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ABSTRACT 

Oae laboratoiy technique to determine the unit side resistance of piles is the rod shear 

test, hi a rod shear test a model pile is placed mside a cylindrical soil specimen. A confining 

pressure is then placed around the ^ecimen/pile assembly and the model pile axially loaded. In 

some cases rod shear tests in sands have produced anomalously high interface fiiction angles 

(5) which may be, at least in part, due to differences in how the normal stress on the model pile 

has been interpreted. Therefore, the usefizlness of the rod shear test as a means to determine 

inter&ce behavior for pile design is questionable, hi this study, a new rod shear device was 

constructed to determine the behavior of steel-sand mter&ces, and a numerical model was used 

to fiirther evaluate the resuhs. The interfaces tested were smooth and rough model pfles in 

dense and loose sand. Resuhs for the smooth pile tests are consistent with published values. 

However, tests with the dense and loose sands usmg rough pfles produced interface friction 

values that were, in some instances, higher than the dilatant fiiction angle (({><]) for the sand at 

comparable stress levels. Elastic and elasto-plastic (modified Cam-clay) models fafled to 

predict the high interface fiiction angles. Therefore it is suggested that the rod shear test 

imposes heretofore unrecognized kinematic restraints to volume change that, coupled with the 

discrete nature of the sand, lead to the development of a complex arching system. The result is 

that efiective normal stress on the pile is increased beyond the applied confining pressure. 

Evidence for such behavior included the observation of secondary features in the dense sand 

foflowing pile di^lacement, the existence of force chains and work with discrete element 

systems showing that stress distribution m dense arrays is nonuniform. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

Mobilization of the side resistance of axially loaded pfles is primarily influenced by the 

effective normal stress acting on the pfle. Additional influencing Actors inchide the sur&ce 

roughness of the pfle and the density of the sofl immediately adjacent to the pfle. In general the 

density of the sofl near the pfle changes during loading which requires that the effective normal 

stress also change. Laboratory methods to measure the unit side resistance of pfles must either 

impose appropriate boundary conditions such that changes in effective normal stress are 

modelled or the results must be interpreted in light of such changes. The understanding of the 

fectors that control unit side resistance in pfles requffes basic research (Lizzi, 1988) although 

some engineers, as noted by HasvveU and Burland (1981), hold that empirical relationships, 

derived from load tests, are adequate. Indeed, empirical methods have provided acceptable 

solutions to design problems but because of this they have, to a degree, stymied basic research 

into deep foundation behavior (O'Nefll, 1993). 

The importance of understanding the fectors goveming the mobilization of unit side 

resistance and the abflity to determine its development with pfle displacement and its uhdmate 

value are critical to designing safe and economic pfled foundation systems. In oflfehore 

environments, where side resistance provides the majority of pfle capacity (Amerasingh and 

DeGroS^ 1985; Mochtar and Edil 1988), a more complete understanding of how side 

resistance is mobflized is needed. This is reflected m the feet that the current state-of-practice 

static design procedures (API 1992 and AASHTO, 1991) incorporate limits on the unit side 
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fiicdon based upon the concept of a critical depth, a phenomenon that has been debated 

(Feflenius and Akaee, 1995; Altaee, Evgin and FeQenius, 1993; Randolph, 1993 and Kulhawy. 

1974). The API design method over-predicts the capacity of long piles and underpredicts that 

of short piles (Iskander and Olson. 1992). 

One technique to determine the unit side resistance of piles is the rod ^ear test. In a 

rod shear test a cylindrical soil ^ecimen is buih around a model pile, or ahemately, the model 

pile can be installed afier the ^ecimen is construaed. The ^ecimen/pile assembly is then 

placed into a pressure chamber and the model pile axially loaded. The device may allow for 

both isotropic and anisotropic testing. 

In some cases, rod shear tests in sands have produced anomalously high inter&ce 

fiiction angles, Le., 6 > (j). Differences m how the normal stress on the model pile has been 

mterpreted may partly explain these observations. In any event, an adequate explanation for 

mter&ce fiiction angles exceeding the intemal fiiction angle of the soil has not always been 

proffered. Therefore, the usefiilness of the rod diear test as a means to determine interface 

fiiction behavior for design is unproven. 

1.2 Objective and Scope of the Research 

The objective of the research is to measure the interfece fiiction angle of several steel-

sand inter&ces using the rod shear test. The resuks are then to interpreted m light of possible 

changes in effective normal stress due to known or expected mechanical behavior and an 

attempt to quantitatively verify these interpretations using numerical analyses is made. To meet 

the objectives of this research the following goals were established: 
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1) Develop a rod shear device to measure the development of tangential shear stresses. 

Le., unit side resistance, during strain-controlled monotonic axial loadmg of a 

model pile embedded in a cylindrical sand specimen. 

2) Test steel-sand inter&ces that are representative of actual inter&ce conditions in 

piled foundations. 

3) Numerically model the experimental arrangement and compare the resuks to the 

experimental results. 

4) Assess the Ihnitations, if any, of the rod shear test as a means to determine interface 

shearing behavior, e.g., interfece friction angle (5). 

Conventions and Units 

Unless otherwise stated the following conventions apply. 

Stresses: Smce all testing was conduaed in the dry condition, Le.. degree of saturation 

(SR ) of zero, all stresses are eflfective. Consequently the prime ('), conventionally used in soil 

mechanics to indicate eflfective stress, is omitted from all symbols for normal stress. 

Failure Shear Stress: Failure shear stresses for the rod shear tests are taken when 

fiirther displacement results in no increase in shear stress. In this dissertation failure shear 

stresses are called "ultimate shear stresses" (Tu). The term "peak shear stress" (Tp) is reserved 

for the maxTmiim shear stress observed for soils that show post-peak strain-softening response. 

Sign Conventions: As is usual in soil mechanics, compressive stresses and strains are 

positive. The term dilation refers to vohime expansion. Shear stresses inducing clockwise 

moment are taken as positive. 
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rnnrdinate.«;- A right hand Caitesian coordinate system is employed. 

Units: SI units are used. 

1.4 Organization of Dissertation 

Chapter 2 is a survey of the pertinent literature and can be divided into two areas. The 

first suimnarizes devices and resuhs fi'om inter&ce tests using devices other than the rod ^ear 

device, hi the second section^ various rod shear devices are described. Results for tests usmg 

sand are summarized. 

hi Chapter 3 the operation of the rod shear device is explained. A description of the 

operation of the device is given, followed by details of the design and operation of some of the 

major componentry. The test control/data acquisition system is described. 

hi Chapter 4 the engineering properties of the sand are presented. Resuks fi'om index, 

shear strength and one dimensional compression tests are given. Sample preparation 

techniques are discussed. 

Chapter 5 outlines the testing program and briefly summarizes test procedures. 

Problems encountered during testing are discussed. 

Chapter 6 summarizes the experimental results. Results fi'om each interface tested 

(smooth-dense, rough-dense, rough-loose) are separately discussed. This is followed by a 

discussion of the body of experimental resuks. 

hi Chapter 7, the numerical analyses are described. Inchided are a closed-form elastic 

solution and an elasto-plastic (modified Cam-clay) finite element analysis. The numerical and 

ejq)erimental resuks are then compared and discussed in light of their implications to the rod 

shear test. 



In Chapter 8 the conclusions of this study are summarized and recommendations 

for future research are suggested. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

This review of literature is divided into two sections. In the first section mterface 

testing using devices other than the rod shear apparatus are discussed. Much of the 

understanding of mterface behavior has been gained fi'om non-rod shear tests such as 

direct shear and simple shear. This knowledge is directly applicable to the interpretation 

of rod shear test results and is therefore relevant to the current study. The second section 

reviews previous rod shear testing. Devices that were used to test sand and clay are 

described. However, only the results in sand are reviewed in detail. 

2.2 Laboratory Interface Tests Other Than Rod Shear 

Values of interface fiiction angle commonly used in practice, as well as much of the 

understanding of interface behavior, have been, for the most part, determined using non-rod 

shear type devices. Hence a femiliarity with the results of non-rod shear interfece tests is 

nnportant for evaluation of results from rod diear tests. An overview of the types of devices 

that have been used for interfece testing and resuks that are relevant to the current study is 

presented. Table 2.1 is a summary of the devices and results discussed within this section. The 

following paragraphs briefly summarize the test apparatus. For the sake of brevity most 

mechanical details and dimensions of the devices are omitted, with exceptions being made for 

devices with unusual features and/or dimensions outside the reahn of those commonly 

associated with laboratory-scale, soil testing equipment. Only resufts for steel-sand interfeces 

are addressed. 



