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Abstract

:

The marine and alluvial plains along the southeastern coast of China are widely distributed in sandy formations, including smaller sand lenses and interlayers. The interlayers of sand have a significant impact on the mechanical properties of soft clay. In this paper, a large number of undrained unidirectional and bidirectional cyclic loading tests for soft clay with sand interlayers were carried out by a dynamic triaxial test system. Test results show that, under unidirectional and bidirectional cyclic vibration, the area of the hysteresis loop decreases and the slope of the connecting line at both ends of the hysteresis loop increases with the increasing of frequency. For the same vibration frequency, the area of the bidirectional vibration hysteresis loop and the slope of the connecting line at both ends are smaller than that of the unidirectional cyclic vibration. Under the same dynamic stress ratio, cumulative axial deformation caused by unidirectional and bidirectional vibration increases with the increasing frequency. Under unidirectional vibration, dynamic elastic modulus decreases at first, and then increases with the increasing frequency. For the same frequency, dynamic elastic modulus of the sample increases with the increase in cycles. Due to the effect of radial cyclic stress, the curves of dynamic elastic modulus and damping ratio with frequency under bidirectional vibration are opposite to those under unidirectional vibration.
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1. Introduction


Soft clay is a special soil mass formed by marine and lacustrine sediments in coastal, lake, swamp, and river bay areas in modern times. It is generally characterized by high water content, high compressibility, low strength, poor permeability, and high sensitivity and rheology [1,2,3,4,5,6,7]. According to the survey results of Ningbo metro, a large number of loose sand interlayer with a thickness of about 10cm are in the soft clay of metro tunnel engineering. According to the design code, this kind of interlayer has almost no influence on the evaluation of foundation liquefaction, but on the other hand, its foundation liquefaction can cause dramatic changes in stratum deformation, which will cause the subway tunnel to bear an additional huge horizontal thrust and cause damage to the subway tunnel. In the previous seismic response analysis, it is considered that the seismic action is mainly horizontal shear. The stress condition is mainly simulated by the stress on the 45° plane of the soil element under the condition of uniform consolidation under the cyclic load of unidirectional excitation. Yasuhara [8] and Matsui [9] have conducted in-depth research on the strength and stiffness attenuation of soil after cyclic loading, and pointed out the influence of cyclic cycles. Moreover, in terms of material constitutive model representation, scientific publications have proposed yield functions that represent very reliably the cyclic behavior of clays [10,11]. To sum up, only the effect of horizontal shear is considered in the seismic design, which is not safe for the actual project, and the effect of vertical seismic load should also be considered.



A large number of tests have been carried out on the dynamic characteristics of soft clay under cyclic loading at home and abroad. In the 1960s, Seed and Lee [12] proposed that the action of seismic wave can be simplified as the action of applying equivalent reciprocating horizontal shear stress to the soil under the condition that the vertical stress remains unchanged. Wichtmann [13] considered the dynamic characteristics of soil under the coupling action of vertical cyclic normal stress and horizontal cyclic normal stress under traffic load, which confirmed that the existence of horizontal cyclic normal stress greatly affected the dynamic characteristics of soil; under unidirectional vibration, the pore pressure and deformation of the specimen accumulated more rapidly, and thus the failure was reached earlier. Kammerer [14] studied the pore pressure characteristics of saturated sand under bidirectional vibration, and the results showed that the influence of bidirectional vibration on the dynamic pore pressure was significantly greater than that of unidirectional vibration, and the dynamic pore pressure changed more greatly under bidirectional vibration. Hyde [15] conducted a series of cyclic undrained tests on silty clay samples. The test results show that cyclic loading on normal and weakly overconsolidated soils will cause a significant increase in overconsolidation. The research results of Silvestri [16] and Narasimha [17] show that the effective consolidation pressure, deformation, and undrained strength of clay under cyclic loading are affected by the loading frequency. Liang [18] proposed a constitutive model of saturated soft clay under dynamic load based on the concept of boundary surface plasticity and considering the anisotropy of materials by using the node invariants of second-order stress tensor and clay structure tensor. However, there is no relevant research on the dynamic characteristics of saturated soft clay with interlayer sand under the condition of bi-directional excitation cyclic load.



