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ABSTRACT













In order to simulate dynamic behavior of unsaturated soils under transient or cyclic loading induced by earthquake shaking or traffic loads through controlling matrix suction, the second development of the static and dynamic universal triaxial and torsional shear apparatus which had been designed by Dalian University of Technology in China associated with Seiken in Tokyo of Japan was carried out. The improved apparatus can reproduce complex stress conditions and stress paths and also can be used to perform various experimental tests of unsaturated soils with different dry density and different controlled suction under complex consolidation conditions, which is more extensively applicable than the original apparatus. Using improved apparatus, dynamic triaxial tests for unsaturated slity clay with different matric suctions were performed under 100,200 and 300kPa consolidation pressures. The maximum dynamic Elastic Modulus  and the curves of — and the curve of — were obtained and analyzed comparatively. It was shown that the improved static and dynamic universal triaxial and torsional shear apparatus for unsaturated soils can be perfectly used to study dynamic behavior of unsaturated soils by net confining stress  and matric suction  controlling, and the maximum dynamic triaxial modulus  with lower controlling matrix suction was less than that with higher controlling matrix suction under same consolidation pressures, and the maximum dynamic triaxial modulus  under higher consolidation pressure was more than that under lower consolidation pressure when matrix suction was same, and the curve of — was not almost influenced by net confining stress  and matrix suction .
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INTRODUCTION






Strain under cyclic loading plays a key role in the determination of soil behavior in geotechnical earthquake engineering. In many seismically active areas around the world, code provisions require a site-specific ground response analysis. Major developments occurred in earthquake geotechnical engineering over the last decade, but adequate information on dynamic soil properties still proves to be essential for correct computations of ground response and soil structure interaction problems. Dynamic properties or cyclic stress-strain characteristics are often defined by: the value of young’s modulus at small strains , the relation between the secant young’s modulus and the cyclic axial strain amplitude expressed by a curve of versus , the curve relating the material damping D ratio to , and the decrease of stiffness characterized by modulus  after N cycles of (Seed and Idriss 1970; Seed et al. 1986; Sun et al. 1988).
So far, around the world, test and study on dynamic soil properties mainly limited in saturated soil category, however, subgrade soils of roads and railways mainly existed in unsaturated state. So test and study for unsaturated soil dynamic properties become more profoundly significant for the rapid development of the worldwide road and railway constructions. Unsaturated soils are three-phase porous media consisting of a solid skeleton, pore liquid and pore gas. The overall behavior of unsaturated soils is influenced not only by these three bulk phases, but also by the interfaces between them.

In unsaturated soil, matric suction is significantly related with effective stress of soil. (Bishop and Blight 1963) reevaluated the proposed effective stress () equation for unsaturated soil:

                                                      (1)






where, =total normal stress, =pore-air pressure, =pore-water pressure, and =a parameter related to the degree of saturation of the soil. It was noted that a variation in matric suction, (), did not result in the same change in effective stress as did a change in net normal stress . As shown in Eq.1, the matric suction can effect the effective stress which is a crucial parameter in determining elastic modulus of soil. So the effect of matric suction must be considered to study and test the dynamic properties of unsaturated soil.









Dynamic elastic modulus  and ratio damping  are the most important parameters, which are also indispensable parts of dynamic soil computing. In current dynamic soil analysis, equivalent linearized method is extensively adopted (Xu Liang and Cai Yuan-qiang 2004), so the maximum dynamic elastic modulus, the curve of — and the curve of — need be determined, which critically effect the accuracy of computing results (Romo, M. P., et al 1986; Hadjian, A. H., et, al 1991). So some studies and tests on dynamic soil modulus and ratio damping of unsaturated soil have been performed (Ya-sheng, Luo, et, al 2005; Jiang-ping, et, al 2007), but in most of these studies and tests, authors assumed that water content of samples in the whole test stage maintained invariable and that relation of correspondence between water content and dynamic characteristic of unsaturated soil was unique, which are inconsistent to practical situation. So it is necessary to perform the research for dynamic stiffness and dynamic deformation of unsaturated soil by controlling net confining pressure （）and matric suction（）respectively.



