle mainly increases for s 

< 200 kPa. Loess can be classified as “growth type” soil 

according to the variation of strength with s. 

• An improved equation to predict loess shear strength 

is proposed that considers different capillary and adsorption 

mechanisms. By setting the intersection of the capillary 

water retention curve and adsorbed water retention curve 

(sR) as a reference point, capillary degree of saturation is 

used for s ≤ sR and adsorption degree of saturation is used 

for s > sR. The prediction results match well with the 

measured values, which indicates that this new strength 

criterion is feasible for loess, especially at high s. 
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