Table 2,1: Steel-Sand Interface Tests Using Devices Other Tlian Rod Shear 

Sand Interface Test 

Description Relative Roughness Type tan 5 5'°' 8/(|) Reference 
Density 

Silty Sand, well Dr = 66% Smooth DS' 0.45 24.0 0.54 Potyondy, 1961 
traded Rougli 0.67 33.8 0.76 

dry, silica, Dense Smooth DS 028 15,5 0.37 Kennedy, 1961 
unifornily graded Loose u 022 12 5 0.41 

Kennedy, 1961 

Dense Rougit 043 23.5 0.56 
Loose tt 0.35 19.5 0.64 

silica, sand. 2 Smooth DS 0.42 23.0 — Silberman, 1961 
uniformly graded (Rpt. in Broms, 1963) 

T oyoura sand — R<.u«=12nm' ^ DS ' 0 123 7.0 ... Tatsuoka and Haibara, 1985 
Djo = 0.16 mm 

Leighton Dense Smooth DS 0 32 18.0 — Butterfield and Andrawes, 1972 
Buzzard (B.S.S. Loose 020 1 1 3  — 

14-36) 

quartz, uniform Medium Smooth DS 0.27-0.32 15-18' 0.39-0.45 Acar, et al., 1982 
(C,.= 1.5) 

Scto Sand, Uesugi and Kishida, 1986b 
angular. 

uniformly graded 
D„, = 0.16 mm Dense {3<R„„„- 3 4nm)' DS 0.48 25 6 
Dm) =182 mm u 0 37 20.3 
Djn = 0.16 mm (l7<R„„„-^20nm) 0 78 37 9 
Dmi =1.82 mm It 0 52 27 5 

Dmi = 0.16 mm Dense (3<R„„„--3 4nm) SS 0 46 24.7 Uesugi and Kishida, 1986b 
D,,! =1.82 mm u 0.36 1 9 8  
Dvi = 0.16 nun (I7-^R„„„- 20nm) 0 80 38 7 
Dm) - 1.82 mm tt 0 56 29 2 



Table 2.1, continued: Steel-Sand Interface Tests Using Devices Other Tlian Rod Shear 

Sand Interface Test 

Description Relative Roughness Type tan S 8'°' 5/^) Reference 
Density 

Fujigawa Sand, Uesugi and Kishida, 1986b 
angular, 

uniformly graded 
Dso = 0.16 mm Dense (3<R„«,<3.4nm) DS 045 24.2 
Djo =1.82 mm n 0.36 19.8 
Dso = 0 16 mm (17<R„^<20fun) 0 84 40.0 
Dso =1.82 mm 0.50 26.6 

D5O = 0.16 mm Dense (3<R„uL,<3.4nm) SS 0.50 26.6 Uesugi and Kishida, 1986b 
Dso = 1 82 mm u 0 38 20.8 
DJO = 0 16 mm (l7"'Riiutt'^20nm) 0.79 37.2 
D JO = 1 . 8 2  m m  u 0.56 29,3 

Toyoura Sand, Dense Rnu«=3.5Mm SS 0.31 17.2 Uesugi and Kishida, 1986b 
sub-rounded. Riii«=19nm 0.61 3 1 . 4  

DJO = 0.18 mm 

Silica, uniformly Dense R„U.X=5nm '• DS ' 0.57 29.7 ' 0.72 Al-Douri and Poulos, 1991 
graded Loose 0.56 29.3 0 . 7 1  

Ottawa Sand Dense R.,„„=0.58' DS 0 . 1 9  11 0,29 Paikowsky, et al., 1995 
DJO = 0.5 mm R..u.,=49.2 0.65 33 0,87 

(C..= 15) 

Karlsnihe Sand, Dense Smooth* DS 0.22 12.4 0.29 Tejchman and Wu, 1995 
sub-rounded. Rough 0 69 34.6 0.82 
Dsn = 0.5 mm Very Rough 1 . 1 9  50.0 1 . 1 9  

Loose Smooth 0 20 1 1 3  0.36 

Rough 0 55 28 8 0.93 
Very Rough 0 89 41 7 1 . 3 4  

M 



Table 2.1, continued; Steel-Sand Interface Tests Using Devices Other Tlian Rod Shear 

Sand Interface Test 

Description Relative Roughness Type tan 5 8'°' S/if) Reference 
Density 

Dense Smooth PS 0.21 1 1 . 9  0,28 Tejchman and Wu, 1995 
Rough 0.62 3 1 . 8  0.76 

Very Rougli 0,97 44 1 1.05 

Loose Smooth 0.20 1 1 . 3  0.36 

Rough 0 . 5 1  27.0 0.87 

Vei^ Rouj^i 0.67 33.8 1.09 

Dense Smooth Silo 0.34 18 8 0.45 Tejchman and Wu, 1995 
Rough 0 79 38.3 0 , 9 1  

Very Rougli 1 10 47 7 1 , 1 4  

Loose Smooth 0 22 1 2 4  0,40 

Rough 0.52 27.5 0.89 

Vep/ Rouj»lj 0.69 3 4 6  1 . 1 2  

Ottawa Sand DR = 60% Kmx' = 7.4 urn SS 0 38 21.0 (pk) ... Alanazy, 1996 
(C., = 2.0) 0.34 19.0 (res.) 

Tonegawa Sand, A l l  D e n s i t i e s  R„„„= 3 fim RT 0 36 19.8 Yoshimi and Kishida, 1981a 
uniformly Riiuix=^50() fxm 0.75 36.9 

graded, 
Riiuix=^50() fxm 

D50 = 0.27 mm 

Niigata Sand, Medium Rnu«= 3  f i m  RT 0.32 1 7 . 7  Yoshinii and Kishida, 1981a 
uniformly Riimx=-500 nm 0 75 36,9 

graded. 

D50 = 0.27 mm 

Notes: 1) DS = Direct Shear; SS = Simple Shear; PS = Plane Strain; Silo = Model Silo Plane Strain Device; RT = Ring Torsion 
2) No relationship to relative density was observed. 

3 )  L  -  2 . 5  l u m  

4) 8 was ob.scrved to be a fuiiciion of normal stress. 
5) I. - 0.2 nun 

6) L = Dvi 
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7) Average over various lengths, L 

8) Smooth; (R^/ Ds) ) 5 0; Rough: (R^ / Djo ) = 0.1-0.5; Very Rough; (R^ / ) > 1.0 

9) L = 0.37 mm s D,,, 

2.2.1 Direct Shear 

By far. the majority of interface tests that have been conducted used a direct shear 

device. Potyondy (1961) is acknowledged to be the earliest worker to conduct a serious 

investigation into the problem of interface behavior between soil and cnmmnn 

construction materials. He tested well graded soils against wood, concrete and steel 

mterfaces. In the case of the steel interfaces, a roughened, partially oxidized surface, to 

more realistically model actual piles, was employed. Most subsequent work has used 

carefiiUy prepared soUd surfaces arid uniform sand, which facilitates the reproduction of 

similar specimens. This was justified because the aim was to determine the effects of a 

wide range of parameters. The parameters most often considered were initial relative 

density and surface roughness. 

Potyondy concluded that for steel-sand interfaces the ratio of the peak mterface 

fiiction angle (5p) to the dilatant angle of intemal fiiction ((j)a) remained constant for 

difiFerent normal loads. This ratio was always less than unity, which impUes that 5p < (J)d. 

Due to the constancy of the ratio, which Potyondy defined as = 5/<i), he proposed the 

following for determining the Coulomb failure envelope for a steel-sand interface: 

T = fs = aw tan (&(j)) (2.1) 

This notation did not gain wide acceptance and the fiiction component is generally 

given as the interface fiiction angle (5). Reduction factors to be applied to the angle of 

intemal fiiction of the soil to estimate interface fiiction angle are often cited in popular 
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foundation texts, e.g., NAVPAC (1982), Bowles (1988) and Das (1984). These reduction 

factors are often of similar order of magnitude as £». For their relevance to this study and 

historic significance Potyondy's results for the steel-dry sand interface are reproduced in 

Figure 2.1. No significant dependence between interface fiiction angle and normal stress 

was observed by Potyondy. 

Broms (1963) reported a series of direct shear tests, conducted by Silberman, in 

1961, as part of a model pile study. Only a smooth steel mterface was tested. The results 

are reported in Table 2.1. In Silberman's tests the sand was in the bottom half of the shear 

box. 

The ploughing component (Bowden and Tabor, 1954) of the fiiction angle was 

investigated by Butterfield and Andrawes (1972) using sand overlying interface materials 

of variable hardness, i.e., steeL glass and an acrylic plastic (perspex). Several 

displacement rates were investigated (see Section 2.2.6.5), but the bulk of the tests were 

performed at a constant rate of 1.04 mm/min. Normal stresses ranged from 13.8-96.5 

kPa. 

Sand-concrete interfaces were tested in direct shear by Kulhawy and Peterson 

(1979). These are included herein because interface fiiction angles greater than the angle 

of internal fiiction were reported, and a conceptual model was proposed to explain these 

values. Uniform and well graded sands, in loose, medium and dense states against smooth 

and rough concrete surfaces were tested. Normal stresses tested were 96.5, 289.6 and 

475.8 kPa. Because a grain size distribution curve could be constructed for the aggregate 
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Figure 2.1: Potyondy's (1961) Direct Shear Results for Steel-sand Interfaces (Ehy, Well 
Graded Sand, DR - 66%) 

exposed on the concrete face, the roughness (R) of the face could be defined as; 

D f i o D j o  D -—52—12. (22) 
concrete tacc p\ V • / 

^50 

A similar value (Rsi„I) was calculated for the sand and the relative roughness (RR) of the 

interface calculated as; 
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D 
R coacr«cf»ce /o 

R ~ n 
^soil 

For a soil-soU interface RR is equal to unity. Hence, smooth interfaces have RR < 1 and 

rough interfaces RR > I. Interfaces with a relative roughness of up to 7.3 were tested. 