For this study purpose,  In order to simulate dynamic behavior of unsaturated soils under transient or cyclic loading induced by earthquake shaking or traffic loads through controlling matrix suction, the second development of the static and dynamic universal triaxial and torsional shear apparatus which had been designed by Dalian University of Technology in China associated with Seiken in Tokyo of Japan was carried out. The improved apparatus can reproduce complex stress conditions and stress paths and also can be used to perform various experimental tests for unsaturated soils with different dry density and different controlled suction under complex consolidation conditions. Using this improved apparatus, dynamic triaxial tests for unsaturated slity clay with different matric suction were performed under 100, 200 and 300kPa net confining pressures,  And the effects of net confining press and matric suction to the maximum dynamic elastic modulus, dynamic elastic modulus  and normalized dynamic elastic modulus were investigated by analyzing testing data.

TESTING APPARATUS, SAMPLE AND TEST PROCEDURE
Test apparatus
Because the static and dynamic universal triaxial and torsional shear apparatus special for unsaturated soils which can simulate dynamic behavior by controlling matrix suction is not existent, the second development of the static and dynamic universal triaxial and torsional shear apparatus which had been designed for saturated sand and soil by Dalian University of Technology in China associated with Seiken in Tokyo of Japan (Mao-tian, Luan et, al 2003; Mu-guo Li et, al 2005) was carried out: (1) 39.1mm unsaturated testing pedestal with bonded-in high-air-entry porous disc (15BAR) was manufactured, through which pore air pressure and pore water pressure can be controlled respectively. (2) Pore air pressure applied on the top of specimen by air compressor can be controlled accurately, and internal pore pressure transducer was attached on the top of specimen to measure pore air pressure. (3) Pore water pressure applied at the base of specimen by air-water system can be controlled accurately, and internal pore pressure transducer was attached at the bottom of the testing pedestal to measure pore water pressure. (4) The water discharge .measure system was attached at the bottom of the testing pedestal to accurately measure water discharge of specimen for judging whether matric suction of unsaturated specimen has been in equilibrium.
This improved apparatus includes five parts: hydraulic servo control system for supplying load (including hydraulic pump, hydraulic actuator controlled by servo controller), triaxial chamber system, air-water system ( including air compressor and vacuum pump), analog control system and PC computer control unit, digital recording system and computer date-acquisition system, which was equipped 11 transducers to independently measure vertical load, torsion, vertical large displacement, vertical minute displacement, angle of rotation, minute angel of rotation, confining pressure, pore air pressure, pore water pressure, change of specimen volume, water discharge of specimen. The whole test system is shown in Fig.1.







（a）triaxial chamber system  （b）air-water system  （c）analog control system （d）PC computer control unit（e）hydraulic pump
Figure 1: The main components of apparatus

The apparatus is capable of carrying out stress-controlled cyclic loading tests and strain-controlled static loading tests. The maximum cell pressure, the maximum matric suction, the maximum axial load, the maximum axial displacement are 800kPa, 500kPa, 20kN and 20mm, respectively. The frequency can be changed between 0.001 Hz and 10 Hz. To have reliable small strains (10-3%) measurements, two non contact displacement transducers were attached on the top cap of the sample. Additional displacement transducers were also attached outside of the cell in order to measure large axial deformations. The load cell for monitoring the axial load is encased in the triaxial cell to eliminate the piston friction. The support columns are inside the cell to assure vertical alignment and to minimize the sample disturbance during sample preparation.








Table 1: The physical characteristics of soil
Granulometric composition/%           Moisture content   Density      Void ratio     Plasticity index    Liqidity index




2～0.05mm   0.05～0.0005mm  ＜0.005mm       %   /（g﹒cm-3）                                 
35            60              5       17.3       2.11         0.665          15              0.13

