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Abstract
At present, the international evaluation method of loess collapsibility only evaluates loess once collapses, but some scholars 
have found that loess is characterized with the phenomenon of repeated collapsibility under certain conditions. To explore 
the characteristics of repeated collapsibility of loess and to find a simple and feasible method for evaluating repeated collaps-
ibility of loess, this paper selects soil samples with different water content for repeated compression tests. Loess is a typical 
structural soil, and its structure is significantly weakened by water and pressure. This paper combines three main parameters 
influencing the structure of loess to define a comprehensive physical index and explores the relationship between the com-
prehensive physical index and the structural yield strength of loess under repeated collapsibility. Using the structural yield 
strength of loess to normalize the compression curve during repeated collapse, a method for evaluating repeated collapsing 
of loess has been proposed. This method combines the compression index of loess with the basic physical parameters of 
loess, which is more suitable for evaluating the repeated collapsibility of loess. By comparing the calculation results with the 
measured results, it was determined that this method has high accuracy. This method was used to calculate the coefficient of 
collapsibility of Guyuan loess, and the results show that loess with a moisture content of < 17% can collapse twice.
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Introduction

Loess is a typical structured soil characterized by water sen-
sitivity and collapsibility (Lutenegger 1981; Gao 1988; Jiang 
et al. 2014; Xie et al. 2017, 2018; Li 2018). The collapsibility 
of loess is closely related to its structure (Lutenegger 1981; 
Gao 1988), and it can collapse under its own weight and/or 
surcharge loads when flooded (Kim and Kang 2013; Lv et al. 
2014; Liang et al. 2018). In recent years, the implementation 

of the “Western Development” and “The Belt and Road 
Initiative” strategies has made considerable progress in the 
construction of infrastructure in Northwest China. The north-
western part of China is mostly covered with thick loess, and 
in construction engineering, the collapsing of loess is inevi-
table. Engineering accidents caused by the collapse of loess 
are common (Rogers et al. 1994; Mihalache and Buscarnera 
2015; Mei et al. 2019), so research on the collapsibility of 
loess has become particularly important.

Guyuan is located on the northwestern edge of the Loess 
Plateau, and the thickness of the collapsible loess is 35 m. 
As a pilot city for the construction of sponge city on the 
Loess Plateau, Guyuan must consider the collapsibility of 
loess during the project. The purpose of the sponge city is 
to introduce part of the rainwater into the ground, so some 
existing buildings could collapse again. The demolition and 
reconstruction of old buildings caused by the construction of 
the sponge city will also cause the repeated collapse of the 
loess foundation. Therefore, the repetitive collapsibility of 
loess plays a significant role in the sponge city project; thus, 
the studies of repeated collapsibility of loess are becom-
ing more significant. Several studies on the collapsibility of 
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loess have been performed (Delage et al. 1996; Romero and 
Simms 2008; Yuan and Wang 2009; Liu et al. 2013; Shao 
et al. 2018), while only a few have investigated repeated 
collapsibility. Sun and Liu (2000) conducted a large-scale 
(10 × 10 m) field test in Gansu, on a site that has been irri-
gated more than 150 times since it was built in 1972. How-
ever, after being immersed for 40 days, the self-collapse was 
still 42.5 cm. Based on this, loess will continue to collapse 
as long as there is residual collapsibility.

At present, the global method of estimating loess col-
lapsibility can evaluate collapsibility only once, mainly by 
obtaining a collapsibility coefficient, which requires sig-
nificant time and numerous samples. In order to investigate 
the law of repeated collapsibility of loess and to develop a 
simple and feasible method for evaluating the coefficient of 
repeated loess collapsibility, this paper performed repeated 
collapsibility tests on samples with different water content 
in Guyuan area. Based on the analysis of the compression 
characteristics of loess and its relationship with structure, 
a comprehensive physical index reflecting the structure 
of loess was defined. In addition, this paper established a 
method for uniformly describing the compression curve of 
loess to calculate the corresponding deformation index and 
proposed a method for evaluating the collapsibility of loess 
using the basic physical index.