Kulhawy and Peterson (1979) concluded that for dense sand on a rough interface 

the mterface friction angle was greater than the peak angle of mtemal friction for the soil. 

For loose sands they concluded that the interface fiiction angle was equal to or sUghtly 

less than the peak angle of internal friction. For dense sands they reported a ratio of 5p/(t)d 

= 1.1. They presented a conceptual model to explain how this could occur. 

For a dense sand on a rough interface Kulhawy and Peterson (1979) state that 

•'...there would be considerable soil particle mteraction with a shear plane developing 

along the highest asperities." (p. 229). It is not clear to the writer how this would lead to 

5 > (|)d. If the shear zone is entirely within the soil the limiting stress state is going to be 

governed by the peak angle of internal friction. It appears that Kulhawy and Peterson are 

implying that if the interface angle of friction is greater than the peak friction angle of the 

soil the failure will occur within the soil. 

Acar et al. (1982) conducted a series of direct shear tests while attempting to 

define interface parameters for use in finite element analyses of soil-structure interaction 

problems. A clean quartz sand in a medium dense state was tested on concrete, wood and 

steel interfaces; the steel-sand results are presented in Table 2.1. The interfaces were 

tested m a displacement controlled direct shear device at normal stresses of 96.5, 193.1 

and 475.8 kPa. 
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In order to determine the type of interface that would have the lowest friction 

angle for model footing tests, Tatsuoka and Haibara (1985) performed a series of direct 

shear interface tests. They used the angular, uniformly graded Toyoura sand. Nine 

different interface types were tested, but only the steel-sand interface tests are discussed 

herein. The steel surface was smoothed to Rmw [L = 2.5 mm] = 1.2 |im The quantity 

Rmax is defined as the maximum peak-to-valley distance over the distance L on the surface. 

Normal stresses ranged from 5.5 to 157 kPa. An extremely low value (7°) of mterface 

friction angle was reported. This is likely attributable to the smoothness of the steel 

surface. There was no dependence of interface friction angle on the normal stress, and no 

strain softening was observed. 

A device capable of direct as well as simple shear tests was used by Uesugi and 

Kishida (1986b) in an investigation of the effects of surface roughness, gram size 

distribution, sand type and test type on mterface friction behavior. Because the steel 

surface was longer than the shear box the interface area remained constant during shear. 

Normal and shear loads were hydraulically applied and were measured by load cells. 

In the tests reported by Uesugi and Kishida (1986b), the steel surface roughness 

and sand characteristics were carefiilly controlled. Surface roughness was quantified by 

R„ax using a length (L) of 0.2 mm Values of Rma.x [L = 0.2 mm] ranged from 5 to 20 iJin. 

Three sands of varying grain shape (very angular to sub-rounded) were utilized. 

Uniformity coefiBcients ranged from 1.1 to 5.1, and D50 varied between 0.16 and 1.82 mm 

Specimens were air-pluviated directly mto the shear box. The tangential loading was 
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displacement controlled, but the rate was not indicated, presumably it was constant for all 

tests. Interface friction angles reported from their direct and simple shear tests are 

simmiarized in Table 2.1. 

A shear box, modified to prevent the loss of sand, was used by Al-Douri and 

Poulos (1991) to study the static and cyclic interface behavior of carbonate and silica 

sands on steel and aluminum surfaces. Only static tests of the silica sand-steel interface 

are discussed herein. The steel plates used had an average Rmax of 5 |im (L was taken as 

the Dso of the sand), and since this was very much less than the Djo of any of the soils 

tested, the authors considered the surfaces to be smooth. Normal stresses tested were 55, 

110 and 160 kPa. Interface friction angles reported by Al-Douri and Poulos are 

summarized in Table 2.1. These values (« 29°) appear to be somewhat high for such a 

smooth surface. 

As part of a study to determine the effects of the boundary conditions of the entire 

system on the interface friction angle and the shear zone thickness, Tejchman and Wu 

(1995) conducted steel-sand interface tests in a direct shear device. Plane strain tests were 

also conducted by Tejchman and Wu and are discussed in Section 2.2.3. The direct shear 

device was modified such that dilation was unrestrained but rotation of the top cap during 

shearing was prevented. Normal stresses, for the direct shear interface tests, ranged from 

10 to 200 kPa. All of the direct shear tests were run at a displacement rate of 0.08 

mm/min. Karlsruhe sand (D50 = 0.5 mm) and a coarser sand (D50 = 1.4 mm) were tested 

in loose and dense states. The Karlsruhe sand is a quartz sand of sub-rounded grains with 

a grain size range of 0.06 to 2 mm. The maximum and mmimnm dry unit weights are 17 
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and 14.2 kN/m^. Based upon triaxial compression test results referred to (Kolymbas and 

Wu, 1989 and 1990 and Wu, 1990) in their paper, the Karlsruhe sand has a dilatant 

friction angle of about 39 to 45° for dense specimens and about 29 to 33° for loose 

specimens. 

An mterface friction angle of 50° was reported for dense sand on a very rough 

interface. "Very rough" was defined as a surface with (R,„ax[L=2.5mm]/D5o) > 1.0. Based 

on the triaxial compression test results cited m their paper, this value of interface friction 

angle is greater than the dilatant friction angle of the sand at values of confining stress 

similar to the normal stresses used in the direct shear tests. Values of interface friction 

angle greater than the dilatant fiiction angle were also reported for the loose sand tests. 

These anomalous values of mterface friction angle are fiuther discussed, in Section 2.2.3, 

in conjunction with the plane strain results. 

Paikowsky et al. (1995) developed a so-called "dual interface apparatus". The 

mterface material was sandwiched between two layers of soil. This device could operate 

m either direct shear or simple shear mode; only results of direct shear tests were reported. 

The shear box had dimensions of 40.0 x 12.5 x 5.08 cm. A pair of load cells at the front 

and back of the interface made the measurement of the shear force transferred across it 

possible. This enabled calculation of the friction angle from the forces at the front, middle 

or rear of the box as well as that based on the total shear force required to move the box. 

Ottawa sand (D50 = 0.5 mm and Cu = 1.43) was tested. Results for smooth and rough 

interface tests are given m Table 2.1 
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One of the largest and most complex interface testing devices is the "cyclic multi-

degree-of-freedom device with pore fluid pressure effects (CYMDOF-P)" described by 

Rigby (1996) and Desai and Rigby (1995). Direct or simple shear tests can be conducted. 

Tests can be displacement or load controlled; testmg under drained conditions is also 

possible. Pore pressure is measured at the interface. The possible degrees of freedom are; 

1. translational, i.e., parallel to the direction of shear 2. normal displacement and 3. 

rotation about the axis perpendicular to the direction of shear. Normal and shear loading 

is hydraulically applied. Control of the test and data acquisition is electronically 

controlled. The soil specimen area (circular) is 214 cm" and the structiu^al surface area is a 

maximum of 324 cm*; this arrangement maintains a constant interface area during 

shearing. Alanazy- (1996) conducted steel-sand mterfaces tests in simple shear using the 

CYMDOF-P device; the results are summarized in Table 2.1. 

2.2.2 Simple Shear 

In an attempt to more closely model the shearing occurring at the interface, simple 

shear devices have been employed. The apparatuses discussed herein established the 

simple shear boundaiy condition by enclosing the specimen within a stack of thin metal 

plates that were often lubricated in some manner. Many of the direct shear apparatuses 

reviewed above were designed to also operate in simple shear mode, e.g., Rigby, (1996), 

Paikowsky, et al. (1995), Uesugi and Kishida (1986b). One major advantage of the simple 

shear devices, over the direct shear devices, is the abiUty to separately measure shear and 

sliding deformations of the specimen. The shear deformations are obtained by measuring 

the difference in the displacement between the top and bottom of the specimen. The 
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ability to separate the shear and sliding deformations has contributed much to the 

understanding of interface behavior, as is discussed in Section 2.2.6. 

Interface friction angles from simple shear tests do not appear to significantly differ 

from those obtained using a direct shear boundary condition; this is well illustrated by the 

results of Uesugi and Kishida (1986b) that are summarized in Table 2.1. The similarity' in 

direct and simple shear results is likely due to the fact that during interface shearing the 

failure zone is confined to the soil immediately adjacent to the interface. Consequently the 

soil adjacent to the interface is not greatly affected by the boundary conditions imposed on 

the remainder of the specimen. However, evidence to the contrary was presented by 

Tejchman and Wu (1995). They observed larger shear zones in the model silo (plane 

strain) device than in either their other plane strain or direct shear device. 

