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ABSTRACT: The response of a soil-structure system subjected to monotonic or cyclic loading is significantly influenced by the mechanical

behavior of its interface. In this paper, the friction characteristics of crushed rock-concrete interface and the role of the crushed rock deformability

were examined through a series of monotonic and cyclic direct shear tests under the framework of parallel gradation technique. Two parallel grada-

tion curves of the crushed rocks were used. All the tests were carried out in dry condition and with two initial void ratios representing both loose

and dense states. Two concrete interfaces of different roughness were used in the interface direct shear tests. The static test results show that paral-

lel gradation technique can be used to characterize the residual shear strength but not the volume change. Moreover, under cyclic loading, it can

neither yield the same volume change, nor the same shear strength. The critical state of the soil interfaces was also studied, which shed some light

on the mechanism of pile skin friction mobilization and modeling of soil-concrete interface behaviors.

KEYWORDS: parallel gradation, crushed rock-concrete interface, critical state, direct shear

Introduction

Parallel gradation modeling technique was first proposed by

Love [1] and subsequently adopted by many researchers (Indrar-

atna et al. [2] and Varadarajan et al. [3], and Kaya [4]). A mate-

rial with a smaller grain size distribution, which is composed of

the same material as the prototype, can be used to model the pro-

totype material provided that their grain size distributions are

parallel to each other. By using parallel gradation technique,

Varadarajan, et al. [3] conducted drained triaxial tests on two

modeled rockfill materials that provided good prediction of the

behavior of the prototype.

Potyondy [5] did pioneering work on the maximum shear

strength along the interface between soil and structures. Later on,

as the testing technique advancing, different interfaces, dimen-

sions of shear box and types of loading were investigated by

many interface workers [6–9]. In the 1980s, simple shear device

was developed and assumed to be a more appropriate apparatus

for studying soil concrete interface [10–12]. Several factors such

as normal stress, steel roughness, media diameter and material

type were investigated that all significantly affect the frictional re-

sistance at yielding [10]. After the development of the simple

shear device, there was a trend that almost all the researchers

switched from direct shear to simple shear on studying of the

interface behaviors in their research; however, the simple shear

test configuration was doubted that it can neither yield uniformly

vertical stress nor shear stress [13–15]. Jewell [16] argued that

symmetrical direct shear test with smooth end walls corresponds

closely with simple shear and therefore provides a more reliable

result. Because of relatively simple test set up and sample prepara-

tion procedures, direct shear test has still gained its weight in labo-

ratory testing and has been commonly used in characterizing

soil-structure interfaces. Almost at the same time, X-ray photogra-

phy method has gradually matured and made it really simple and

applicable to study the micro structure and topography of soil

interfaces [17,18]. Hryiw and Ivsyan [19] discovered that surface

topography is important to the characteristics of soil structure

interfaces. The soil interface characteristics under cyclic shear

loading have also been investigated in the past decades. Desai et

al. [9] concluded that for cohesionless soils, interface responses

become stiffer with an increase in the number of cycles and the

rate of stiffening decreases as the number of cycles increase.

Al-Douri and Poulos [20] carried out static and cyclic direct shear

tests on carbonate sands concrete interfaces. Similar results were

achieved and were proven that cyclic direct shear test is a very

useful technique to study the soil interface characteristics.

Although great contributions were made to the understanding

of characteristics of soil interface, few studies were focused on the

effect of parallel gradation technique. In this study, monotonic

and cyclic direct shear tests were carried out on different crushed

rock-concrete interfaces. The main objectives of these tests were to

study the effects of initial density, normal stress, grain size, number

of cycles and surface roughness on the shear resistance and volume

change characteristics of soil-concrete interface subjected to both

static and cyclic loading; to validate and assess the parallel

gradation technique in characterizing the soil-concrete interface

behaviors and to study the friction mobilization and critical state of

soil-concrete interface under monotonic and cyclic loading.
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Testing Program

Materials

The crushed rock was shipped from Iron Mountain Trap Rock

Company, MO, which provided 3 and 4 A mainline ballast to rail

road industry. The downsized crushed rock is gray to brown, the

grain shape is angular, the hardness is about 7 and the specific

gravity is 2.67. Figure 1 shows the grain size distribution curves,

where M1 and M2 are parallel to each other. Both M1 and M2 are

classified as poorly graded sand (ASTM D 2487 [21]).