Sample and test procedure
The silty soil used in this research was taken from same site in Dalian of China. The physical properties of soil are summarized in Table 1. The remolded samples were prepared according to the specifications of the Japanese Standard [21]. The solid samples had five compacted layers impacted separately and had a diameter of 39.1 mm and a height 80 mm. Six strips of filter paper were placed around the sample in order to maintain the quick completion of primary consolidation and to balance of pore water pressure throughout the sample during the test.
The tests for unsaturated soil were performed according to the dynamic triaxial test in 《Specification of soil test》SL237-1999. The mounted remolded samples saturated by extracting air method were isotropically consolidated in the triaxial cell with a given effective cell pressure and a pore air pressure on the top and a pore water pressure at the bottom of them. Pore air pressure, pore water pressure and given effective cell pressure were maintained constantly throughout consolidation stage and dynamic triaxial test stage. When change of axial deformation was less than 0.01mm in 30 min, consolidation was assumed to have been completed. When water discharge of the sample was less than 0.05% of sample volume in 24 hours, it can be assumed that matric suction had been equilibrium. At this time, the sample with fixed net confining pressure and fixed matric suction was the unsaturated soil sample for triaxial test. 


Figure 2: Actual loading sequence used during triaxial tests
The cyclic axial load was then applied to the sample under drained conditions with frequency of 0.1Hz and wave of which is sine wave. The investigation program was composed of multi stage tests. In these tests, samples were first consolidated and later were subjected five cycles of cyclic axial stresses starting from quite low stress amplitudes under drained conditions. The samples were cyclically loaded step by step with gradually increasing stress amplitudes covering a wide strain range of 10-3—101% under a constant confining pressure. For evaluation of the stress –strain properties, the 2nd  cycle was selected as the representative cycle for that strain range. The actual test records of loading sequences for the triaxial tests are shown in Fig.2. The investigation program was composed of 12 tests. In these tests, different samples had different net confining pressures from 100kPa to 300kPa and different matric suctions from 0kPa to 150kPa.

TEST RESULTS
Dynamic elastic modulus









During every load step in cyclic triaxial test, dynamic stress and dynamic strain  were measured accurately. Hysterisis loop that can reflect instantaneous relation between  and  during every load step can be finished by accurately measuring  and  in the 2nd of every five cycles, which is shown in Fig.3. Dynamic elastic modulus  can be calculated though formula (2) by  and  of hysterisis loop climax A. 

                           　　                      　　　　             （2）
[image: ]
Figure 3: Idealized hysteresis loop produced by cyclic loading










Maximum dynamic elastic modulus  is the dynamic elastic modulus  at quite low strain amplitudes. The skeletal curve of － obtained from test data conforms to a hyperbolic curve, and then the curve of can be obtained and fitted by a straight line(SL). Finally, the reciprocal value of SL vertical coordinate when ＝0 is . So the values of  under different conditions were obtained and presented in Table 2 by processing data of 12 tests in this investigation program.




Table 2: The experimental results of 
    matric suction
            0kPa        50kPa       100kPa        150kPa
    100kPa        260 MPa      330 MPa    370 MPa      410 MPa
net confining stress  200kPa        419 MPa     547 MPa    601 MPa      648 MPa
    300kPa        549 MPa     716 MPa    805 MPa      867 MPa







It is shown clearly in Table 2 that matric suction obviously effects the value of  of unsaturated silty soil, and that when other conditions being same the value of  becomes bigger as matric suction increases which is shown in Figure 4. This fact is due to matric suction effecting the coherent stiffness between cohesive soil particle and the stability of cohesive soil construction. So as matric suction becoming bigger, coherent stiffness becomes higher, cohesive soil construction becomes more stabilizing, capacity against shear deformation becomes stronger and dynamic elastic   becomes bigger. On the other hand, net confining pressure also effects the value of in the case of matric suction being same, and the value of  is presented to be bigger as the confining pressure increasing as shown in Figure 5.

[image: ]

Figure 4: Curve of  versus matric suction

[image: ]

Figure 5: Curve of  versus net confining stress


Suction and net confining pressure meets the Janbu’s empirical equation:

	(3)













where  is atmospheric pressure;  is net confining pressure;  named dynamic modulus coefficient (DMC) which is the value of when =1 and  named dynamic modulus exponent (DME) which is the slope coefficient of the straight line  are non-dimensional parameters, and the values of  and  under various matric suctions are presented in Table 3. The change of  is very little as matric suction changing, and the value of  can be instead of by a constant (0.7). The change of the value of  is linear as  changing as shown in Figure 6, and its equation is


                       	（4）






where matric suction S=, and  (=2600, =1000 for unsaturated silty soil in this test program) are the intercept and the slope coefficient of the straight line in Figure 6, and they are both non-dimensional parameters. The general expression of (Equation 5) can be obtained by Equation 3 and Equation 4.