Therefore, in this paper, a bidirectional dynamic triaxial test system was used to carry out bidirectional excited cyclic vibrations under different radial cyclic stress ratios, different frequencies, and different waveforms on the undisturbed soft clay with a sand interlayer in the Ningbo metro excavation; the influence of interlayer sand was analyzed on the dynamic characteristics of saturated soft clay.




2. Research Contents and Methods


2.1. Sample Equipment and Materials


A British GDS (Global Digital System) bidirectional dynamic triaxial test system was adopted, as shown in Figure 1. During the test, GDS-LAB software v2.6.7 in the computer could collect the stress, strain, pore pressure, and other data during the vibration of the sample.



Preparation of undisturbed soil sample: The undisturbed soil is cut into   Φ × H = 38 mm ×   76 mm   soil samples according to the specifications, as shown in Figure 2. Since the soil sample is composed of soft clay and a large number of sand interlayer with small thickness inside, it is necessary to avoid delamination of the soil sample and failure of cutting. The basic physical parameters of soil samples are shown in Table 1.



The sample soil is taken from the undisturbed soil in the Ningbo metro excavation, Zhejiang Province, and the depth of the soil sample is 15–20 m. Interlayer sand soft clay is grayish yellow, soil is soft, and has a rotten smell. Among them, the interlayer sand is fine and smooth. The basic physical parameters of soil samples are shown in Table 1.




2.2. Comparison of Single and Bidirectional Test Principles


A uniaxial excitation cyclic triaxial test keeps the lateral confining pressure unchanged, and apply ±σd/2; therefore, the cyclic shear stress applied to the 45° inclined plane of the specimen is still ±σd/2; however, the normal stress becomes σ0 ± σd/2, as shown in Figure 3.



The biaxial excitation cyclic triaxial test is to apply ±σd/2 cyclic stress of, and ∓σd/2 cyclic stress; therefore, the normal stress on the 45° plane of the specimen remains unchanged to simulate the stress state of soil level during earthquake. The test principle is shown in Figure 4.




2.3. Test Method


(1) Sample preparation: Undisturbed samples with a diameter of 38 mm and a height of 76 mm are used in the test. The samples are prepared according to the soil test specification.



(2) Saturation stage: The samples are put into the vacuum saturator to vacuum. When the vacuum pressure is exposed to negative pressure, maintain the vacuum pressure in the cylinder for more than 1 h and stand for more than 10 h. In order to ensure that the saturation reaches more than 95%, the samples are saturated by back pressure before the experiment until the saturation meets the requirements [19].



(3) Consolidation stage: isobaric consolidation is adopted in the test, and the consolidation confining pressure is 100 kPa.



(4) Vibration stage: The loading mode of stress control is adopted. The loading waveform is generated by the servo system, and different waveforms can be imported through the test system. The detailed test scheme is shown in Table 2.



In this test, the GDS bidirectional dynamic triaxial test system is adopted to carry out experimental research on dynamic deformation characteristics of saturated intercalated sand soft clay. In order to measure the stress level of cyclic axial eccentric stress and cyclic confining pressure, the axial cyclic stress ratio rc and radial cyclic stress ratio Rc are introduced [20,21]:


  r c = σ  1  ampl   / 2  σ ′  3  



(1)






  R c = σ  3  ampl   / 2 σ ′ 3  



(2)




where σ1ampl, σ3ampl represents the amplitude of cyclic axial stress and lateral stress, respectively, σ′3 represents the effective lateral stress after consolidation. Since the maximum application frequency of bidirectional coupling of the test instrument is 5 Hz, and the vibration frequency of cyclic axial stress and cyclic confining pressure cannot be controlled independently during the test, a higher vibration frequency will cause the waveform of cyclic confining pressure to be unstable, which will have a certain impact on the test results. Therefore, based on the above considerations, the frequency of bidirectional cyclic vibration is set to be the same, and it is proposed to apply three frequencies during the test: 0.2 Hz, 0.5 Hz, 1.0 Hz.





3. Analysis of Test Results


3.1. Comparison of Single and Bidirectional Cyclic Vibration for Different Frequencies


The hysteresis loop mainly reflects the deformation characteristics of the sample, stiffness degradation, and energy dissipation of the specimen under repeated cyclic loading, which is the basis for determining the restoring force model and nonlinear seismic response analysis [22,23,24]. Under the condition of unidirectional and bidirectional vibration, three groups of hysteretic curves with different vibration cycles at different frequencies are selected for comparison, as shown in Figure 5 and Figure 6.