Test Set Up

GCTS Servo-Controlled direct shear device operated by the Com-

puter Aided Testing Software (C.A.T.S.) was used to conduct the

whole tests. Firstly, the direct shear box (6.40 cm D� 3.14 cm H)

was assembled and mounted on the direct shear machine. Adjusts

were made to the gap between the two parts of the shear box by

turning the set-screws. Secondly, the plate (rough=smooth, con-

sists the same thickness of the half box) were placed into the bot-

tom box, and then the sands were slowly poured in and

compacted to obtain the target density in three layers. Sand sam-

ples were prepared by the dry tamping method. Compaction was

performed by applying the static weight of a 0.5 in. diameter alu-

minum temper 12 times on the surface of each layer. The weight

of the tempers were 0.3 and 2.7 kg so that to achieve the desired

loose and dense density. After that the dial gage transducers were

attached to the shear box and the C.A.T.S. program keyin were set

up, the loading then started and the shear force, time and

FIG. 1—Grain Size Distribution of the Tested Materials.

FIG. 2—Typical interface profiles of the concrete plate. FIG. 3—M1 on rough interface.

120 JOURNAL OF TESTING AND EVALUATION
 

Copyright by ASTM Int'l (all rights reserved); Wed Feb 15 22:05:50 EST 2012

Downloaded/printed by

National Taiwan University pursuant to License Agreement. No further reproductions authorized.



displacement were measured at convenient time intervals. Finally,

the tests were not stopped until the shear force became constant

(ASTM D 3080-04 [22]).

The tests were conducted on rough and smooth concrete inter-

faces, respectively. Typical interface profiles are shown in

Fig. 2(a). The concrete plate roughness R is defined as the relative

height between the highest peak and lowest trough along a surface

profile [21]. Twelve interface roughness profiles were obtained on

each concrete plate and the maximum amplitude of each measure-

ment of both rough and smooth interfaces are plotted in Fig. 2(b).

The maximum R values of the rough and smooth concrete interfa-

ces in this study are 0.19 cm and 0.10 cm respectively. On each

concrete plate, two parallel gradation materials in both dense and

loose soil states were tested. Specimens were prepared in two ini-

tial void ratios 0.77 and 1.16, respectively, representing dense and

loose packing states.

Test Results

Monotonic Tests

Figures 3–6 show the results of the direct shear tests performed

on different concrete interface roughness. The stress-strain

response of both dense and loose state of the same material (M1

or M2) under constant normal stress 20, 40, and 80 kPa, was

plotted respectively in each figure. In general, for the dense and

loose crushed rock-concrete interfaces, both of their peak shear

strength was mobilized at a small displacement level, typically

ranging from 2 to 3 mm. For dense soil interface, the post peak

stress-strain behavior was very clear, and after 5 mm shear defor-

mation it almost reached its residual state. Frost et al. [22]

sheared Ottawa 20–20 sand against a rough finished concrete

interface and found that the peak shear strength occurred at a

deformation of about 2 mm. Similar phenomenon was also

observed by Gomez et al. [23], where a large displacement shear

box was used to investigate the response of a variety of interfa-

ces, including clay geo-membrane interfaces, sand to concrete

interfaces and sand to steel interfaces. The peak, residual and

ultimate interface friction angles Upeak, Uultimate and Uresidual were

listed in Table 1 and the critical state lines on rough and smooth

interfaces were drawn in Fig. 7.

FIG. 4—M2 on rough interface.

FIG. 5—M1 on smooth interface.

FIG. 6—M2 on smooth interface.

TABLE 1—Interface friction angles.