Materials and methods

Study area and samples

The loess soil samples used in the present study are from 
Guyuan City in China (Fig. 1). The soil at the sampling site 
is Q3 loess (known as Malan loess in China) with yellow 
color. All loess samples were carefully collected at a depth 
of 2 m below the ground. A total of 13 samples were col-
lected on site, and all samples were carved into a cylinder 
approximately 10 cm in diameter and 20 cm in height and 

kept in a sample bucket and sealed with paraffin. Prior to 
transport to laboratory, the sample buckets were packed in 
wooden boxes that were filled and covered with straw to 
avoid any disturbances. Some basic physical properties of 
the loess samples are listed in Table 1. At least two groups 
of parallel tests were conducted for each index. The soil 
particle size distribution test was performed using a Bet-
tersize 2000 laser particle size analyzer, which showed that 
the loess samples consisted mainly of silt (approximately 
84.88%), with some clay (approximately 6.07%) (Table 1; 
Fig. 2). In addition, the soluble salt content of loess was 
determined by the method described in the Chinese National 
Standard (CNS, MOWR 2019).

Fig. 1   Location map showing the loess distribution in China and 
sampling site (Dijkstra 2001; Hao et al. 2010)

Table 1   Physical properties of loess samples used in the present study

Property Value

Dry density �
d
(g/cm3) 1.20–1.24

Natural water content w0(%) 16.9–17.1
Initial void ratio e0 1.08–1.12
Specific gravity Gs 2.69
Liquid limit wL (%) 26.6
Plastic limit wP (%) 17.4
Particle size distribution
Sand 0.075–2 mm (%) 9.05
   Silt 0.002–0.075 mm (%) 84.88
   Clay < 0.002 mm (%) 6.07

Soluble salt (mmol/kg)
   CaCO3 1.91
   CaSO4 0.35
   MgSO4 2.24
   NaHCO3 4.04
   K2SO4 0.5
   KCl 1.33
   NaCl 1.77
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Fig. 2   Particle size distribution of the examined loess samples

6322 H. Wang et al.



1 3

Test design and methods

To achieve the research objective, confined compression 
tests of undisturbed loess with different water content (8%, 
17%, 28%, and 37%) were performed, and the corresponding 
tested pressures were 50 kPa, 100 kPa, 150 kPa, 200 kPa, 
300 kPa, 400 kPa, 500 kPa, 600 kPa, 700 kPa, and 800 kPa. 
Compression tests were performed using a high-pressure 
consolidation device. After application of each load level, 
the deformation per hour was less than 0.01 mm compared 
to the stability standard (ASTM International 2003). The 
height of the sample was recorded, and the next load level 
was applied. The pressure increased step by step until the 
end of the test. After the sample was stabilized at the last 
pressure level, it was injected into the consolidation device 
with water and unloaded after the sample was stabilized 
again. After the first test, the samples were naturally dried to 
the target moisture content in order to be used in the second 
test. Taking as an example a sample with moisture content 
of 8%, the test steps are shown in Fig. 3. The samples in this 
test had a height of 20 mm and an area of 100 cm2. Methods 
for preparing the undisturbed samples with different water 
content are given below.

For samples that required humidification, the “titration 
plus water method” was adopted, i.e., the required amount of 
water is evenly and slowly released on the samples surface. 
If the amount of released water was large, the water dripping 
was performed gradually. The increase in water content in 
each stage of the dripping process did not exceed 5%. The 
water used in the experiment was distilled water in order 
to prevent the introduction of other ions that could affect 
the experimental results. The “natural air drying” method 
was adopted for hygroscopic samples. For this, the samples 

were placed in a cool and dry place and were not exposed to 
the sun. When the water content in the sample reached the 
required value, the sample was placed in a sealed jar for at 
least 3 days. The test was performed in a timely manner after 
completing the sample preparation.

Results and discussion

Compression test results

It has been previously reported that compressive deforma-
tion and collapse deformation of loess can be transformed 
into each other under confined conditions. Therefore, the 
investigation of the compression deformation of loess 
with different water content is useful for further study of 
loess collapsibility. Therefore, the analysis first included a 
description of the stress–strain curves of loess with different 
water content, which were tested according to the schemes 
as shown in Fig. 3.

Figure 4 shows that the vertical strain (ε) of loess with 
different water content gradually increases with increasing 
vertical pressure (p), while the final strain tended to stabi-
lize. The strain value of the sample in the first compression 
was substantially higher than the value in the second com-
pression, and with increasing compression time, the strain 
value of the sample with the same moisture content gradu-
ally decreased under the same pressure. After first collapse, 
the compression curves of the samples with different water 
content were distributed in a narrow range which indicates 
that the influence of the water content on the structure of 
samples decreased, i.e., the water sensitivity of the samples 
increased.

The slope of the e-lgp curve of loess increases gradually 
with increasing pressure (Fig. 5). The following formula is 
used to determine the void ratio for all samples:

where ε is the strain value of the sample, and e0 is the ini-
tial void ratio. Since this paper performed four compression 
tests, e0 is not a fixed value, but a void ratio at p = 0 in each 
compression process.