Through the comparison of hysteretic cycles with different frequencies under the condition of unidirectional and bidirectional vibration, it can be found that under the condition of unidirectional and bidirectional cyclic vibration, with the increase in frequency, the area of the hysteretic cycle tends to decrease; however, the slope of the connecting line at both ends of the hysteretic cycle tends to increase, indicating that with the increase in frequency, the soft clay with interlayer sand does not have enough time to deform and stretch. Therefore, the sample is constantly compacted, and the deformation rate decreases with the increase in frequency. For the same frequency, the area of bidirectional vibration hysteresis loop is smaller than that of unidirectional vibration hysteresis loop. The slope of the connecting line between the two ends of the bidirectional vibration hysteresis loop curve is less than that of the unidirectional vibration hysteresis loop curve.



Figure 7 shows the effective stress path curve of the sandwich sand soft clay under different vibration frequencies. It can be seen from the figure that when the vibration frequency is 0.5–1.0 Hz, with the increase in the vibration frequency, the amplitude of the stress path of the cyclic vibration of the sample gradually increases from right to left, which is caused by the increase in the internal pore pressure and the acceleration of the average effective stress attenuation of the soil under the low-frequency load. When the vibration frequency is 2.0–5.0 Hz, the average effective stress attenuation slows down. In addition, under the action of a low-frequency load, the deviator stress of the sample does not attenuate; under a high-frequency cyclic load, the deviator stress reaches the peak at the initial moment and the deviator stress attenuates with the increase in the number of vibration cycles. At the same time, it can be seen from the figure that the stress path under different vibration frequencies is under the effective stress path K′f of static load, and with the increase in vibration frequency, the stress path under cyclic load gradually approaches the K′f line.



Figure 8 shows that when the cyclic stress ratio rc = 0.225, the vibration frequency change in the load affects the influence of ɛd-N relationship curve. It can be seen from the figure that the vibration frequency also has a significant impact on the dynamic strain of soft clay. When the number of cycles is the same, the dynamic strain of the soil sample decreases gradually with the increase in vibration frequency. This is mainly because with the increase in frequency, the pore pressure of saturated interbedded sand and soft clay cannot rise in time, resulting in the failure of soil samples under a large number of cycles. In addition, the figure also shows that the magnitude of vibration frequency has little influence on the dynamic strain of saturated soft clay with sand interlayer. From the variation trend of the driven strain, it can be concluded that the critical cyclic stress ratio of saturated intercalated sand and soft clay will increase when the cyclic load frequency is large, while the critical cyclic stress ratio of saturated intercalated sand and soft clay will decrease when the cyclic load frequency is low.



Figure 9 shows the relationship between the dynamic pore pressure ratio u/p′0 and the number of cycles under different loading frequencies when the cyclic stress ratio rc = 0.225. It can be seen from the figure that under the same load action times, the smaller the frequency of the soil sample, the greater the pore pressure, and the smaller the number of cycles, the failure will occur. The main reason for this phenomenon is that the pore water pressure has enough time to rise under the low-frequency cyclic load. However, under the cyclic load with high frequency, due to the existence of sand interlayer in the sample, the sand interlayer has the effect of water resistance and permeability reduction on the pore water in the soil sample, resulting in the pore water pressure rising in time. When the load frequency is 5 Hz, after 5000 cycles, the pore pressure develops slowly, and the pore pressure change mode is significantly different from the load frequency of 0.5 Hz and 1.0 Hz.



Figure 10 shows the change curve of shear modulus and damping ratio of soil samples with frequency. It can be seen from Figure 10a that under different cycles, the dynamic shear modulus of the sample gradually attenuates with the increase in load frequency. At the same time, under the same load frequency, the dynamic shear modulus of the sample tends to increase with the increase in the number of cyclic vibration, and the increase amplitude of the dynamic shear modulus increases with the increase in the number of cycles at f = 0.5 Hz. It can be seen from Figure 10b that the damping ratio of sandwich sand and soft clay shows the same change rule, and increases with the increase in load frequency, and under the same load frequency, the energy consumed by the soil sample to resist deformation increases with the increase in the number of cycles.