Interface Friction Angle

Dense Loose

Materials Upeak Uresidual Uultimate

M1_Roughness 39.9� 29.6� 30.1�

M2_Roughness 37.0� 28.4� 27.2�

M1_Smoothness 33.3� 25.5� 28.0�

M2_Smoothness 33.2� 26.7� 24.5�
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Cyclic Tests

Figures 8–9 and Figs. 11–12 are the cyclic direct shear test results

of M1 and M2 on rough and smooth concrete interfaces. The nor-

mal stress was set at a constant value of 40 kPa and the total num-

ber of cycles was 30 at a frequency of 1=10 Hz. The shear

displacement amplitude was set at 1 mm that is smaller than the

total shear displacement at the peak shear strength in the mono-

tonic shearing on the same interface. Figures 10 and 13 are the

plots of maximum shear strength mobilization and vertical dis-

placement (volume) changing versus number of cycles.

Discussions

Monotonic Tests

Figures 3–4 display the stress-strain behaviors of M1 and M2

against rough concrete interfaces. The peak shear strength increased

as the normal stress increased as well as the mobilization of internal

friction angle before reaching the ‘plateau.’ Dense crushed rock-

concrete interfaces all exhibited post-peak strain softening behav-

iors and their normal displacements were all distinctively higher

than those of loose crushed rock-concrete interfaces. As expected,

no peak shear stress was observed on loose crushed rock-concrete

interface and it yielded all the way to the critical state as shearing

continues. Although the peak shear strengths of M1 and M2 on

rough interfaces were slightly different, the residual shear strengths

were almost the same (Figs. 3–4).

A distinctive difference was observed in Figs. 5 and 6. Both

M1 and M2 in dense state did not show any peak shear stresses

but behaved like loose granular materials, which yielded all the

way to the same critical state. However, by carefully examining

their volumetric behaviors, all the crushed rock-concrete interfa-

ces experienced a small contraction at the beginning then followed

by dilation.

As for the interface friction angles, although peak and residual

interface friction angles of M1 are slightly larger than those of

M2, the differences are negligible. However, the volumetric

behavior (normal displacement) and their shear-dilatancy behav-

iors are inconsistent. This might hint that the physical modeling

technique of parallel gradation is only applicable and practical in

terms of strength behavior.

Compared to the internal friction angle of the pure crushed

rock, these interface friction angles are relatively high. This might

be due to the particles lodge at the interface, particles bunch up

while sliding and changing surface roughness during shear.

Before shearing, small particles will be squeezed into the voids

under high normal stress; once shearing onset, particles tend to

slide on the concrete interface and when meeting with the lodged

particles they tend to bunch up; thus increases the interface resist-

ance to the shear load. Similar observation and explanation were

given by Gomez et al. [23].

Critical density (critical void ratio) theory which formed as a

corner stone for critical state soil mechanics was first developed

by Casagrande [24]. Loose and dense sands samples were sheared

in the direct shear apparatus and he found that under large strains

the volume of the sample tended to stay constant. That is to say,

FIG. 7—Critical state line of M1 and M2 on rough and smooth interface.

FIG. 8—Shear stress versus shear displacement of M1 (a) and M2 (b) in dense state on roughness interface.
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the dense specimen will dilate and its initial void ratio will

increase to the critical void ratio during shearing; on the other

hand, the loose specimen will undergo contraction and its initial

void ratio will decrease to the critical void ratio in the end. The

critical void ratio is also found to be only a function of the effec-

tive confining pressure and is stress path independent. Later, the

critical void ratio theory was furthered by Roscoe et al. [25] who

concluded that it can be applied to all kinds of soils, including

glass beads and steel balls. Castro [26] carried on Casagrande’s

work and developed a liquefaction evaluation criterion which is

called “steady state” (actually is found to be the same as critical

state). Since then, critical void ratio study has gained its weight in

liquefaction evaluation and many researchers have carried out

extensive experiments on studying the critical void ratio on differ-

ent materials.