When the load reaches a certain value, the compres-
sion curve will enter a straight-line stage, and its slope 
will remain unchanged. Before the e-lgp curve enters the 
straight-line stage, there will be a turning point in the curva-
ture mutation. The load corresponding to the turning point is 
known as the compression yield strength, which is recorded 
as psc (Wang et al. 2019). Casagrande (1936) presented a 
method for determining the compressive yield strength. As 
can be noticed in Fig. 5, the straight part of the compression 
curve of some samples is not obvious. The psc of loess is 

(1)e = e0 − �(1 + e0)
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obtained by the Casagrande method when the straight sec-
tion of the curve is obvious; in case the straight section of 
the curve is not obvious, psc can be estimated according to 
the shape of the curve. However, this method is too complex 
to be applied for every compression curve. Therefore, in this 
study, an attempt was made to develop a simple method for 
obtaining the compressive yield strength. Structural strength 
is related to basic physical soil indices such as water con-
tent, void ratio, and particle size composition (Chen et al. 
2011). Wang et al. (2019) proposed a comprehensive physi-
cal index, but neglected the influence of particle size com-
position on the structural strength of loess. Therefore, the 
present study defined a comprehensive physical index Z to 
represent the comprehensive physical properties of soil; Z 
is defined in Eq. (2):

(2)Z =
(w − wp)�

2
d

(wl − wp)�sat�w

where w, wp, wl, �d , �sat, and �w are water content, plastic 
limit, liquid limit, dry density, saturated density of loess, 
and water density, respectively.

The relationship curve between the compression yield 
strength and the comprehensive physical index Z is shown 
in Fig. 6.

Figure  6 shows that the initial compression yield 
strength and the recompression yield strength decrease 
exponentially with increasing the comprehensive physi-
cal index Z. The structural yield strength of the sample 
decreases with increasing water content (Yates et  al. 
2017). In addition, the slope of the curve decreases with 
increasing the comprehensive physical index Z, indicat-
ing that the water sensitivity of the sample decreases with 
increasing water content. Therefore, a simple method for 
calculating psc can be obtained, as shown in Eq. (3):

(3)

{

psc = 141.85 × exp(−2.25 ⋅ Z) + 46.71, for initial compression

psc = 283.79 × exp(−0.98 ⋅ Z) + 141.85, for recompression
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The Lanzhou Q2 loess data studied by Wang et al. (2019) 
are also shown in Fig. 6 for easier comparison. Equation (3) 
is still applicable to Lanzhou Q2 loess, but the PSC − Z curve 

of Q2 loess is not the same as the PSC − Z curve of Q3 loess 
initial compression. Even so, the PSC − Z curve of Q2 loess 
still conforms to the PSC − Z curve of recompression.

Using p/psc as the abscissa and logarithmic coordinates, the 
e-lg (p/psc) curves of the samples with different water content 
can be basically the same (Fig. 7).

As shown in Fig. 7, the e-lg (p/psc) curves of soil samples 
with different water content are distributed in a very narrow 
band and are approaching the same curve with the evident 
normalization effect; this indicates that a normalization 
effect will be observed for compression curves of samples 
with different water content. The new abscissa value corre-
sponding to the turning point is p/psc = 1.0. As shown in 
Fig. 7, the e-lg (p/psc) curve of each test is essentially paral-
lel. If the vertical coordinate (void ratio e) in Fig. 7 is 
divided by the void ratio at the beginning of this experiment, 
the ordinate ( e

e0
 ) of the starting point (when p = 0) of the 

curve becomes 1.0. Here, e0 is not a fixed value, yet a poros-
ity ratio at p = 0 in each compression process. When the 
curves of each test are drawn in the same coordinate system, 
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the (e/e0) –lg(p/psc) curves of each test can be obtained 
(Fig. 8).

As seen in Fig. 8, the (e/e0)-lg(p/psc) curves of loess with 
different test times almost coincide with one curve. This 
indicates that the normalization characteristics are shown 
not only on the compression curves of loess with different 
water content, but also on the compression curves of loess 
with different test times.

Collapsibility evaluation based on the composite 
power exponential (CPE) nonlinear model

The expression of the CPE nonlinear model can be used to 
describe all types of stress–strain curves. The stress–strain 
curves in the lateral compression test can be described as 
follows (Wang et al. 2017):

where pa is the standard atmospheric pressure; n0 is the ini-
tial porosity; A is the coefficient related to the compression 
stage; α and β are coefficients related to soil properties and 
water content, and their values are greater than 0.

