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Abstract. Road and subway tunnels in soft clay soils subjected to traffic loading often cause lager
settlement. It can pose danger to the surrounding buildings and structures. Hence, it is necessary
for engineers to correctly predict the long-term deformation of saturated clay foundations under
cyclic loading. In this paper, a series of dynamic triaxial tests were carried out on Nanning clay to
investigate the effect of loading frequency and cyclic stress on axial strain accumulation of clay
under undrained condition. Results show that loading frequency has a great effect on the axial
strain accumulation of clay. Based on the experimental results, an empirical formula for
calculating the accumulated deformation of saturated clay under cyclic loading was presented.
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1. Introduction

Saturated clay is widely distributed on the silty coast and estuarine coast areas. When it is used
as building foundation or road base, it will produce long-term uneven settlement under cyclic
loading (such as machine vibration, traffic load, etc.), which will seriously affect the normal use
of the structure. Therefore, it is very important for engineers to correctly predict the long-term
deformation of saturated clay foundations under cyclic loading.

The cumulative plastic deformation models under cyclic loading are mainly divided into two
categories: theoretical models and empirical models [1]. The existing theoretical models mainly
include the modified Cambridge model, the nested yield surface model, the boundary surface
model, and so on. These theoretical models are able to calculate the plastic strain generated by
each cyclic load with high accuracy but complex calculation, and most of them need to use small
enough calculation steps to simulate each cyclic loading and unloading process. In the case of a
large number of cycles, the models often fail due to excessive computational effort. Empirical
models are usually built from the results of indoor tests and field tests, avoiding the problem of
excessive computational effort. Since empirical models meet the requirements of engineering
practice, they have been widely used in practical engineering. Many empirical models have been
used to predict the development of cumulative plastic deformation of soil under cyclic loading.
The most commonly used model is the power function model proposed by Monismith et al. [2],
and based on this model, some similar or modified models have been developed, such as Chai et
al. [3], which considers the effect of initial static deflection stress, and Guo et al. [4], which
considers the effect of stress ratio. The above models are simple and convenient, with low
computational cost, and have good prediction effect, but the effect of frequency is neglected.

In this paper, dynamic triaxial tests of saturated clay under different dynamic stress ratios and
loading frequencies were carried out, and based on the test data, an empirical formula for
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calculating the accumulated deformation of saturated clay under cyclic loading was established,
and the test data and calculated results were compared and analyzed.

2. Sample preparation and test results

The test was performed using the GDS dynamic triaxial instrument. The test clay was extracted
from a subway construction site in Mingxiu East Road, Xingning District, Nanning, China. The
diameter and height of samples are 50 mm and 60 mm, respectively. In case of isotropically
consolidation stress, an effective confining pressure reached 100 kPa. After that, sinusoidal one-

way cyclic loading was applied to the samples. The cyclic stress amplitudes (peak to peak value)
were 21, 31 and 36 kPa. Table 1 is the test schemes.

Table 1. Compress cyclic triaxial tests series

Test | Gcyc (kPa) N f (Hz)
1 21 9452 1
2 1000 0.1
3 3] 5000 0.5
4 10000 1
5 20000
6 36 10000 1

Fig. 1 presents the development of axial strain with time of loading cyclic under different
loading frequencies and different cyclic stress. Both loading frequency and cyclic stress have
significant effect on strain accumulation. The accumulated axial strain is bigger under larger cyclic
stress, and the accumulated axial strain decreases with the increase of frequency. The similar
experimental phenomenon was observed in the experiments of Yang et al. [5] and Hyde et al. [6].
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Fig. 1. The relationship between accumulated axial strain and loading duration

3. Empirical formula

The empirical model is typically developed using results from laboratory and field tests, which
helps to avoid issues of excessive calculation. Since the empirical model meets the demands of
engineering practice, it has been widely utilized in practical engineering applications. Several
empirical models have been used to predict the cumulative plastic deformation of soils under
cyclic loading. The power function model proposed by Monismith et al. [2] is the most frequently
used model:

g, = AN?, (1

where &, is cumulative strain, N is the number of cycles corresponding to a load duration of
1000 s, A and b are dependent on factors such as soil type, soil property and stress state.
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Li et al. [7] incorporated the influence of dynamic deviatoric stress and proposed a calculation
equation for A in the Monismith model:

A=a (q—d> , 2)
ar

where, g, denotes the dynamic deviator stress of traffic load, while g represents the static failure

deviator stress of soil. Moreover, a and m is related to the plasticity index of the foundation.
Taking into account the influence of stress ratio, Guo et al. [4] proposed an undrained

deformation prediction formula for saturated soft clay under long-term cyclic loading:

N A
Ep = &p,1000 (m) , 3)

where €, 1900 represents the cumulative plastic strain corresponding to the 1000th cycle, while 4
represents the slope of the double logarithmic relationship curve between the cumulative plastic
strain and the number of cycles.