2.2.3 Plane Strain 

In addition to the direct shear device, Tejchman and Wu (1995) utilized two plane 

strain devices. They tested the Karlsruhe sand used in the direct shear tests discussed 

above. The first plane strain device consisted of a wooden block set at an angle of 67.5° 

to the horizontal. This angle corresponded to the theoretical orientation of the failure 

plane for the sand. A failure plane orientation of 67.5° corresponds to an angle of internal 

fiiction of 45°. In Kolymbas and Wu (1990), the dilatant fiiction angle for dense 

Karlsruhe sand is given as about 41 to 42° for a confining pressure of 200 kPa, which is 

similar to the intermediate principal stress (02) applied in the plane strain interface test 

device. Interface materials of varying roughness were attached to the face of the block. 
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The sand specimen was constructed on top of the block by air phiviation. The block and 

specimen where enclosed in a rubber membrane. Next the specimen sides were conjGned 

by rigid metal plates. Fmally, the sand-wedge configuration was placed into a pressure 

chamber for the application of the major (axial) and intermediate (confining) principal 

stresses. The major principal stress was appUed via a piston extending through the top of 

the chamber. The displacement rate of the piston was constant at 0.042 mm/min. Vertical 

and horizontal displacements were recorded and used to calculate the reduced shearing 

surface area. X-ray radiography was used to observe the volume changes that had 

occiirred during shear. 

The other plane strain device employed by Tejchman and Wu (1995) was a model 

silo with a moveable bottom. The silo measured 0.5 m high, 0.6 m long and the width 

could be varied firom 0.1 to 0.3 m. The silo had a clear face; periodic layers of colored 

sand facUitated observation of the sand deformation. Roughness of the side walls could be 

varied. The bottom was lowered at 0.083 mm/min During lowering, the resultant 

\ ertical and horizontal forces on one wall were measured as well as the vertical resultant 

on the bottom The bottom plate displacement and the displacement of the fi-ee sand 

surface were also measured. 

Discussing the eflFects of constraining dilatancy, Tejchman and Wu (1995) state 

that when dilatancy is constrained the normal stresses on the interface will increase. They 

also state that the model silo device will tend to constram dilatancy. In the model silo 

device an interface fiiction angle of 47.7° was determined for the very rough-dense sand 

mterface. In direct shear tests, which did not constrain dilatancy, an interface fiiction 
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angle of 50° was reported for the same interface. Between the measurement of the actual 

normal and shear forces in the silo device and the freedom for the sample to dilate m the 

direct shear tests, it is difficult to explain the interface friction values exceeding the dilatant 

friction angle of the sand reported by Tejchman and Wu (1995). All the values of 

interface friction obtained by Tejchman and Wu (1995) are contained in Table 2.1. 

2.2.4 Ring Torsion Device 

Yoshimi and Kishida (1981a, b) used the ring torsion device described by Yoshimi 

and Oh-oka (1973) for testing steel-sand interface behavior. The primary advantage of the 

ring torsion device is the absence of an end to the specimen; this prevents the development 

of progressive failure and maintains a constant interface area. Yoshimi and Oh-okas' 

(1973) ring torsion device was capable of constant volume and constant normal stress 

tests. The specimen had an inside diameter of 24 cm and a width of 2.39 cm; it was 

contained in a stack of rings, each 0.5 mm thick, for a total height of about 2.54 cm 

Since the ring stack was essentially rigid in the radial direction, the sand was sheared in a 

near plane strain boundary condition. Surface roughness was smooth to rough (Rmix [L = 

2.5 mm] of 2 to 220 ^un). For some tests, x-ray radiography was used to monitor the 

positions of lead markers embedded within the specimen. These results are discussed 

below. 

2.2.5 Device Limitations 

All of the above mentioned test devices have mherent disadvantages, chief among 

them being stress concentrations due to non-uniform loading in the direct and simple shear 

devices (Paikowsky et aL, 1995; Tejchman and Wu, 1995; Zaman and Alvappillai, 1995; 
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Budha, 1984; Yoshimi and Kishida, 1981 and Taylor, 1948). Paikowsky, et al. (1995) 

foimd that the highest shear forces occurred at the leading edge of the specimen. This 

high stress zone contributed most heavily to the overall value of the angle of internal 

friction, i.e., the internal friction angle determined using the peak shear stress at the front 

of the shear box was near that determined using the total measured shear force. As a 

result of non-uniform stress and strain distribution, progressive failure occurs (Yoshimi 

and Kishida, 1981); this is prevented m the ring torsion device because the sample is 

"endless". Also, in direct shear, the stress state at the mterface is indeterminate whereas m 

simple shear it is fiilly Icnown (Tejchman and Wu, 1995). The primary limitations of the 

ring torsion device are the difBculties associated with sample preparation, especially 

undisturbed ones, and the relative complexity of the equipment (Yoshimi and Oh-oka, 

1973). 

Shearing displacements at soil-structure mterfaces consist of deformation of the 

soil followed by relative displacements of the materials. The mability to separate these 

two components is a drawback of the direct shear device (Tejchman and Wu, 1995; 

Kishida and Uesugi, 1987 and Yoshimi and Kishida, 1981a). Therefore the direct shear 

test does not accurately depict the true shear force-displacement behavior of the interface 

(Kishida and Uesugi, 1987). 

This latter phenomenon is illustrated by some simple shear data from Kishida and 

Uesugi (1987), shown in Figure 2.2. The data is the shear stress ratio plotted against the 

total, shear and sliding displacements. In Figure 2.2(a) the total displacement, what would 

be measured in a direct shear test, is shown. In 2.2(b) it is seen that the maximum value of 



38 

the shear stress ratio is obtained at very small shear deformations. The independence of 

the shear stress ratio (or coefficient of friction) from the surface roughness, up to the 

commencement of sUding displacement, is also evident in Figure 2.2(b). Fmally, m Figure 

2.2(c), the shear stress ratio is plotted against the sUding displacements, and by comparing 

Figures 2.2(b) and (c) it is seen that the peak is obtained at the point that shding 

displacement begms. Obviously, then, the direct shear boundary condition [Figure 2.2(a)] 

cannot completely describe the interface behavior. However comparisons between direct 

and simple shear tests have shown that the peak values of the interface friction angle 

determined are sinnlar, see especially Uesugi and Kishida (1986b) summarized m Table 

2.1. 

Uesugi and Kishida (1986b) observed the differences in the mterface friction angle 

determined from simple and direct shear test results as compared with those from ring 

torsion tests. The direct and simple shear values were generally lower than those from 

ring torsion tests. The differences were slight (< 3°) for a given value of surface 

roughness. 

A fiirther disadvantage of the direct shear apparatus is that often the interface area 

is not constant and this is in part what leads to the development of non-uniform stresses 

and strams (Taylor, 1948). However, most workers have been cognizant of this fact and 

have somewhat ameliorated it by designing instruments that maintained a constant 

interfacial surface area. 

A final consideration, applicable to all the test devices reviewed above, concems 

the method by which the interface is constructed. Specifically, in the case of rough 
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interfaces Paikowsky, et aL (1995) observed diSerences in the vohime change behavior 

depending on whether the specimen was poured onto the interface or the interface 

material was placed onto the specimen. Such behavior is explained by variations in the 

density that would be attained adjacent to the mterface m the two situations. 

2.2.6 Summary of Results 

2.2.6.1 Normal Stress and Relative Density Effects 

Regardless of the mitial relative density or the normal stress, the ultimate interface 

friction angle has been found to be practically constant for a given test type, surface 

roughness and soil type (Uesugi and Kishida, 1986b; Tatsuoka and Haibara, 1985 and 

Yoshimi and Kishida, 1981a). 

Evidence for a variation m friction angle with normal stress has been presented by 

Tejchman and Wu (1995) and Acar, et al. (1982). Their data for a smooth steel interface 

and sand at various densities is reproduced in Figure 2.3. In addition, similar data from 

rod shear tests (Coyle and Sulaiman,1967) has been included. The separation of the 

curves may be due to difiFerent steel surface roughnesses. The trend is for decreasing 

interface friction angle for mcreasing normal stress. If the same mechanisms, e.g., grain 

crushing, suppression of dilation, resulting in the curvatiu-e of the Mohr-Coulomb failure 

envelope for soils are assumed to be operative for interface failure, the decrease of 

interface friction angle with increasing normal stress is reasonable and expected. However 

there is evidence for the independence of the mterface friction angle from the normal 

s t r e s s ,  e . g . ,  t h e  r e f e r e n c e s  c i t e d  L q  t h e  a b o v e  p a r a g r a p h .  Y o s h i m i  a n d  K i s h i d a  ( 1 9 8  l a )  
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Figure 2.3; Interface Friction Angle as a Function of Normal Stress 

state that interface friction angle is mdependent of normal stress in the range of 51-158 

kPa, a range similar to that shown in Figure 2.3. 