Under the lateral limit condition, the compressive strain 
is � =

e0−e

1+e0
 , where e is the void ratio of the sample after the 

soil stabilizes under the vertical load p in the lateral limit 
condition. The compression strain ε = e0−e

1+e0
 and the void ratio 

formula n0 =
e0

1+e0
 are introduced into Eq. (4), resulting in 

the following equation:

(4)ε = n0{1 − Aexp

[

−�

(

p

pa
)
�

]}

(5)
e

e0
= Aexp[−�(

p

pa
)
�

]
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The abscissa of the curve in Fig. 7 is p/psc, and the ordi-
nate is e/e0; therefore, it can be expressed by changing the 
form of Eq. (5), as follows:

Since both α and β are greater than zero, Eq. (6) is a sub-
tractive function. When p = 0, then e

e0
= A , so the range of 

values of Eq. (6) is [A, 0). With the increase in p, the void 
ratio begins to decrease from the initial void ratio; therefore, 
when p = 0, then A = 1. Equation (6) can be used to fit the 
curve in Fig. 8, and the normalized curve expression shown 
in Fig. 8 is as follows:

To verify the accuracy of the normalization method, the 
e-lg p compression curve was calculated according to the 
expression obtained from the normalization of the com-
pression curve, and then compared with the e-lgp com-
pression curve obtained from the experiment. The calcu-
lated e-lgp compression curve and the experimental e-lgp 
compression curve were plotted in the same coordinate 
system to verify the normalization characteristics of the 
compression curve. In this study, the compression curves 
of the four compression tests and the calculation for sam-
ples with a water content of 28% were compared (Fig. 9).

As shown in Fig. 9, except for the points under indi-
vidual pressure, the calculated compression curve at dif-
ferent collapsing times was basically the same as the test 
compression curve, while the maximum deviation was not 

(6)
e

e0
= Aexp[−�(

p

psc
)
�

]

(7)
e

e0
= exp[−0.123(

p

psc
)
0.53

]

more than 0.05, indicating that the normalization method 
was practical.

The collapsibility coefficient of loess can be expressed by 
δs, and the calculation formula can refer to the specification 
(CNS, MOWR 2019) as follows:

where h′

p
 is the height of the sample (in mm) at the appropri-

ate stress level after inundation, hp is the height of the sample 
(in mm) at the appropriate stress level before inundation, and 
h0 is the initial height of the sample (in mm).

The coefficient of collapsibility (δs) can be determined 
using Eq. (9):

where ep and e′

p
 are the void ratios of the sample at the appro-

priate stress level before and after inundation, respectively; 
and e0 is the initial void ratio.

In order to calculate the collapsibility coefficient of loess 
with different water content and different collapsibility 
time, the physical parameters of soil samples are obtained 
by conventional geotechnical experiments. The comprehen-
sive physical index Z of soil samples with different water 
content can be calculated according to the physical prop-
erties obtained experimentally, and psc can be calculated 
according to Eq. (3). Thereafter, the void ratio of soil sam-
ples with different water content under different pressures 
can be obtained according to Eq. (7) when the value of psc 
is known. Finally, the collapsibility coefficients of samples 
with different water content under different pressures can 

(8)�s =
hp − h

�

p

h0

(9)�s =
ep − e

�

p

1 + e0
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be calculated using Eq. (9) and the initial pore ratio. The 
method can be used to obtain the collapsibility coefficients 
of samples with different moisture content under different 
pressures based on the physical parameters of the samples, 
which substantially simplifies geotechnical experiments.

Figure 10 shows the collapsibility coefficients of samples 
with different water content obtained by the aforementioned 
method. As the pressure increases, the collapsibility coeffi-
cient firstly increases, then decreases, and finally stabilizes. 
The maximum collapsibility coefficient is observed under 
different pressures, and it can be called the peak collaps-
ibility coefficient, while the corresponding pressure repre-
sents the peak collapsibility pressure. The peak collapsibil-
ity coefficient and the peak collapsibility pressure decrease 
with increasing water content. The reason for this phenom-
enon is that when the pressure is lower than the peak col-
lapse pressure, the unsaturated sample cannot be completely 
compressed as the matrix suction and cementation material 

strength can maintain the upper load stability. However, the 
salt in the saturated sample dissolves, resulting in an increase 
in the internal pore diameter and a decrease in the matrix 
suction; thus, the strength of the sample is reduced and 
leads to a greater collapse (Haeri et al. 2013; Mihalache and 
Buscarnera 2015). When the pressure exceeds the peak col-
lapse pressure, the unsaturated sample cannot bear the load, 
resulting in damage to the soil sample structure. However, the 
structure of the saturated sample is destroyed under low pres-
sure. Therefore, when the pressure exceeds the peak collapse 
pressure, the collapsibility coefficient decreases with increas-
ing pressure. Similarly, as the water content increases, part 
of the cementation material in the sample dissolves and the 
matrix suction decreases. Under low pressure, the structure of 
the sample can be destroyed, and thus, the peak collapsibility 
pressure decreases with increasing water content.