3.2. Dynamic Characteristics of Soft Clay under Unidirectional and Bidirectional Cyclic Vibration


According to the test scheme (Table 2), the dynamic triaxial tests under different cyclic vibration conditions are carried out, and the relationship curves of the cumulative axial deformation, damping ratio, dynamic elastic modulus, and dynamic pore water pressure of saturated sandwich sand soft clay samples with the development of vibration times are obtained, as shown in Figure 11.



As shown in Figure 11a, under the same confining pressure, the specimen is subjected to static deviating stress during unidirectional vibration, which makes the cumulative axial deformation of the specimen develop rapidly at the initial stage of vibration. With the increase in vibration cycles, the growth of cumulative axial deformation slows down, and the change range of cumulative axial deformation caused by unidirectional vibration with the increase in frequency is greater than that of bidirectional vibration. Under the same dynamic stress ratio, the cumulative axial deformation caused by unidirectional and bidirectional vibration increases with the increase in frequency. This is because the normalized pore pressure increases with the increase in frequency under unidirectional and bidirectional cycles, which reduces the normalized effective stress accordingly so that the cumulative axial deformation increases.



As shown in Figure 11b, under unidirectional vibration, the damping ratio for the same axial dynamic stress ratio and different frequencies decreases with the increase in vibration times, the damping ratio of the first 2000 cycles decreases sharply, and the rate of decline of damping ratio decreases with the increase in vibration cycles. In addition, the greater the frequency, the faster the rate of decline of the damping ratio. In the case of bidirectional vibration, the rate of decline of the damping ratio is basically the same at different frequencies, and the amplitude of decline of the damping ratio is roughly the same.



As shown in Figure 11c, under unidirectional vibration, the dynamic elastic modulus of the sample with different frequencies develops rapidly at the initial stage of vibration, and the growth rate gradually slows down with the increase in the number of vibrations. This is because the soil body bears repeated cyclic loads under the amplitude, and the internal structure of the soil body has not changed significantly. Under bidirectional vibration, the dynamic elastic modulus changes in a small range and reaches the maximum value when f = 0.2 Hz.



As shown in Figure 11d, under the condition of unidirectional vibration, the dynamic pore pressure increases with the increase in vibration frequency, and the dynamic pore pressure reaches the peak at the vibration number N = 1000 and gradually tends to be flat with the increase in vibration number. Under the condition of bidirectional vibration, when the vibration times are less than 1000, the pore pressure of f = 0.5 Hz develops faster than that of other frequencies.



Therefore, when the sample is subjected to dynamic load, different vibration modes have complex effects on the dynamic characteristics of the sample. The initial static deviator stress of unidirectional vibration will promote the development of cumulative plastic strain, and the tensile stress produced by bidirectional vibration will hinder the development of dynamic elastic modulus.




3.3. Dynamic Elastic Modulus and Damping Ratio under Different Vibration Times


The relationship curve between dynamic elastic modulus and frequency under different vibration cycle conditions is shown in Figure 12. Under the same axial dynamic stress ratio, the dynamic elastic modulus of unidirectional vibration decreases first and then increases with the increase in frequency. When f < 0.5 Hz, the strength of the soft clay is significantly reduced by sand interlayer, and the energy consumption inside the soil increases with the increase in frequency, and reaches the peak value when f = 0.5 Hz. For the same frequency, the dynamic elastic modulus of the sample increases with the increase in the number of vibrations. Under the condition of the same axial cyclic stress ratio and radial cyclic stress ratio, the dynamic elastic modulus of bidirectional vibration shows a change trend of first increasing and then decreasing with the increase in frequency, which is just opposite to the unidirectional vibration, indicating that the radial cyclic stress during bidirectional vibration enhances the ability of soil to resist deformation. Therefore, it can be concluded that when f < 0.5 Hz, the sand interlayer can strengthen the strength of the soft clay, the dynamic elastic modulus increases with the increase in vibration times.