                    	（5）




Figure 6: Variation of  with 

Table 3: Parameters associated with 
[image: ]


Comparison and analysis of  curve














The curve of dynamic elastic modulus  for unsaturated silty soil versus dynamic strain  has been drawn in Figure 7 by having obtained the hysteretic curve of axial stress versus axial strain under cyclic loading. Figure 7（a—d）show the variable regularity ofcurves under different net confining stresses in the case of matrix suction S=0, 50, 100 and 150kPa respectively, And Figure 7（e—g）show the variable regularity ofcurves under different matrix suctions in the case of net confining stress  =100,200 and 300kPa respectively. It can be observed obviously in Figure 7（a—g）that the value of  become lower as strain increasing, but the rate of reduction in  versus strain  is proved to become smaller gradually until the value of  stabilizes at a definite value finally. In Figure7（a—d）, it can be seen that the variable regularity ofcurve depends on net confining stress  under the same matrix suction, and that the value of with bigger initial  net confining stress is higher than that with smaller net confining stress  when strain is same. Figure 7(e—g) show that, under the same net confining stress, the variable regularity ofcurve depends on matrix suction, and that the value of  with same strain becomes bigger as the matrix suction increases.

Comparison and analysis of  curve












The curve of normalization dynamic elastic modulus  versus axial strain  can be obtained through normalizing dynamic modulus  by using the maximum dynamic modulus  and has been shown in Figure 8. Figure 8（a—d）show the variable regularity ofcurve under different net confining stresses in the case of matrix suction S=0, 50, 100 and 150kPa respectively, and Figure 7（e—g）show the variable regularity ofcurves under different matrix suctions in the case of net confining stress  =100,200 and 300kPa respectively. It can be observed obviously in Figure 8（a—g）that the value of  becomes lower as strain increasing, but the rate of reduction in  with strain is proved to become smaller gradually until the value of  stabilizes at a definite value finally, and that the variable regularity ofcurve is not depended on matrix suction and initial net confining stress which can be fit by an identical equation. So the best fit curve of  to model elastic modulus reduction for unsaturated silty soil is given by:

	(6)


where =axial strain amplitude in percent. The selections of constants a, b were done in a way to get agreement between the model and the laboratory results. Each one of these constants participates in shaping part of the curve. When parameter a increases, the curve of is shifted to the left, yielding a less linear behavior. Parameter b controls the curvature of stiffness degradation. For silty soil in this test, a=1948, b=0.98.

Equations (5) and (6) give a commonly equation of  for unsaturated soil:

		(7)


Based on the equation (6) and equation (7), the value of and  can be obtained from the parameters of the model.

[image: ]
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Figure 7: Curve of with different S and different 
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Figure 8: Curve of with different S and different 
CONCLUSIONS
(1) In order to simulate dynamic behavior of unsaturated soils under transient or cyclic loading induced by earthquake shaking or traffic loads through controlling matrix suction, the second development of the static and dynamic universal triaxial and torsional shear apparatus which had been designed by Dalian University of Technology in China associated with Seiken in Tokyo of Japan was carried out. The improved apparatus can reproduce complex stress conditions and stress paths and also can be used to perform various experimental tests of unsaturated soils with different dry density and different controlled suction under complex consolidation conditions, which is more extensively applicable than the original apparatus.


(2) Matric suction and net confining pressure effect obviously the value of  for unsaturated silty soil: the value of  becomes bigger as matric suction increasing when net confining pressure being same, and it becomes bigger as net confining pressure increasing when matric suction being same.

(3) The relations between  and net confining pressure and matric suction can be presented by equation.

		


(4) The relation curve of non-dimensional dynamic elastic modulus ratio versus dynamic strain is little depended on matrix suction and initial net confining stress, which can be fit by an identical equation  where a=1948, b=0.98 for unsaturated silty soil in this investigation program. 






(5) The value of dynamic elastic modulus  for unsaturated silty soil becomes lower as the strain  increasing, but the rate of reduction in  versus strain  is proved to become smaller gradually until the value of  stabilizes at a definite value. Finally, a common equation of  for unsaturated soil is given by equation

.
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