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A B S T R A C T   

Soils in the field conditions, such as in cut slopes or under embankments, often sustains an initial static shear 
stress prior to the cyclic loadings. Current knowledge on the undrained cyclic behaviour with the presence of 
initial shear stress has been mainly built on sands. Experimental studies for loess that contains adequate infor
mation in this respect is lacking. To fill this gap, this paper presents results from a series of undrained cyclic 
triaxial tests on the reconsititued and intact loess samples, subjected to different initial static shear stresses. It was 
found that the existence of initial static shear stress has a significant impact on the failure modes of loess. Three 
failure modes were observed in the loess samples, including the flow failure, the cyclic mobility and the plastic 
strain accumulation, among which the flow failure in the reconsitituted loess sample was more destructive 
because of its sudden nature. On the basis of the experiments, we propose a chart to facilitate the identification of 
the failure modes of loess by taking into account the influence of initial stress state and the excess pore water 
pressure (Δu). Specifically, the changes of Δu in the first two cycles are used to distinguish the flow failure and 
other failure modes. The proposed metod is further validated using the literature data, showing a satifactory 
predictive peformance. The outcome of this study provides a guideline that is useful not only for evaluating 
undrained cyclic behaviour of loess, but also for predicting the failure modes without the need to load samples to 
failure.   

1. Introduction 

Earthquake induced instability in loess slopes has been shown to 
cause severe consequences [1,2]. The 1920 Haiyuan, China earthquake 
generated massive landslides with long runout distances and demon
strated that flow liquefaction can occur in loess leading to heavy casu
alties (Fig. 1) [3,4]. Researchers have been studying the undrained 
cyclic behaviour of soils including the failure modes and the ability 
against liquefaction in the past several decades and have built up an 
understanding primarily on granular materials such as sand and gravel 
[5–7]. 

Cyclic triaxial and cyclic simple shear tests have revealed that the 
initial stress state plays a key role to affect the failure modes for granular 
soils and the number of cycles required to liquefaction in an undrained 
condition [8–10]. Previous studies show that the impacts of initial shear 
stress can be either beneficial [11,12] or detrimental [13,14], which is 

dependent on several factors including the void ratio, fabric, and 
confining stress level. A consensus was not reached until that Yang and 
Sze [15] proposed a unified method for characterizing such effects. A 
new term in their work, referred to as threshold α (i.e., initial shear stress 
ratio), has been confirmed useful in evaluating the failure modes of both 
clean and silty sands [7,16,17]. The α value is defined as follows: 

α=
qs

2σ’nc
(1)  

where qs is the initial static deviatoric shear stress, σ′
nc (= (σ′

1c +σ′
3c)/2) 

is the normal effective stress on the 45◦ plane in the sample [18]. The 
above findings significantly promote the evaluation on cyclic response 
of granular soils for a range of geotechnical structures with initial shear 
stress, such as foundations and embankments. 

Loess is composed primarily of silt and retains unique features of soil 
fabric, making their undrained cyclic behaviour more complex than 
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granular soils. Although some pioneer works in loess have been con
ducted by several researchers [18–21], the experimental studies on the 
undrained cyclic behaviour of loess are rather limited, and the results 
appear to be controversial. For example, Hyodo et al. [22] performed 
cyclic triaxial tests on silt prepared by the sedimentation method. They 
reported that increasing initial shear stress will decrease the liquefaction 
resistance for a condition with the stress reversal, but it becomes 
beneficial for that with no stress reversal. These findings are inconsistent 
with the results by Yang and Sze [15] on quartz sand and Sağlam and 

Bakır [23] on saturated silt. In the current literature, compared with the 
extensive research on granular soils, a lack of comprehensive experi
mental data impedes a good understanding of the undrained cyclic 
behaviour in loess. In particular, investigations on the failure modes of 
loess considering the effect of initial shear stress have not been reported. 