The relationship curve between damping ratio and frequency under different vibration cycle conditions is shown in Figure 13. It can be seen that under the same axial dynamic stress ratio, the damping ratio of unidirectional vibration increases first and then decreases with the increase in frequency, and reaches the maximum value when f = 0.5 Hz. Under the same axial cyclic stress ratio and radial cyclic stress ratio, due to the action of lateral cyclic dynamic stress, the damping ratio of bidirectional vibration shows a trend of first decreasing and then slowly increasing with the increase in frequency. Therefore, it can be concluded that under different cyclic loads, the change in frequency has a great impact on the saturated soft clay containing sand interlayer.





4. Conclusions


A large number of dynamic triaxial tests were conducted and the effects of frequency, stress ratio on shear modulus, and damping ratio were studied. The following conclusions can be drawn:




	(1)

	
Under the condition of unidirectional and bidirectional cyclic vibration, the area of the hysteresis loop tends to decrease with the increase in frequency, and the slope of the connecting line at both ends of the hysteresis loop tends to increase. For the same frequency, the area of the bidirectional vibration hysteresis loop and the slope of the connecting line at both ends are smaller than that of the unidirectional cyclic vibration.




	(2)

	
Under the same dynamic stress ratio, the cumulative axial deformation caused by unidirectional and bidirectional vibration increases with the increasing of frequency. Under the same cycle, the dynamic pore pressure increases with the increase in vibration frequency, and the dynamic pore pressure reaches the peak at the cycle N = 1000, and gradually tends to be flat with the increase in cycle.




	(3)

	
For the same frequency, the dynamic elastic modulus of the sample increases with the increase in cycles, and the damping ratio decreases, and reaches the maximum value when f = 0.5 Hz. Due to the effect of radial cyclic stress, the curves of dynamic elastic modulus and damping ratio with frequency under bidirectional vibration are just opposite to those under unidirectional vibration, indicating that radial cyclic stress can enhance the ability of soil samples to resist deformation.
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Figure 1. GDS bidirectional dynamic triaxial test system. 






Figure 1. GDS bidirectional dynamic triaxial test system.



[image: Buildings 13 02534 g001]







[image: Buildings 13 02534 g002] 





Figure 2. Soft clay sample with intercalated sand. (Taken from Binjiang Waterfront Project, No.zk167-02, 515-518). 
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Figure 3. The principle of unidirectional test. 
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Figure 4. The principle of bidirectional test. 
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Figure 5. Hysteresis loops for different frequencies under unidirectional cyclic loading. 
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Figure 6. Hysteresis loops for different frequencies under bidirectional cyclic loading. 
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Figure 7. Effective stress path curve of sandwich sand soft clay under different frequencies. 
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Figure 8. Double-amplitude dynamic strain of soil samples with cycles for different frequencies. 
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Figure 9. Dynamic pore pressure ratio of soil samples with cycles for different frequencies. 
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Figure 10. Variation of shear modulus and damping ratio with frequency. 
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Figure 11. Development curve of dynamic parameters with vibration times. 
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Figure 12. Variation of dynamic elastic modulus with frequency. 
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Figure 13. Variation of damping ratio with frequency. 
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Table 1. Basic physical parameters of soil sample.
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	Property
	Value





	Density ρ/(g·cm−3)
	1.82



	Plastic limit Ip
	15.6



	Liquid limit wL/%
	40.1



	Dry density ρd/(g·cm−3)
	1.36



	Moisture content ω(%)
	34.22



	Cohesion c (kPa)
	19.5



	Internal friction angle φ(°)
	29.74










 





Table 2. Scheme of dynamic triaxial test.
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	ID
	Frequency f/Hz
	Confining Pressure σ′3/kPa
	rc
	Rc
	N





	D-1
	0.2
	100
	0.1
	0
	10,000



	D-2
	0.5
	100
	0.1
	0
	10,000



	D-3
	1.0
	100
	0.1
	0
	10,000



	D-4
	2
	100
	0.1
	0
	10,000



	D-5
	5
	100
	0.1
	0
	10,000



	S-1
	0.2
	100
	0.1
	0.05
	10,000



	S-2
	0.5
	100
	0.1
	0.05
	10,000



	S-3
	1.0
	100
	0.1
	0.05
	10,000
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(b) Bidirectional vibration
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(c) Stress state of soil during half cycle of tension
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(3) Curve of shear modulus versus frequency (b) Curve of damping ratio versus frequency
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(c) Stress state of soil during half cycle of tension
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(b) Stress state of soil during half cycle of compression
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