Butterfield and Andrawes' (1972) (also Bea and Doyle, 1975, using rod shear 

apparatus) results showed a relationship between interface friction angle and relative 
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density. However, in light of the later, more controlled tests in which sur&ce roughness 

was better quantified, it is likely that their results were obtained because the steel surface 

roughness was such that it could not be considered smooth for the sands tested. 

2.2.6.2 Surface Roughness Effects 

Of the investigators discussed herein, those \^o have quantified the surface 

roughness, regardless of the method, have found a correlation between surface roughness 

and the interface fiiction angle (Paikowsky, et aL, 1995; Kishida and Uesugj, 1987; Uesugi 

and Kishida, 1986a, b; Yoshimi and Kishida, 1981a, b; Kulhawy and Peterson, 1979). 

Their work demonstrates the existence, for a given soil, of two threshold roughnesses. Below 

the lower bound value of sur&ce roughness, the interface fiiction angle is constant, Le., the 

mter&ce is "smooth". Above this lower thrediold roughness a transition zone occms in which 

the mter&ce fiiction angle increases with increasing roughness. FmaQy, a critical roughness is 

reached beyond wiiich the inter&ce fiiction angle is equal to the angle of internal fiiction of the 

soil because the shear 2x>ne is wholly within the soil It follows then, that as the sur&ce 

roughness increases the shape of the shear stress - displacement curve approaches that of the 

particular soil, see Figures 2.4 and 2.5. 

Furthermore, Yoshimi and Kishida (1981a, b) demonstrated that prior to yield the 

development of the shear stress ratio (T/a„) is independent of the surface roughness; this is 

due to the fact that up to yield no sliding displacement occurs. This was verified by x-ray 

radiography. The development of a shear zone near the interface was evident for the 

rougher interfaces. For smooth interfaces a shear zone did not develop. Instead, there 
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was only relative slip occurring between the sand and the steeL Representative data for 

the variation of interface fiiction angle and surface roughness is contained m Figure 2.4 

Two quantitative definitions of roughness are used; 1) normalized roughness (R„) equal to 

Rmax[L = D5o]/D5o (Paikowsky, et al., 1995) and 2) Rm«[L = 2.5 mm] (Yoshimi and 

Kishida, 1981a, b). 

2.2.6.3 Shear Stress-Displacement Relationship 

The saUent facts concerning the shear stress (skin fiiction)-dispIacement 

relationship are; 1) the total displacement includes components due to the shear 

deformation of the sand and relative displacement (sliding) and 2) yield occurs at small 

displacements that generally include an msignificant sliding component (Alanazy, 1996; 

Kishida and Uesugi, 1987; Uesugi and Kishida, 1986a). Surface roughness, as stated 

above, does not mfluence the shape of the shear stress-displacement curve until yielding 

occurs (Figure 2.5). For smooth structural surfaces, the general shape of the curve is that 

of an elastic-perfectly plastic material while for rougher surfaces the curve approaches a 

form particular to the soil. This follows from the results, given above (Figures 2.2 and 

2.4), that show the interface friction angle approaching the angle of internal friction with 

increasing surface roughness. Reproduced in Figure 2.5 are some typical data for dense 

sand The shear stress-displacement curve approaches a shape characteristic of a dense 

sand as the surface roughness increases. Note also that the dilatancy measured is 

qualitatively similar to that of a dense sand. Consequently it is seen that the peak value of 
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Figure 2.4; Interface Friction Angle as a Function of Surface Roughness 
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interface friction angle is dependent upon the surface roughness, up to some critical value, 

and the initial soil density. 

2.2.6.4 Volume Change and Pore Pressure Characteristics 

Volume change becomes important in the case of rough mterfaces. When the interface is 

rough, failure occurs in the soil and this requires a volume change. Volume changes are 

important because they affect the normal stress at the interface. Contracting soils would 

tend to decrease the normal stress while dilating soUs, when kinematically constrained, 

produce the opposite effect. Several workers have used x-ray radiography to examine the 

shear zone at the mterface. This work provides qualitative mformation on volume changes 

that occur for different interface types. 

The conclusions from the x-ray radiographic studies made by Yoshimi and Kishida 

(1981a, b) m conjunction with their ring torsion tests, has been discussed above. In 

addition Yoshimi and Kishida (1981b) observed that, for rough steel interfaces, the failure 

zone extended approximately 5-8 D50 into the sand. Tejchman and Wu (1995), via x-ray 

radiography, demonstrated that the shear zone was larger when the boundary conditions 

tended to resist dilation at the interface. For example, in the case of the dense sand-very 

rough interface, the shear zone thickness was 6 D50 in plane strain and 30-40 D50 in the 

model silo device, where dilation was constrained. Additionally, for the smooth interface 

in plane strain no dilation zone was observed, but in the model silo device a shear zone of 

3 mm developed. 
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For cyclic loading it appears that all soils eventually become contractive and the 

skin friction reduces (Rigby, 1996 and Al-Douri and Poulos, 1991). However, 

contradictory results were reported by Zaman and Alvappillai (1995). 

Pore pressures at steel-sand mterfaces have been measured in one device (Alanazy, 

1996), i.e.. the CYMDOF-P device described by Rigby (1996) and Desai and Rigby 

(1995). Alanaz>''s tests, for cycUc loadmg, indicated that a constant effective normal 

stress was eventually obtained. However, there was some dependence of the pore 

pressure behavior with the normal stress. Other workers have indicated redistribution of 

pore water either by direct measurement of water content near the interface (Potyondy, 

1961) or by differences in strength for drained and undrained tests (Coyle and Sulaiman. 

1967, m rod shear tests, discussed in Section 2.3). 

2.2.6.5 Displacement Rate Effects 

The effects of displacement rate on steel-dry sand interface behavior have not been 

extensively investigated by the work siunmarized herein. It appears that the relative 

insensitivity of sand shear strength to displacement rate (Whitman and Healy, 1962) has 

been tacitly assumed to be valid for the steel-sand interface. The few results reported for 

varying displacement rates tend to confirm that displacement rate is not an important 

factor m determining the interface fiiction angle. 

Kulhawy and Peterson (1979) found that direct shear tests of sand-concrete 

interfaces yielded nearly identical results for displacement rates of 0.24 and 0.61 mm/min. 

Heerema (1979) found that displacement rates of 0.7 to 600 mm/sec did not affect the 

interface friction angle. Butterfield and Andrawes (1972) found that, when tested at a 
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displacement rate of 1.04 mm/min the interface friction angles for a sand-perspex 

interface were 14.8° and 12.6° for a dense and loose sand, respectively. When the 

displacement rate was increased to 4.06 mm/min the fiiction angles increased by 3.8° and 

1° for the dense and loose sand, respectively. Brumund and Leonards (1987) state that 

when failm-e occurs in a matter of milliseconds, the dynamic coeflBcient of friction may be 

more than the static coeflBcient of friction, but the limiting value of interface friction angle 

is still the angle of mtemal fiiction of the soil. 

2.3 Previous Rod Shear Tests and Results 

As discussed in this dissertation, the rod shear test is considered to be a bench 

scale test primarily designed to characterize soil-pile interface behavior. A model pile is 

either installed in a cylmdrical soil specimen or the specimen is constructed around the 

model pile. The model pile passes completely through the specimen and either mto a void 

in the specimen base cap or completely through the confining chamber. The specimen, 

with the model pile, is enclosed in a confining chamber, usually a modified triaxial cell-

that allows for appUcation of the boundary stresses and axial loading of the model pile. 

Early bench-scale rod shear tests were conducted with rather crude equipment, e.g., Coyle 

and Reese (1966). However, sophistication with regard to boundary' stress control, 

mstrumentation and data acquisition was rapidly introduced. 

Although there have been numerous rod shear studies, relatively few have tested 

sand. This can be attributed, at least in part, to the fact that the intended beneficiary of 

much of the rod shear testing has been the oflfshore petroleum industry'm the Gulf of 
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Mexico where clays predominate (Procter and Kha£fa£ 1987; Amerasingh and DeGroff^ 

1985; Dover, et al., 1982 and Bea and Doyle, 1975). This review of rod shear testing is 

focused upon resuhs for steel-sand interfaces and the devices used m those tests. Rod 

shear tests conducted with sand are summarized in Table 2.2. Selected rod shear studies 

in clay are included because attempts were made to measure the normal stress at the 

interface. 

2.3.1 Rod Shear Tests in Sand 

Although not strictly rod shear tests according to the scale definition employed in 

this dissertation, Kennedy (1961) conducted a series of rod shear-like tests, albeit with 

much larger "model piles". Kennedy did not use the term "rod shear" but called the tests 

"fiiction" tests; for consistency Kennedy's tests will be referred to as rod shear tests within 

this dissertation. 

The objective was to measure the mterface behavior between oil well casing and 

the surrounding strata. Consequently his "piles" were sections of well casing. These 

sections had an outside diameter of 12.7 cm and soil/pile contact lengths of 108 cm. The 

piles extended through the confining chamber. The sand specimen (34 cm in diameter, by 

118 cm long) was surrounded by a rubber membrane (for details concerning specimen 

preparation, see Kennedy, 1961). The ends of the specimen were confined by rigid plates. 