To address these concerns, this paper presents experimental results 
from a series of undrained cyclic triaxial tests on both intact and 
reconstituted loess samples. The influence of initial shear stress on the 
failure modes of loess was investigated. On the basis of test results, a 
chart method was established to evaluate the failure mode for loess, 
taking into account the changes of excess pore water pressure in the first 
two cycles and the initial stress state. The outcomes of this study not only 
show an insight into the undrained cyclic behaviour of loess, but also 
provide a fundamental basis for future research on possible prewarning 
of failures in loess under the cyclic loads. 

2. Experimentation 

2.1. Test materials and sample preparation 

Undisturbed loess samples used in this study were collected from a 
construction site in Yan’an city, China. Particle size distribution of the 
tested loess confirmed that the loess can be classified as a sandy silt 
according to the British Standards (BS 1377–2) (Fig. 2). The basic soil 
properties are listed in Table 1. The orientations of the intact samples 
were marked immediately after sampling from the field, and all samples 
were carefully wrapped with plastic films and sealed with wax to avoid 
any disturbance or loss of moisture during transportation. The in-situ 
water content of the loess is about 11.6%, and the initial void ratio is 
between 0.67 and 0.79 in the depth from 3 m to 4 m. Prior to the cyclic 
triaxial test, the intact loess samples were carefully trimmed into cy
lindrical specimens with 39.1 mm in diameter and 80 mm in height. In 
addition, disturbed loess specimens were reconstituted from the trim
mings using the moist tamping method in conjunction with the under- 
compaction technique. The under-compaction technique is referred to 
the concept brought by Ladd [24], in which it creates overall more 
uniform moist-tamped specimen than using layers of equal dry weight 
and volume [25,26]. As shown in Fig. 3, a target void ratio of 0.775 
(similar with the intact loess samples) was achieved by compacting a 

Fig. 1. Major earthquake events in the Chinese Loess Plateau (greater than M7.5).  

Fig. 2. Particle size distribution curves of tested loess.  

Table 1 
Physical properties of tested loess.  

Soil Sample Cu d50 (μm) d10 (μm) PL PI GS 

Loess 9.27 36.43 6.96 19.9 7.0 2.65 

Note: Cu: coefficient of uniformity; Gs: specific gravity; PL: plastic limit; PI: 
plasticity index. 
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predetermined mass of wet soil into five layers of equal thickness in a 
split mould. Here, the loess was prepared with an initial water content of 
11.6%, and the degree of under-compaction was varied linearly from the 
bottom to the top layer, with an under-compaction ratio of 1%. 

2.2. Test apparatus and test program 

After sample preparation, each loess sample was carefully placed in 
the triaxial chamber, and was subjected to a saturation process. In this 
study, all specimens were saturated in two stages: initially by flushing 
the specimen with carbon dioxide and de-aired water, and then by 
applying a stepwise increased back pressure [27]. To achieve the full 
saturation state, a Skempton B value greater than 0.95 was required 
[28]. All tests were conducted under the stress-controlled mode through 
an automated cyclic triaxial testing system (Fig. 4), which is capable of 
performing isotropic and anisotropic consolidation. In the latter case, 
the specimen was consolidated by controlling the principal effective 
stresses σ′

1c and σ′
3c in small increments such that a constant initial shear 

stress ratio (α) was maintained until the desired stress condition was 
reached. 

In this study, the target σ′
3c is 100 kPa for all tests. In cases where the 

initial shear stress is absent, σ′
nc is equal to the minor principal consol

idation stress (σ′
3c). In each test, cyclic stress (qcyc) were applied to the 

specimen in a sinusoidal waveform at a frequency of 0.1 Hz, which is 
considered as representative of the typical frequency range of seismi
cally induced loading, and is also to ensure the accurate measure of pore 
water pressure under cyclic loads [29]. Here, if qcyc exceeds the initial 
static shear stress (qs) in magnitude, the loading is known to be with 
stress reversal; otherwise, it is without reversal. A total of 28 cyclic 
undrained triaxial tests were conducted on isotropically and anisotrop
ically consolidated loess specimens. A summary of test series is listed in 
Table 2. Noting that “Re” and “In” denote the reconstituted and intact 
loess, respectively. 