These models are simple, convenient, and have a low computational cost, making them
effective in predicting the settlement of clay subgrades under traffic load. However, they do not
consider the influence of frequency, which can affect the accuracy of predictions. To make the
empirical model more realistic and applicable to actual working conditions, it is necessary to
consider these factors.

From the above test results, it can be seen that the cumulative strain of saturated clay is affected
by cyclic frequency and cyclic stress ratio under the same cyclic number. Based on the Monismith
model, the following three conditions should be considered when establishing the cumulative
strain prediction formula of Nanning saturated clay under cyclic loading, such as Eq. (4):

&, = f(N,f,CSR). C))

Fig. 2 presents the double logarithmic relationship between the cumulative strain caused by
cyclic loading and the number of cycles at different frequencies. It is worth noting that the dots in
the figure represent the corresponding points when the loading duration is 1000 s. After loading
1000 s, the double logarithmic relationship curve is almost linear before failure. Therefore, the
relationship between the cumulative strain and the number of cycles can be expressed as Eq. (5):

N
log e, =logeqgoo + klog(1000f>. (5)
Eq. (5) can be written as Eq. (6):
N K
Ep = F1000 (1000f> ' ©)

where f is cyclic frequency, 1000f is the number of cycles corresponding to a load duration of
1000s, €199 iscumulative strain corresponding to a load duration of 1000 s, k is the slope of the
line.

€1000 1S related to frequency, stress ratio and soil state, and Eq. (7) is a possible expression:

€1000 = g(f)h(CSR). (7

Fig. 3(a) shows the relationship between ;4o and stress ratio at 1 Hz. The black dot in the
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diagram represents the axial strain of samples with stress ratios of 21, 31, and 36 kPa at 1 Hz,
corresponding to a loading time of 1000 s. &, increases with the increase of stress ratio, and its
relationship can be expressed by exponential function:

€1000 = ae”F = g(1)h(CSR), ®)

where a is the fitting correction parameter, b is the parameter affected by frequency. Fig. 3(b)
shows the relationship between &,y and frequency under the cyclic stress of 31 kPa and it can
be expressed by exponential function:

€1000 = ¢ In(df) = g(f)h(0.31), ©)

where ¢ and d are the parameter affected by stress ratio. Thus, the ecpression of &;4¢¢ With three
parameters can be obtained:

€1000 = 7 In(df) ePCsk, (10)

where 7 is the fitting correction parameter, r = ac.

Fig. 4(a) and (b) are the relationship between k and stress ratio and frequency, respectively.
The dots in the figure represent the corresponding points when the loading duration is 1000 s. As
the stress ratio increases, k decreases. Conversely, at the same stress ratio, k increases with
frequency, except for 2 Hz, which is an anomaly as explained below. Similar to the derivation
process of €400 calculation formula, frequency, stress ratio and soil state are also the influencing
factors of k:

k = 61n(5f) ePCSR, (11)

where 0 is the fitting correction parameter, 0, § are parameter affected by cyclic stress ratio and
frequency, respectively.

Therefore, the empirical formula for the cumulative strain of saturated clay under undrained
cyclic loading is characterized by six parameters:

N \? In(5f)ePCSR

=7l sk (=) . (12)
g =rin(df)e 10007

The best values of each parameter can be obtained by fitting the test results, and the values of
each parameter are shown in Table 2.

Table 2. Model parameters
r d b 0 é
—0.00068 | 0.04495 | 14.89500 | 0.01020 | 3359.97499 | -5.35500

Fig. 5(a) and (b) show that the cumulative strain calculation results at different frequencies and
different stress ratios are slightly higher than the test results in the early stage of the cycle. With
the increase of the number of cycles, the two data gradually fit, and basically coincide after about
2000 s. In Fig. 5(a), when the cycle frequency is 2 Hz, the calculation results of most of the time
are lower than the experimental data. This is due to the limitation of the Dynamic Triaxial Testing
System. When a high frequency load of 2 Hz is applied, the first few cyclic stress amplitudes will
exceed the set value and then gradually recover. The cumulative strain of the first few cycles
accounts for a large proportion of the cumulative strain in the whole cycle, so the cumulative strain
test data of 2 Hz is high. The maximum cumulative strain difference between all the calculation
results and the test data is less than 10 %, indicating that Eq. (11) can effectively predict the
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cumulative strain of the saturated clay at the later stage of the cycle.
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Fig. 2. Logarithmic relationship between accumulated strain and number of cycles
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Fig. 5. Comparison of test data with calculated data: a) different frequencies; b) different stress
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4. Conclusions

The cumulative axial strain of saturated clay is affected by the number of cycles, cyclic
frequency and stress ratio. Based on a series of cyclic triaxial test results of Nanning clay under
undrained conditions, an empirical formula for cumulative strain of saturated clay under cyclic
loading is established to predict the short-term cyclic settlement of clay foundation highway. It
has a good fitting effect and can effectively predict the axial cyclic cumulative strain of clay.
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