The initial collapse pressure is the vertical pressure cor-
responding to a collapsibility coefficient of 0.015, which 
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Fig. 10   Collapsibility coefficient of loess samples with different water content: a first compression test, b second compression test, c third com-
pression test, and d fourth compression test
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reflects the ability of the loess to resist collapse. The ini-
tial collapsibility pressures of the three samples with dif-
ferent water content during the first collapse were 17 kPa, 
25 kPa, and 33 kPa, respectively. The initial collapsibility 
pressure increases with increasing moisture content in the 
sample, indicating that samples with lower moisture content 
are more prone to collapse. As the collapse time increases, 
the initial collapsibility pressure gradually increases, while 
the peak collapsibility coefficient greatly decreases. After 
collapsing two times, the sample has no collapsibility. This 
indicates that the collapsibility of the loess foundation can-
not be completely eliminated after one collapse, but collaps-
ibility gradually reduces with repeated collapses.

Description of the evaluation method

The demolition and reconstruction of old buildings caused by 
the construction of the sponge city will cause the repeated 
collapse of the loess foundation. At present, studies on the 
repeated collapsibility of loess are rare, and there is no rec-
ognized method for evaluating the repeated collapsibility of 
loess. In this paper, a method for evaluating the repeated col-
lapsibility of loess is proposed based on the test data. This 
method links the structural yield strength of loess with the 
basic physical index of loess and proposes an empirical for-
mula for calculating the structural yield strength. Therefore, 
this method can complete the repeated collapsibility evaluation 
of loess through basic physical indicators and simple testing 
instruments. Since the basic physical index of loess is affected 
by its stress history, the compression curve of loess samples 
that have experienced collapse is affected by the previous col-
lapse pressure. To investigate the law of repeated collapse, the 
collapse pressure used is 800 kPa, but in reality, the building 
load varies greatly. The applicability of Eq. (7) under any pres-
sure has yet not been evaluated, but the method of the evalu-
ation of repeated collapsibility proposed in this paper is still 
applicable for the evaluation of repeated collapsibility under 
other pressures, thereby representing a reference method for 
the study of repeated collapsibility of loess.

Conclusions

In this study, repeated compression tests on soil samples 
with different water content yielded a compression curve of 
loess in Guyuan. First, a comprehensive physical index is 
defined based on the three main parameters (moisture con-
tent, void ratio, and particle size composition) that affect the 
loess structure. The relationship between the comprehensive 
physical index and the structural yield strength of loess for 
the repeated collapsibility was then explored. Finally, based 
on the analysis of the characteristics of repeated collapsibil-
ity of loess, this paper proposes a simple and easy method 

for evaluating the repeated collapsibility of loess. The spe-
cific conclusions of this study are as follows:

1.	 The yield strength of structure decreases rapidly with 
increasing the comprehensive physical index Z and 
decreases along the same path with increasing the 
comprehensive physical index in the second, third, and 
fourth collapse. For collapse times, the yield strength 
of the structure decreases with increasing water con-
tent. The slope of the curve between the structural 
yield strength and the comprehensive physical index Z 
decreases with increasing the comprehensive physical 
index Z, indicating that the water sensitivity of the sam-
ple decreases with increasing water content;

2.	 Not only do the compression curves of loess with dif-
ferent water content have normalization characteristics, 
but also the compression curves of loess with different 
test times have normalization characteristics;

3.	 The new evaluation method of repeated collapsibility 
of loess only needs the basic physical index of loess; 
a simple compression test can be performed quickly to 
obtain the collapsibility coefficient of loess with differ-
ent water content and collapsible times

4.	 Comparing the calculated compression curve and the 
measured compression curve of the sample with a water 
content of 28%, the maximum error of the void ratio was 
less than 0.05, indicating a good accuracy of this method;

5.	 The collapse is not completed in one step. Actually, the 
loess with a moisture content of < 17% collapses do exist 
repeated collapse, and for twice. The coefficient of col-
lapsibility decreases rapidly with increasing collapse 
time, while the ability of loess to resist collapse increases.
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“Research on key technologies for construction and operation of Guy-
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