3. Test results and discussion 

3.1. Cyclic failure modes in reconstituted loess 

In Figs. 5–7, cyclic responses of the reconstituted loess with different 
magnitudes of initial shear stress are shown. ‘Nf’ in each diagram 

Fig. 3. Schematic illustration of moist tamping method.  

Fig. 4. Schematic illustration of the dynamic triaxial apparatus used in this study.  
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denotes the number of cycles at failure. In Fig. 5, α is zero, indicating no 
initial shear stress. It is clear to see a complete stress reversal in q-p’ and 
q-ϵa diagrams. As the cyclic loading proceeded, p’ decreased gradually 
towards zero. A transient liquefied state of the specimen, known as 
initial liquefaction [7,30] was observed, which was followed by a sub
stantial regain of the effective stress and stiffness in the sample. This 
process was repeated in sequent loading cycles, accompanied by 
prominent stiffness degradation. In this experiment, the failure of sam
ple took place until unacceptably large axial strain was approached (in 
the 31st cycle). It is noted that the above undrained failure mode is 
referred to as ‘cyclic mobility’, which frequently occur in medium to 
dense sand specimens under cyclic loads subjected to stress reversal [31, 
32]. As shown in Fig. 5(b) and (c), the reconstituted loess sample was 
failed under extension (ϵa is less than zero). 

In Fig. 6, a positive initial shear stress (α = 0.09), being less than the 
cyclic stress (qcyc), was applied on a reconstituted loess sample. The 
deviatoric stress is non-asymmetric about the hydrostatic stress axis in q- 
p’ diagram. In this case, the cyclic mobility was observed. The axial 
strain was predominantly accumulated in the compression side of each 
loading cycle (Fig. 6(b) and (c)). Hence, it is rational that the sample 
approached failure under the compression state (in the 78th cycles). 
Furthermore, the cyclic response of a reconstituted loess sample sub
jected to no stress reversal is presented in Fig. 7. As the cyclic loading 
proceeded, p’ gradually decreased, while the axial strain increased with 
the number of cycles. Also worthy of note in this case is that the loess soil 
behaves very contractively under the normal confining stress of 100 kPa, 
and the failure of sample occurred in a sudden (in the 89th cycles), 
triggering of marked deformation in a short period (Fig. 7(c)). Specif
ically, prior to the failure (within the first 88 cycles), the axial defor
mation of the sample is about 2%, whereas it increases to nearly 30% 
after the failure. This abrupt failure style is referred to as flow failure for 
soils under cyclic loads [15,33–35]. Compared with other types of fail
ures, the flow failure in soils is more destructive in the field due to less 
prewarning [36], such as the Haiyuan earthquake as shown in Fig. 1. 

3.2. Cyclic failure modes in intact loess 

Compared with the reconstituted loess, the intact loess often exhibits 
higher shear strength, as reported in the literature in terms of higher 
internal friction angle and peak strength [37]. In this study, experiments 
were also conducted on the intact loess samples to evaluate whether the 
initial shear stress influences the cyclic failure modes of the intact loess. 

Table 2 
Summary of test series in this study.  

Test e0 ec qs (kPa) α qcyc (kPa) Failure mode 

Re-1 0.768 0.746 0 0.00 30.8 CM 
Re-2 0.757 0.744 0 0.00 24.2 CM 
Re-3 0.761 0.747 0 0.00 27.6 CM 
Re-4 0.761 0.723 19.2 0.09 41.7 CM 
Re-5 0.765 0.727 18.3 0.08 45.1 CM 
Re-6 0.770 0.715 17.5 0.08 45.8 CM 
Re-7 0.763 0.726 19.2 0.09 47.5 CM 
Re-8 0.767 0.717 20.0 0.09 38.3 CM 
Re-9 0.770 0.624 94.2 0.32 32.6 FF 
Re-10 0.771 0.612 97.5 0.33 25.3 FF 
Re-11 0.777 0.601 93.3 0.32 16.7 FF 
Re-12 0.773 0.601 91.7 0.31 20.9 FF 