Based on our study, soil concrete interfaces also exhibited a

kind of critical state under large strains. Since the void ratio used

in calculation is actually a mean value of the sample, “bulk criti-

cal void ratio” is recommended in this paper as a proper name

for describing soil concrete interfaces. Although M1 and M2

were packed into dense and loose state, compared to the corre-

sponding bulk critical void ratios, they are all plotted under criti-

cal state lines and they all experienced a dilative behavior under

shearing. In Fig. 7, it is clearly displayed that no matter on rough

plate or smooth plate, M1 always had a larger “bulk critical void

ratio” than M2. The “bulk critical void ratio” decreases as the

confining pressure increases. “Bulk critical void ratio lines of M1

and M2 are almost parallel to each other and they exhibited a lin-

ear relationship corresponding to the normal confining stresses.

For M1, the bulk critical state line on rough interface is a little

higher than that on smooth interface; however, for M2 the bulk

critical state line on both interfaces are almost the same. This

demonstrated that the bulk critical state line is largely controlled

by the gradation, but slightly affected by the interface roughness.

FIG. 9—Shear stress versus shear displacement of M1 (a) and M2 (b) in loose state on roughness interface.

FIG. 10—Maximum shear resistance versus number of cycles of M1 and M2 (Notation: R_Rough, S_Smooth, D_Dense and L_Loose).
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It is anticipated that for a given material, no matter how rough or

smooth the interface is, its bulk critical state line is always the

same.

Cyclic Tests

Stress-strain behaviors on rough interface of dense state displayed

a stress increasing in the first a few cycles (Fig. 8). For M1 (Fig.

8(a)), the shear stress was small in the first cycle and increased to

the peak at a value of 56.7 kPa (tenth cycle), after that it began to

soften and all the way dropped to 51.4 kPa in the 30th cycle. For

M2 (Fig. 8(b)), the peak shear strength was 46.6 kPa and the cor-

responding cycle was tenth. Figures 9(a) and (b) shows the cyclic

stress-strain behaviors of M1 and M2 on rough interface in loose

state. It is fairly clear that both materials displaced a stress harden-

ing during shear. The loose interfaces hardened as the number of

cycles increased and finally reached to a ‘plateau’ where shear re-

sistance became constant. The maximum shear resistances versus

number of cycles of M1 and M2 under rough interfaces were plot-

ted in Fig. 10(a) which clearly showed that their behaviors were

exactly the same where both of them underwent a post peak soft-

ening as the cyclic number increased. In Fig. 10(b), the loose

interface hardening trend is more explicitly displayed; M1 and

M2 exhibited almost the same shear resistance within the first ten

cycles. After that, shear resistance of M1 increased slightly as the

number of cycles increased, but shear resistance of M2 stayed

constant.

Figure 11 displays the cyclic stress strain behavior of M1 and

M2 on smooth interface under dense packing state. Different

FIG. 11—Shear stress versus shear displacement of M1 (a) and M2 (b) in dense state on smooth interface.

FIG. 12—Shear stress versus hear displacement of M1 (a) and M2 (b) in loose state on smooth interface.
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behaviors were observed from the rough interface. Both of M1 and

M2 did not show any post peak shear stress point but exhibited a

strain hardening as the number of cycles increased. Figure 12

shows the cyclic stress strain behavior of M1 and M2 on the

smooth interface under loose state. Shear strength increased as the

number of the cycles increased and the ultimate shear strength of

M1 and M2 were 37.5 kPa and 35.2 kPa, respectively. The strain

hardening trend under the dense packing state on the smooth inter-

face was more clearly in previous Fig. 10(b). The shear resistances

increased as the number of cycles increased and almost after fourth-

fifth cycle they stayed constant where all the curves extended flatly.