High confining stresses (up to 5.7 MPa), to better simulate well conditions, were used. 

The tests were load controlled. 



Table 2.2: Details of Rod Shear Apparatus and Results of Steel-Sand Interface Tests 

Model Pile 

Description 

Pile 

Dia., 
B (cm) 

Sand 

Dia., 
D (cm) 

Sand 

Len., 

L (cm) 

D/B Normal Stress (a^) 

Interpretation 

End 

Conditions 

Comments A, 
mm/ 

min 

Test 

Conds. 

Steel (well casing 

sections). Smooth 12.7 34 118 2.7 

(In=1.38ct>;, based 

on measurements 

Rigid High confming 

pressures, up to 

5.7 MPa 

... Dry 

Solid, "Standard 
Stnictural" Steel, Smooth 2.54 15.24 25 4 60 

(TN = Ot Rigid; frame 
inside specimen 
allowed for K„ 

condition 

1 27 Sat.-
Drn. 

and 

Dry 

Solid, Low Carbon Steel, 

Smooth 2.86 12.7 25.4 4.4 Rigid(?) 
applied as 

vacuum Dry 

Solid, Mild Steel 
Unknown Surface 
Characteristics 

1.27 5.4 12 7 4.3 aN= Rigid Rod is probably 

"smooth" 

1.27 
Sa(. 

Dm. 

CO 
Solid. Mild Steel, 

Smooth and Rougli 1.27 5.4 12 7 4.3 CTN= O. Rigid 
0.08 

Drained 

Solid, Aluminum, 
Unknown Surface 
Characteristics 

2 0 18 25 6 9.0 Not Considered 
Flexible; sides 
were rigid 

Rod is probably 
"smooth" 

0.4 
Sat.-

Drn. 

Solid, Stainless Steel 

Smooth and RouiUi 

2.67 1 1 7  224 4.4 CTN= CTt Top; Flexible 

Bottom: Rigid 

0.025 Dry 

Brass 

Smooth 

1.27 20 0 Rigid; frame 

inside specimen; 

allowed for K,. 
condition 

Dry 



Table 2.2, continued: Details of Rod Shear Apparatus and Results of Steel-Sand Interfaces 

Sand Interface Friction 

Angle 

Shear-

Displacement 

Behavior Main Findings 

Description Dso 
(mm) 

Shape Relative 
Density 

tan S 8'°' 8/ij> Strain 
Softening? 

Peak 
or 

Ult. 

Ref. 

dry, silica, 

sand, 

uniform, 
(C.,=3.3) 

0.22 A' Dense 

Loose 

0.37 

0.34 

20.3 

18.8 

0,48 

062 

Y 

N 

P 

U 
is dependent on sand 

stiffness 

Kennedy 

(1961) 

Silty sand, 
uniformly 
graded, 2.0-

0.074 mm 

... ... DR=63% 0.40 21.8 0 61 Y 
Decreasing 5 for increasing 
confining pressure 

Coyle and 

Sulaiman 

(1967) 

Uniform: 

0.85-0.6 mm 

0.25-0.18 mm 0.22 
R' 

A 

DR=90% 0 34 

0.50 

18.8 

26.6 
047 

0.55 

— 

... 

8 is dependent on grain 

characteristics; AON = 0 for 

dynamic tests; same interface 

behavior for various pile 

diameters 

Brumund and 

Leoiurds 

(1973) 

Fine sand, 

from Gulf of 

Mexico ... ... 

Medium 

Dense 

V. Dense 

0.34 

0.40 

0.45 

18.8 

21.8 

24.2 ... ... ... 

8 is dependent on initial 

relative density, same interface 

behavior for various pile 

diameters 

Bea and 

Doyle 

(1975) 

Silly Sands, 

w/ shell frags, 

from U.S. 
East Coast 
and Alaska 

... ... ... 
044-
0 46-

23 7 

24.7 

... N 

N 
U 

u 

Dover, el al. 

(1982) 

Silica Sand, 

uniform, 

(C.,= 1.6) 
0.17 ... Loose to 

Dense 

... ... — ... ... 
Peak side shear stress varied 

with DR and method of 

installation (jacked/driven) 

Poulos and 

Chan 

(1986) 



Sand Interface Friction 
Angle 

Shear-
Displacement 

Behavior Main Findings 

Description Djo 
(mm) 

Shape Relative 

Density 
tan 8 8<°' 5/(1. Strain 

Softening? 

Peak 

or 

Ult. 

Ref, 

Ottawa Sand 
0.3-0.21 mm 
(C„=!.2) 

— R DR=73% ... 

22-28 

46-56 ... 

N 

N 

U 

U 
5 exceeded (}> for rougli pile 

tests 

Raliman 
(1988) 

0.6-0.21 mm 
(C„=l.5) 

DR=43% 
DR=60% 
DR=79% 

0.32 
0.34 
0.36 

18 
19 

20 

0 50 
0.49 

0.47 

Y P 
8 is dependent on initial 
relative density 

Rao and 
Vcnkalesh 

(1988) 

Notes: 1. A = angular; R = rounded 

2. Average values. 

(J) 
NJ 



53 

Kennedy's tests are relevant because the results for smooth steel-dense, dry sand 

interfaces are comparable to the results obtained for similar mterfaces m this study. In 

addition. Kennedy is one of the few workers to have determined the horizontal stress on 

the pile in rod shear tests with sand. 

Shear displacement data for three (023, 024 and 025) smooth casing tests in dense, 

dry, sand are reproduced from Kennedy (1961) in Figure 2.6a. The failure envelopes 

based on these three tests are shown in Figure 2.6b. The mterface friction angle reported 

m Figure 2.6b does not exactly match that m Table 2.2 because it is based only upon the 

three tests shown m Figure 2.6a. 

As mentioned above, Kennedy (1961) determined the horizontal stress on the pile. 

This was accomplished by measuring the circumferential strain as a fimction of the applied 

confining stress. This relationship was linear. This measured relationship was equated to 

the theoretical relationship for the circumferential strain due to an appUed pressure, as 

calculated from Lame's solution for a thick-walled cylinder. The ratio of the pressure on 

the casing to the applied confining pressure was found to be 1.38. Tests were conducted 

in which the pUe was surrounded by 50 mm of grout. In this case, the ratio of the pressure 

on the casing to the applied confining pressure was found to be 1.15, which indicates a 

dependency upon the stififiiess of the surrounding soil. 

Coyle and Sulaiman (1967) conducted a series of rod shear tests to compare with 

field load test data. Their device, shown in Figure 2.7, incorporated a rigid frame within 

the specimen that allowed a ECo condition to develop with application of the confining 
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Figure 2.7: Rod Shear Device of Coyle and Sulaiman (1967) 

stress. To ehminate pomt resistance the pile passed into a void drilled into the bottom 

porous stone. The stone was 38 mm thick. Friction from the top cap linear ball bushings, 

pile O-ring and frame washers averaged about 49 N and was subtracted from the load 

measurements. Test specimens were 15.2 cm in diameter and 25.4 cm in length. 

Although dry and saturated specimens were tested, only results for tests with dry sand are 

discussed herein. The pile displacement rate was constant at 1.27 mm/min for all tests. 



56 

The soil tested was a silty sand (SP), obtained from Lock and Dam No. 4 on the 

Arkansas River. Grain sizes ranged from 2 to 0.075 mm Specimens were prepared at the 

field void ratio of 0.63 (DR = 63 %) because the rod shear results were to be compared 

with field load tests conducted at the site. The angle of intemal fiiction. for a relative 

density of 63 % was reported as 35.6 degrees. Specimens were constructed by pouring 

the sand through a fiinnel and maintaining a mrnimnm fall height. The model pile was a 

length of standard structural steel pipe 25.4 mm m diameter with a wall thickness of 3.2 

mm. No mention was made of the surface roughness. 

The relationship between side shear stress and displacement was linear for small 

pile displacements. This was true for displacements up to about 0.635 mm or 2.5 % of the 

pile diameter, see Figure 2.8a. A strain softening shear-displacement relationship was 

observed for aU specimens. Beyond about 2.5 mm of pile displacement an essentially 

constant side shear stress was attained. 

Perhaps the most important conclusion made by Coyle and Sulaiman is that the 

coefficient of friction (tan 5) decreases with increasing confining pressure. The interface 

fiiction angle as a fimction of normal stress for their tests is plotted in Figure 2.3. The 

interface fiiction angle is decreasing mversely with confining stress. The curv ed failure 

envelope, as interpreted by the writer, implied by the curves shown in Figure 2.8a is 

shown in Figure 2.8b. 

In a study to determine static and dynamic coefficients of fiiction, Brumund and 

Leonards (1973) tested sands against various interface materials m a rod shear device. 
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Only the steel-sand mterface tests are discussed herein. The device was load controlled. 

A schematic diagram of the device is contained m Figure 2.9. The sand specimens, 12.7 

cm in diameter and 25.4 cm long, were faced by rigid end plates and enclosed in a rubber 

membrane. Confinement was supplied by the application of a vacuum to the mterior of 

the specimen. Normal stresses ranging fi-om 8.62 to 86.2 kPa were tested. 