In-1 0.762 0.749 0.0 0.00 33.3 CM 
In-2 0.787 0.744 0.0 0.00 37.7 CM 
In-3 0.717 0.673 0.0 0.00 43.3 CM 
In-4 0.722 0.688 0.0 0.00 48.1 CM 
In-5 0.750 0.645 65.0 0.25 51.6 CM 
In-6 0.741 0.643 61.7 0.24 91.7 CM 
In-7 0.787 0.657 68.3 0.25 82.5 CM 
In-8 0.671 0.651 67.0 0.25 100.5 CM 
In-9 0.703 0.623 90.0 0.31 82.6 PA 
In-10 0.758 0.646 91.7 0.31 87.5 PA 
In-11 0.711 0.626 92.0 0.32 88.7 PA 
In-12 0.694 0.612 92.9 0.32 99.5 PA 
In-13 0.779 0.618 95.6 0.32 107.4 PA 
In-14 0.711 0.606 215.5 0.52 31.5 PA 
In-15 0.720 0.608 220.8 0.52 40.8 PA 
In-16 0.711 0.601 219.2 0.52 36.7 PA 

Note: CM: Cyclic mobility; FF: Flow failure; PA: Plastic strain accumulation. 

Fig. 5. Undrained response of reconstituted loess with complete stress reversal 
(ec = 0.744, α = 0, qs = 0 kPa, qcyc = 24.2 kPa). 
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In Fig. 8, the test results of an intact loess sample with no initial shear 
stress are presented. The cyclic responses are similar with that of the 
reconstituted loess sample as shown in Fig. 5, and both displayed the 
behaviour of cyclic mobility. Nevertheless, although the applied cyclic 
stress (qcyc = 33.3 kPa) is greater on the intact sample than that on the 
reconstituted one (qcyc = 24.2 kPa), more loading cycles are required for 
the intact sample to reach failure. This finding is consistent with the 
expectation that the intact loess has a higher cyclic resistance. 

Besides, the test results of intact loess samples with different α values 
are presented in Figs. 9 and 10, and they are shown as the conditions of 

partial stress reversal and no stress reversal, respectively. In the former 
case, the cyclic mobility occurred (Fig. 9), which is in general the same 
failure mode for the reconstituted loess in Fig. 6. An interesting com
parison is given in Figs. 7 and 10, where a similar α value was applied in 
both the intact and reconstituted samples, representing by the condition 
of no stress reversal. In Fig. 10 (b) and (c), it is clear that the flow failure 
as illustrated in Fig. 7 did not occur for the intact loess sample. Rather, 
the intact sample reached the failure by a progressive accumulation of 
plastic strain. At end of the test, the failure occurred during compression 
of the cyclic loading. 

From the above observations in Figs. 5–10, one can conclude that the 
cyclic response of loess is strongly affected by the initial stress state and 
the applied cyclic load. In particular, when no stress reversal is applied, 
caution should be exercised about the possibility of flow failure in the 
reconstituted loess, and it is unlikely occurred in the intact ones. 

3.3. Excess pore water pressure accumulation 

In the undrained cyclic triaxial test, the fluctuations of mean effec
tive stress are associated with the changes of excess pore water pressure 
(Δu). Thereby, the above failure modes in the loess samples can also be 
interpreted by Δu. In Fig. 11, test results from the reconstituted and 
intact loess samples under zero initial shear stress are compared. 
Although both cases yielded the behaviour of cyclic mobility, less cycles 
were required for the reconstituted loess sample to reach the maximum 
Δu. These findings are consistent with the experiments illustrated in 
Figs. 5 and 8. Moreover, in Fig. 12, Δu is plotted respectively for the 
reconstituted and intact loess samples with different magnitudes of 
initial shear stress. In Fig. 12(a), in particular in the reconstituted sample 
with no stress reversal, Δu increases gently at the initial loading stage, 

Fig. 6. Undrained response of reconstituted loess with partial stress reversal (ec 
= 0.717, α = 0.09, qs = 20 kPa, qcyc = 38.3 kPa). 