In Figs. 13(a) and (b), vertical displacement versus number of the

cycles of M1 and M2 were plotted. The interfaces under dense

packing state experienced a significant dilation in the beginning and

then evolved into a stable state; the loose interface; on the other

hand, after a little bit of dilation, contracted all the way until shear-

ing stopped. The volumetric behavior is almost the same for both

M1 and M2 with the only difference being how much dilation they

underwent. For the dense interface, it dilated significantly and the

volumetric strain was negative; for loose interface, although it

dilated in the beginning, it contracted significantly in the subse-

quent cycles and its volumetric strain was positive.

On the rough interface, the major difference between M1 and M2

is the cyclic shear strength, no matter they underwent a strain harden-

ing or a strain softening process, M1 always showed higher peak and

ultimate cyclic shear strength, the volumetric behaviors were almost

the same. However, on smooth interface, M1 and M2 exhibited

almost the same ultimate shear strength and the same stress strain

behaviors under both dense and loose state where only contractive

behaviors were observed during shear. Although the difference

between M1 and M2 is not so big and all the specimens underwent

the same type of stress strain behaviors under the same soil state, at

least, it does show that there exists a defect in the parallel gradation

technique in modeling rough soil interface under cyclic loading.

Based on the micro-structure analysis published previously by

(Mortara et al. [27] and Uesugi [18]), an explanation for the curves

(behavior) in Figs. 10 and 13 was postulated, it counts for the mecha-

nism of critical state interface characteristics and has important impli-

cations for the skin friction developed in crushed rock materials.

Under cyclic shear force, once the shear is started, the lodged par-

ticles are forced to move and bunched up with other particles

(dilation), as the shear deformation increasing, grains inside the spec-

imen will slid and overcome the resistances around by rotating and

rearranging themselves continuously. Gradually, all the particles tend

to evolve into a minimum resistance structure so that the shear force

becomes constant; then when the shear force reversed, the new struc-

ture is being rearranged again and all the particles tend to form a new

minimum resistance structure in the reverse direction. The soil struc-

ture will be changed again and again during the shearing reversal and

the old structure (before shearing) will be totally destroyed and all

the memories will be lost. After several cycles, all the grains will

form into a new flexible structure whose shear resistance will not

change under the future stress reversal.

Conclusions

Interface monotonic and cyclic direct shear tests were carried out

to investigate the frictional behavior of crushed rock-concrete

interfaces. Parallel gradation physical modeling technique was

used and the test results were compared. Two sets of materials at

both loose and dense states, and rough and smooth concrete inter-

faces were investigated. Critical state of soil interface was studied

and the corresponding critical state lines were obtained.

Shear strength of crushed rock-rough concrete interface was

relatively higher than the one with the smooth interface. M1 and

M2 that under the same initial packing state, same normal stress

and same roughness concrete interfaces tended to exhibit similar

peak and residual shear strength under monotonic shearing. Under

cyclic loading, both of their peak shear resistances were fully

mobilized in the first few cycles and after that came into constant

resistance. Compared to rough interfaces, smooth concrete interfa-

ces exhibited little peak shear stress but more residual behavior

(contractive behavior) when shear strength is fully mobilized.

Results from monotonic tests suggested that parallel gradation

FIG. 13—Vertical displacement versus number of cycles of M1 and M2 (Notation: R_Rough, S_Smooth, D_Dense and L_Loose).
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physical modeling technique is applicable in characterization of

residual shear strength but not volume change. Under cyclic load-

ing condition, the peak and residual shear strength of M1 and M2

were not the same, but the volumetric behaviors exhibited exactly

the same trend. This indicates that the parallel gradation technique

might not work for characterizing the cyclic resistance and volume

change behaviors. More attention and study are needed in validat-

ing this technique under shear-dilatancy and various stress paths.

The “bulk critical void ratio” decreases as the confining pressure

increases. The position of the interface critical state line is more

affected by the gradation where less influenced by the interface

roughness. More research should be done to quantify the rough-

ness and gradation influences on the position of interface critical

state line.

References

[1] Love, J., “Shear Strength of Coarse Embankment Dam Mate-

rials,” 8th Congress on Large Dams, 1964, International

Commission on Large Dams, Paris, pp. 745–761.