The rod was 2.85 cm in diameter and 35.56 cm long. The rods were mild steel and 

were finished with emory cloth to what was qualitatively described as a "smooth" surface. 

Tests with 5.08 cm diameter piles were also conducted, and no difference was found 

between the values of the interface fiiction angle determined using the smaller piles. The 

sands tested consisted of a uniformly graded, 20-30 M, quartz sand ((l)'tna.x = 40°) with well 

rounded grains and a manufactured, uniformly graded, 60-80 M, quartz sand ((j)'tnix = 48°) 

with angular grains. An air pluviation technique resulted in dry unit weights of 17.3 

kN/m^ and 14.9 kN/m^ for the 20-30 and 60-80 sands, respectively. These unit weights 

corresponded to a relative density of 90% for both of the sands. 

For the steel-sand interface, the coeflBcient of fiiction was 0.34 (5 = 18.8°) for the 

20-30 sand and 0.5 (5 = 26.6°) for the angular 60-80 sand. Brumund and Leonards 

concluded that the angularity of the sand in comparison to the roughness of the solid 

surface was the primary factor influencing the interface fiiction angle. 

Brumund and Leonards (1973) are the only other workers, besides Kennedy 

(1961), to attempt to measure normal stress on the model pile in rod shear tests with sand. 

Based upon previous tests (Gaffey, 1964 and Brumund, 1965), the normal stress on the 
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rod was assumed equal to the confining stress for the static tests. For the dynamic tests, 

piezoelectric stress gauges were installed near the rod to measure changes in normal 

stress. The changes measured were not significant in determining the value of the dynamic 

interface fiiction angle. Therefore both the static and dynamic coeflBcients of fiiction 

reported by Brumund and Leonards are based upon the assumption that the normal stress 

on the model pile is equal to the applied confining pressure. 

Figure 2.9: Rod Shear Device of Brumund and Leonards (1973) 

Bea and Doyle (1975) published the results of a series of rod shear tests on both 

clay and sand. Their objective was to investigate the influence of specific parameters on 

the interface behavior of steel piles in Gulf of Mexico clays and sands for the design of pile 

foundations for offshore platforms. Only the tests with sand are discussed herem. 

Unfortunately, little information for the sands is provided. No quantitative grain size data 

is given, and no mention is made concerning either the preparation of the sand specimens 
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or the installation of the model pile. They merely state that "...fine sands typical of those 

found in o£fshore Gulf of Mexico borings..." (p. 614) were used. 

A modified triaxial cell was used as the confining chamber. The model piles (1.27 

cm m diameter) passed through the specimen and extended out of the confining chamber. 

Both smooth and rough piles were used. A rubber membrane was placed over the 

specimen. Confinement was provided by water, pressurized with nitrogen. Drainage 

ports were provided in the top and bottom caps. The dimensions of the specimens were 

5.4 cm in diameter by 12.7 cm in length. Bea and Doyle found that the coeflBcient of 

fiiction was a fimction of relative density as follows: 0.34 for mediimi dense sands, 0. 40 

for dense sands and 0.45 for very dense sands. 

Using the same device as Bea and Doyle (1975), Dover, et al. (1982) reported 

similar results for several different types of soils. Their results for sands are discussed 

below. Unlike Bea and Doyle, no relationship between the coeflBcient of fiiction and 

relative density was reported. The coeflBcient of fiiction for steel-sand interfaces ranged 

between 0.12 and 0.7 with the majority of values between 0.32 and 0.56. i.e., 18 < 5 < 

29°. Data for sands fi^om Bea and Doyle (1975) and Dover, et al. (1982) are collected in 

Figure 2.10. The bounds have been added by the author. 

Displacement controlled, static and cyclic rod shear tests, were conducted by 

Poulos and Chan (1986) on calcareous and silica sands. Their rod shear device had 

flexible ends. The rigid ends commonly used in rod shear apparatus, they felt, could 

restrain the soil near the pile as well as possibly lead to stress concentrations. Rubber 

membranes, pressurized with water, controlled the end stresses. The sides were rigid thus 
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allowing a Ko condition to develop. A schematic diagram of the apparatus is shown in 

Figure 2.11. Tests were conducted by varying the relative density and the vertical stress. 

Only two values of vertical stress, 69 and 207 kPa, were used. The samples were 

18.0 cm in diameter and 25.6 cm in length. Specimens were constructed by phiviation 

through water and were vibrated to obtain high densities. The model piles were solid 

ahiminiiTn rods of 2.0 cm diameter and 25.6 cm length. Installation was both by jacking 

and by building the specimen around the pile. Tests were conducted after a consolidation 

phase of 12 hours. The displacement rate was 0.4 nrai/min. All the tests on the silica sand 

were at an OCR of unity. Only results for static tests with silica sand are reviewed herein. 

The silica sand was uniformly graded (Cu = 1.6, Cz = 11) and had a grain size 

range of 0.08 to 1 mm (Dso = 0.17 mm) The mfnimnm and maximum dry unit weights for 

the silica sand were 14.1 and 15.9 kN/m^. From direct shear tests, the ultimate friction 

angle for the silica sand was found to be between 34 and 36° for a relative density of 40 

percent. 

Distinct differences in the peak values of side shear between jacked and buried 

piles were observed. The coefficient of friction was not calculated, instead a normalized 

skin friction was computed as the ratio of the ultimate side resistance to the eflFective 

vertical stress. A dependence of the skin friction on the relative density was observed. 

This could be attributed to the rod not being smooth with respect to the sands. 

Interface friction angles based on the tests by Poulos and Chan (1986) were 

estimated by the writer. Assuming the Ko condition developed, and since the tests were at 
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Figure 2.11; Rod Shear Device of Poulos and Chan (1986) 

an OCR of imity. the average horizontal stress on the pile can be estimated using K., = 1-

sin(j), with (j) = 35 degrees. The shear stress on the pile was taken as the ultimate axial 

force divided by the pile/soil contact area. For the dense sand, the failure en\ elope is non

linear. For tests at cjvo = 69 kPa the average interface friction angle is 23 degrees. 

Between 69 and 207 kPa the average interface friction angle is 13 degrees. For the loose 

specimens the failiu-e envelope was linear with an average slope (interface friction angle) 

of 10 degrees. 

A rod shear device capable of static and cyclic loading was used by Rahman 

(1988) for tests with sand. The device, fiilly described by Mochtar (1985) and Edil and 

Mochtar (1993). featured a specially designed top cap that incorporated a rubber 
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membrane separate from the membrane enclosing the vertical sides of the specimen; this 

enabled mdependent application of the horizontal and vertical stresses. Testing at K 

values less than or equal to unity was possible. A 2.54 cm high, brass sleeve at the bottom 

of the pile was intended to minimize the effects of the nonuniform lateral stress 

distribution that was expected near the base, due to friction between the specimen and 

porous stone. Rahman's device is shown m Figure 2.12. 

Stainless steel was used for the model piles. The diameter of the piles was 2.7 cm. 

Both smooth and rough pile tests were conducted. However, neither a quantitative 

measurement of surface roughness nor a description of the surface preparation were 

provided. Ottawa sand passing a 50 mesh (0.3 mm) and retained on a 70 mesh (0.212 

mm) sieve was used. The specimens were 11.7 cm in diameter and 22.4 cm in height. 

For the rough pile tests, Rahman (1988) obtained anomalously high values of 

interface friction angle. These values are summarized in Table 2.2. Typical results from 

Rahman's tests are reproduced in Figure 2.13. No strain softening occurred, and the 

rough pile mterface is stifFer than the smooth mterface; see also Figure 6.8. Rahman's 

results are similar to those obtained in the current study, and comparisons between the 

two are made in Section 6.5. 

Rao and Venkatesh (1988) performed a series of rod shear tests on dry sand 

utilizing a device that allowed for control of either the horizontal or the vertical stress. 

The device could be configured such that either the point bearing capacity factor (N,,), 

lateral earth pressure coefficient (K) or mterface friction angle (5) could be determined. 

However, only tests that measured mterface friction angle are discussed herein. These 
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@ 9® 

1. a. lop confining frame 
b. bottom confining frame 

2. (four) vertical bars 
3. top(c^lar) platen 
4. bonom(arcular platen: a. metal 

b. plastic/acrytc 
5. outer seating nng 
6. bottom inner nng assembly 
7. middle inner ring assembly 
8. upper inner nng assembly 
9. aoyfc cylinder cell 
10. porous stone 
11. flexible filter rifatenal 
12. ((our) adjustable upper drain tubes 
13. txittom drain lines 
14. vertical conrming pressure line 
15. upper ctiamber (vertical / axial confining 

pressure ctiamber) 
16. horizontal conlining pressure iine 
17. penpheral chamber (honzcnaJ / normal 

confirung oressure chamber) 
18. lop (adjustable) sleeve nng (brass) 
19. upoer metal bushing and sealing nng (brass) 
20. bottom metal bushing and sealing nng (brass) 
21. nylon bushing 
22. one-<nch-hign bottom inner nng (brass) 
23. model pile (stainless steel) 
24. soil speamen 
25. cylindrical rubber membrane (honzonial 

conlining pressure membrane) 
26. bag rubber membrane (vertical confining 

pressure membrane) 

Figure 2.12; Rod Shear Device of Rahman (1988) 
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Figiu^e 2.13: Rod Shear Results in Sand from Rahman (1988) 
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tests were termed "controlled horizontal stress" tests by Rao and Venkatesh but, for 

consistency, are referred to as rod shear tests m this discussion. 