Fig. 7. Undrained response of reconstituted loess with no stress reversal (ec =

0.601, α = 0.32, qs = 93.3 kPa, qcyc = 16.7 kPa). 
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which is followed by a dramatic rise of Δu in the 89th cycle (point “a”). 
As shown in Fig. 7, the above trend is also accompanied by a marked 
decrease in the mean effective stress, and it is referred to as the flow 
failure. In Fig. 12(b), the excess pore water pressure in the intact loess 
samples increases gradually, confirming that no flow failure occurred in 
the intact loess samples. Compared with the case of partial stress 
reversal, an increasing number of loading cycles were required to reach 
the maximum Δu in the sample with no stress reversal, and it is referred 
to as the plastic strain accumulation. 

Furthermore, to quantify the changes of Δu, the slope of the line 

connecting the peaks of two successive cycles, as shown in Fig. 13, is 
adopted in the following analysis. The slope is denoted as K (in kPa) in 
the equation as below. 

K =
Δun − Δun− 1

Nn − Nn− 1
(2)  

where Δun is the peak Δu in the nth cycle, and N is the number of cycles. 
Of particular concern is which cycles are proper for estimating the K 

Fig. 8. Undrained response of intact loess with complete stress reversal (ec =

0.749, α = 0, qs = 0 kPa, qcyc = 33.3 kPa). 
Fig. 9. Undrained response of intact loess with partial stress reversal (ec =

0.643, α = 0.24, qs = 61.7 kPa, qcyc = 91.7 kPa). 
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value. To address this concern, Fig. 14 compares the K values based on 
Δu in the first two cycles (K1-2) with that at failure (Kf), for the three 
failure modes observed. It is worth noting that Δu in the first cycle is 
critical for determining the number of cycles required to cause failure in 
sand, as observed by Ni et al. [38] and Oda et al. [39]. Instead of using 
the Δu in the first cycle, the K value proposed here characterizes the 
changes of Δu in successive loading cycles. 

In Fig. 14, three sets of K values are shown in each diagram for 
different failure modes in loess, including the plastic strain 

accumulation (PA), the cyclic mobility (CM) and the flow failure (FF). 
The results for all tests listed in Table 2 are compiled in this figure. 
Although the after-consolidation void ratios of loess specimens are 
slightly different, no clear trend was observed between the K values and 
the void ratios, with an implication that the void ratio has no significant 
impact on the K values. Besides, two important features are observed: 
(1) the loess samples exhibiting the flow failure have markedly narrow 
distributions of K values than that in other failure modes. In particular, 
in the FF mode the range between the upper and lower values of K1-2 is 
smaller than that of Kf; (2) compared with Kf, the average values of K1-2 

Fig. 10. Undrained response of intact loess with no stress reversal (ec = 0.646, 
α = 0.31, qs = 91.7 kPa, qcyc = 87.5 kPa). 

Fig. 11. Excess pore water pressure of intact and reconstituted loess without 
initial shear stress. 

Fig. 12. Excess pore water pressure of intact and reconstituted loess under 
initial shear stress: (a) reconstituted loess; (b) intact loess. 
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in Fig. 14(a) are significantly different. It implies that K1-2 is more 
sensitive to the failure mode in loess, thereby K1-2 has a potential as an 
indicator to distinguish the failure modes in loess samples. 