[2] lndraratna, B., Ionescu, D., and Christie, H.D., “Shear Behavior

of Railway Ballast Based on Large-Scale Triaxial Test,”

J. Geotech. Geoenviron. Eng., Vol. 124(5), 1998, pp. 439–449.

[3] Varadarajan, A., Sharma, K. G., Venkatachalam, K., and

Gupta, A. K., “Testing and Modeling Two Rockfill Materials,”

J. Geotech. Geoenviron. Eng., Vol. 129(3), 2003, pp. 206–218.

[4] Kaya, M., 2004, “A Study on the Stress-Strain Behavior of

Railroad Ballast by Use of Parallel Gradation Technique,”

Ph.D. thesis, Dept. of Civil Engineering, The Middle East

Technical Univ., Ankara, Turkey.

[5] Potyondy, J. G., “Skin Friction Between Various Soils and Con-

struction Materials,” Geotechnique, 11(4), 1961, pp. 339–353.

[6] Clough, G. W., and Duncan, J. M., “Finite Element Analyses

of Retaining Wall Behavior,” J. Soil Mech. and Found. Div.,

Vol. 97(12), 1969, pp. 1657–1673.

[7] Kulhawy, F. H., and Peterson, M. S., “Behavior of Sand

Concrete Interfaces,” Proceedings of the 6th Pan American

Conference on Soil Mechanics and Foundation Engineering,

Lima, Peru, Dec. 2-7, 1979, Pan-American Conference on

soil Mechanics and Foundation Engineering, Lima, Peru,

Vol. 2, pp. 225–236.

[8] Acar, Y. B., Durgunoglu, H. T., and Tumay, M. T.,

“Interface Properties of Sand,” J. Geotech. Engrg. Div., Vol.

108(9) 1982, pp. 648–654.

[9] Desai, C. S., Drumm, E. C., and Zaman, M. N., “Cyclic Test-

ing and Modeling of Interfaces,” J. Geotech. Engrg., Vol.

111(6), 1985, pp. 793–815.

[10] Uesugi, M., and Kishida, H., “Influential Factors of between

Steel and Dry Sands,” Soils Found., Vol. 26(2), 1986, pp.

33–46.

[11] Kishida, H., and Uesugi, M., “Tests on the Interface Between

Sand and Steel in the Simple Shear Apparatus,” Geotechni-

que, Vol. 37(1), 1987, pp. 45–52.

[12] Uesugi, M., Kishida, H., and Tsubakihara, Y., “Friction

Between Sand and Steel Under Repeated Loading,” Soils

Found., Vol. 29(3), 1989, pp. 127–137.

[13] Lucks, A. S., Christian, J. T., Brandow, G. F., and Hoeg, K.,

“Stress Conditions in NGI Simple Shear Test,” J. Soil Mech.

and Found. Div. 98, 1972, pp. 155–160.

[14] Prevost, J. H., and Hoeg, K., “Reanalysis of Simple Shear

Soil Testing,” Can. Geotech. J., Vol. 13(4), 1976, pp.

418–429.

[15] Saada, A. S., and Townsend, F. C., “State of the Art: Labora-

tory Strength Testing of Soils,” Laboratory Shear Strength

of Soil, ASTM STP 740, R. N. Yong and F. C. Townsend,

Eds., American Society for Testing and Materials, 1981,

ASTM, Baltimore, MD, pp. 7–77.

[16] Jewell, R. A., “Direct Shear on Sand,” Geotechnique, Vol.

39(2), 1989, pp. 309–322.

[17] Yoshimi, Y., and Kishida, T., “A Ring Torsion Apparatus

for Evaluating Friction between Soil and Metal Surfaces,”

Geotech. Test. J., Vol. 4(4), 1981, pp. 145–152.

[18] Uesugi, M., Kishida, H., and Tsubakihara, Y., “Behavior of

Sand Particles in Sand-Steel Friction,” Soils Found., Vol.

28(1), 1988, pp. 107–118.