3.4. A chart method for identifying failure modes 

Given the above evidence, an attempt was made to identify different 
failure modes of loess in Fig. 15 by establishing a chart using qs/qcyc and 
K1-2. Here, qcyc is the applied cyclic stress, and qs is the initial static 
deviatoric shear stress. Besides, the solid symbols were used for the 
intact loess specimens and the hollow symbols are for the reconstituted 
ones. When qs/qcyc is greater than one, it represents the condition of no 
stress reversal, accordingly a no-reversal line is plotted in this figure. As 
shown in Fig. 15(a), when K1-2 is smaller than 1.96, the loess samples 
displayed the flow failure. When K1-2 is greater than 3.96, it exhibited 
either the mode of plastic strain accumulation or the cyclic mobility 
mode. The above findings suggest the existence of a threshold Kth for 
identifying the mode of flow failure in loess. For other failure modes, 
they can be distinguished in this diagram by the data with the position 
against the no-reversal line. For example, when K1-2 is greater than 3.96 
and the stress ratio is less than one (qs/qcyc＜1), the cyclic mobility 
prevailed in the loess samples (indicated by the circles in the diagram). 
Based on the experimental results, four individual zones can be identi
fied in the chart, as shown in Fig. 15(b). In this study, Kth is found in a 
range of 1.96–3.96. No data are found in the blank zone, where K1-2 is 
small and the samples are subjected to the stress reversal. 

Note that Fig. 15(a) includes the data from both the reconstituted 
and intact loess samples. It is worthwhile to further validate the chart 
using additional experimental data. In doing so, more data are extracted 
from the experiments reported in the literature and they are re- 
interpreted and plotted in Fig. 16. Fig. 16(a), (b) and (c) show the re
sults of the Hebei fine sand from Xu et al. [40], the tailing silts from Tan 
et al. [41], and the fine sand from an earth dam project from Zhang et al. 
[42], respectively. Moreover, an extra group of data on the reconstituted 
loess with an addition of 10% fine sand by mass is included in Fig. 16(d). 
It is very encouraging to note that regardless of different test materials, 
the proposed method works reasonably well in predicting the failure 
modes, and Kth value varies with different materials. 

The proposed chart is promising in several aspects. First, it confirms 
that the initial stress state and the excess pore water pressure in initial 
loading stage in loess are of importance to evaluate the failure mode. For 
a given qs/qcyc that is smaller than one, it is unlikely to observe the flow 
failure in loess samples. Second, the introduction of a threshold Kth helps 
predict the different failure modes without the need for loading the 
sample to failure. Based on the experimental data, it can be suggested 
that the effective mean to avoid the flow liquefaction in loess is to 
decrease the qs/qcyc. In the meanwhile, the resistance to flow may be 
improved if the excess pore water pressure in the first cycle is depressed 
and the K1-2 is greater than Kth. 

4. Conclusions 

This paper presents experimental results on the undrained cyclic 
behaviour of loess specimens under different initial stress states. The 
major conclusions are summarized as follows:  

(1) The loess specimen with the stress reversal exhibited the cyclic 
mobility. If there is no stress reversal, the reconstituted loess 
specimen showed the mode of flow failure, while the intact loess 
specimen showed the mode of plastic strain accumulation. The 
flow failure in the reconsitituted loess sample was more 
destructive because of its sudden nature. Cautions should be 
exercised about the possibility of flow failure.  

(2) On the basis of test results, a chart was established to characterize 
the cyclic failure modes in loess, by considering the changes of 
the excess pore water pressure in the first two cycles together 
with the non-stress-reversal line. In particular, a threshold Kth 
was found for identifying the flow failure in loess. 

Fig. 13. Definition of K value in the excess pore water pressure.  

Fig. 14. Box diagram of K value: (a) at first two cycles; (b) at failure.  
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Fig. 15. Chart method for identifying failure modes.  
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(3) Experimental data from the litearture were used to validate the 
proposed chart method, and a good predictive performance was 
obtained. The new method is encouraging, because it helps to 
distinguish the failure modes of loess without the need for 
loading the sample to failure. Thereby, it provides a fundamental 
basis for future research on possible prewarning of cyclic failures 
in loess. 
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