[19] Hryciw, R. D., and Irsyam, M., “Behavior of Sand Particles

Around Rigid Inclusion During Shear,” Soils Found., Vol.

33(3), 1993, pp. 1–13.

[20] Al-Douri, R. H., and Poulos, H., “Static and Cyclic Direct

Shear Tests on Carbonate Sands,” Geotech. Test. J., Vol.

15(2), 1991, pp. 138–157.

[21] ASTM Standard D2487, 2010, “Standard Practice for Classi-

fication of Soils for Engineering Purposes (Unified Soil Clas-

sification System),” Annual Book of ASTM Standards,

ASTM International, West Conshohocken, PA.

[22] ASTM Standard D3080-04, 2004, “Standard Test Method

for Direct Shear Test of Soils under Consolidated Drained

Conditions,” Annual Book of ASTM Standards, ASTM Inter-

national, West Conshohocken, PA.

[23] Loov, R. E., and L. E. Rodway, “Determination of Elevation,

Slope, and Waviness of Surfaces Using the Procedures of

CAN=CSA-A23.1-M90,” Concrete Materials and Methods

of Construction=Methods of Test for Concrete CAN=CSA-
A23.1, Canadian Standards Association, Toronto, Ontario,

1990.

[24] Frost, J. D., DeJong, J. T., and Recalde, M., “Shear Failure

Behavior of Graunlar-Continuum Interfaces,” Eng. Fract.

Mech., Vol. 69(17), 2002, pp. 2029–2048.

[25] Gomez, J. E., Filz, M. G., Ebeling, R. M., and Dove, J. E.,

“Sand-to-Concrete Interface Response to Complex Load

Paths in a Large Displacement Shear Box,” Geotech. Test. J.,

Vol. 31(4), 2009, pp. 1–12.

[26] Casagrande, A., “ Characteristics of Cohesionless Soils

Affecting the Stability of Slopes and Earth Fills,” J. Boston

Soc. Civ. Eng., 1940, pp. 257–276.

[27] Roscoe, K. H., Schofield, M. A., and Wroth, C. P., “On the

Yield of Soils,” Geotechnique, Vol. 8, 1958, pp. 22–53.

[28] Castro, G., “Liquefaction of Sands,” Harvard Soil

Mechanics Series, Harvard Univ., Cambridge, MA, 1969,

Vol. 81.

[29] Mortara, G., Mangiola, A., and Ghionna, V.N., “Cyclic

Shear Stress Degradation and Post-Cyclic Behavior from

Sand-Steel Interface Direct Shear Tests,” Can. Geotech. J.,

Vol. 44(7), 2007, pp. 739–752.

126 JOURNAL OF TESTING AND EVALUATION
 

Copyright by ASTM Int'l (all rights reserved); Wed Feb 15 22:05:50 EST 2012

Downloaded/printed by

National Taiwan University pursuant to License Agreement. No further reproductions authorized.

http://dx.doi.org/10.1061/(ASCE)1090-0241(1998)124:5(439)
http://dx.doi.org/10.1061/(ASCE)1090-0241(2003)129:3(206)
http://dx.doi.org/10.1680/geot.1961.11.4.339
http://dx.doi.org/10.1061/(ASCE)0733-9410(1985)111:6(793)
http://dx.doi.org/10.1680/geot.1987.37.1.45
http://dx.doi.org/10.1680/geot.1987.37.1.45
http://dx.doi.org/10.1139/t76-042
http://dx.doi.org/10.1680/geot.1989.39.2.309
http://dx.doi.org/10.1520/GTJ10783J
http://dx.doi.org/10.1016/S0013-7944(02)00075-9
http://dx.doi.org/10.1016/S0013-7944(02)00075-9
http://dx.doi.org/10.1139/t07-019

	aff1
	aff2
	fn1
	F1
	F2
	F3
	F4
	F5
	F6
	T1
	F7
	F8
	F9
	F10
	F11
	F12
	F13
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27
	B28
	B29