Their device, when set-up in the rod shear configuration, incorporated a rigid 

fi-ame that connected the top and bottom caps, allowing for the ICo condition to develop. 

Brass rods 1.27 cm in diameter and 20.0 cm long were used as model piles. Sand 

specimens were constructed around the model pile by air pluviation. Specimen dimensions 

were not clearly specified, but appear to be on the order of 10 cm in diameter by 20 cm in 

length. The sand was uniformly graded with a grain size range of fi^om 0.21 to 0.6 mm 

(D50 = 0.42 mm J Cu = 1.5). Three relative densities, 43, 60 and 79%, corresponding to 

unit weights of 14.0, 14.6 and 15.1 kN/m\ were tested. 

The one shear stress-displacement curve contained in their paper is reproduced in 

Figure 2.14a. Shafl; resistance reached its peak at a displacement of about 4% of the pile 

diameter then reduced to its ultimate value. Linear relationships between horizontal stress 

and the unit shaft resistance were observed for given densities. Values of interface fiiction 

angle reported are summarized m Table 2.2 and presented graphically, as interpreted by 

the writer, in Figure 2.14b. The slight differences are likely due to the fact that peak 

values were used to calculate interface fiiction angle, and the pile was not smooth with 

respect to the sand and/or there was some gouging occurring due to the use of brass as the 

rod material. In either case, an increase in interface fiiction angle would be expected with 

increasing relative density. 
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2.3.2 Rod Shear Tests in Clay 

As stated above, most of the rod shear testing has been conducted with clays, e.g., 

Felio and Berthold (1989), Mochtar and Edil (1989). Procter and Khaffaf (1987). Felio 

and Briaud (1986), Mochtar (1985), Chandler and Martins (1982), Rao and 

Krishnamurthy (1982), Kaniraj and Ranganatham (1978) and Coyle and Reese (1966). In 

general the devices employed in testing clay have incorporated slightly more sophistication 

than those used for testing sand. This is primarily because of the need to measure pore 

pressures. In two of the studies cited above (Chandler and Martins and Procter and 

Khaffaf) an attempt was made to measure the normal stress at the pile/soil interface. Since 

measurements of the normal stress on the pile in tests with clay may have relevance to 

tests with sand, these two studies are summarized below. 

Chandler and Martins (1982) tested normally consolidated Speswhite kaolin (LL = 

69, PI = 31). The tests were designed to measure stress changes during axial loading of 

the model pile as a function of the initial stress ratio (K). Although it was recognized that 

interface strength was govemed by the effective normal stress on the pile, little effort to 

directly measure it had been attempted prior to the work of Chandler and Martins (1982). 

The test apparatus employed by Chandler and Martins was a modified stress path 

triaxial ceil (Bishop and Wesley, 1975). The device for measuring normal stress at the pile 

was constructed on the same concept as a pressuremeter. i.e., pressure changes in a 

confined fluid were measiu^ed by a transducer that communicated with the confined fluid 

via a rigid hydraulic system Successfiil observations were made for only two tests. In 

both tests, the radial stress was measured upon application of the confining pressure and 
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was observed to increase to within ±4% of the confining pressure. In one test, the normal 

stress was observed to decrease by 15%, relative to the cell pressure, at peak axial pile 

load. Thereafter the normal stress at the pile gradually mcreased back to the confining 

pressure then decreased agam but did not fall below the value observed at peak pile load. 

The same mitial trend was observed in a second test but the radial stress device failed prior 

to reaching the peak axial pile load. In overconsoUdated specimens the radial stress was 

assumed to increase due to dilation upon loading, but no measurements were made on 

overconsolidated specimens. 

In response to the need for increased understanding of the possible local loss of 

adhesion, during small cyclic axial displacements of offshore piles, Procter and Khaffaf 

(1987) conducted a series of cycUc rod shear tests in clay using a modified Rowe cell. 

Measurements of axial loads, lateral loads and pore pressure were made using 

instrumentation internal to the model pile. Additionally, thermocouples and pore pressure 

transducers were placed radially away fi-om the pile inside the specimen. The piles were 

loaded cyclically (500x) at a displacement of ±0.2 mm and the pore pressure monitored for 

up to 210 min. following the termination of cycling. 

Values of the total lateral stress were not given, but reductions of about 17% in 

the initial value of K were reported to occur within the first 50 cycles. It was also 

observed that the zone of significant reduction in effective stress was limited to about 4 

pile radii (compare to the width of the displacement zone of 5-7 radii, for straight sided 

piles observed by Robinsky and Morrison, 1964, in model tests), thus confirming that local 

reductions m adhesion could occur. Although the excess pore pressure dissipated, thus 



71 

restoring the lateral effective stress, it was suggested that long term reduction in adhesion 

may result from realignment of adjacent clay particles (e.g.. Chandler and Martins, 1982; 

Grosch and Reese, 1980 and Nowatzki, 1966). 

2.4 Limitations of the Rod Shear Test 

Poulos and Chan (1986) stated that ''Because of the small scale of the model piles 

tested and the fact that the soil used is reconstituted, the direct applicability of some of the 

resuhs...may be doubtfiiL" (p. 235) The authors do however hint at the qualitative 

usefiilness of the test data, particularly the cyclic test results. Rigid end conditions m the 

rod shear apparatus may cause stress concentrations. 

The device of Rao and Venkatesh provided a relatively simple means of 

determining N<„ K and 5. However, the inability to estabUsh known anisotropic 

conditions, the varying test set-ups required and the presence of the rigid rods m the soil 

specimen during the ah tests where shortcomings. Their device required that K, an 

important parameter governing shaft resistance, be calculated. In addition, the presence of 

the restraitiing rods in the an tests may have caused some degree of arching around them 

that ultimately would influence the value of K acting on the pile-soil interface. 

2.5 Summary 

Results from rod shear type mterface tests must be evaluated against the entire 

body of interface testing results in order for their usefldness and/or validity to be 

established. By far. most mterface testing devices have been of the direct shear type. 

Other devices that have been employed include simple shear, plane strain and ring torsion. 
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The primary conchision from these tests is that the peak interface friction angle is 

dependent upon the mterface roughness, the effective normal stress at the interface and the 

mitial sand density. Increasing mterface roughness will force the failure zone into the 

adjacent soil- with the attendant result that the shear-displacement relationship approaches 

that of the soil. This leads to the conclusion that a limiting value of the mterface friction 

angle is the angle of internal friction of the soil (dilatant, or critical state, depending on the 

normal stress and displacement). Nevertheless, interface friction values larger than the 

dilatant angle of internal friction for the soil have been reported. Although thig could be 

explained by restrained dilation causing increased normal stresses that are not accounted 

for in the data interpretation, anomalous values of interface friction angle have been 

reported in which the soil at the interface was supposedly free to dilate. 

In the rod shear test a model pile is installed in a cylindrical soil specimen, confined 

m a pressure chamber and then the model pile is axially loaded. The rod shear devices 

described in this review differ primarily with regard to scale and end boundary conditions 

for the sand specimen. Rigid ends have been considered a disadvantage of the rod shear 

device by several workers. As a result, rod shear devices have been designed with either 

one or both ends of the specimen being flexible. Results from devices with flexible top 

and bottom ends compare favorably with results from both rod shear apparatus with rigid 

end conditions and non-rod shear apparatus. However, rod shear tests using rough 

mterfaces have produced shear-displacement relationships and interface friction angles that 

are inconsistent with the conclusions drawn from the whole body of interface testing. In 

the case of the shear-displacement relationship, dense sands, in rod shear, have produced 
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non-softening shear-displacement relationships. With regard to the interface friction angle 

for rough interfaces, it has been reported as being higher than what one would consider 

reasonable values of the dilatant friction angle. Unfortimately, detailed information on the 

sand bemg tested was not reported. A satisfactory explanation for the anomalous results 

has not been proffered. 
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CHAPTERS 

EXPERIMENTAL APPARATUS AND DATA ACQUISITION SYSTEM 

3.1 Introduction 

This chapter describes the operation and design of the rod ^ear device and the data 

acquisition program First an overview of the operation of the rod shear device is presented. 

Second, a review of the design of several key components is given. Third, a brief description 

of the fimctioning of the instrumentation and data acquisition program is presented. 

3.2 General Operation of the Rod Shear Device 

The rod shear device used in this study is shown schematically in Rgure 3.1. A 

photograph of the device is presented in Figure 3.2. For testing, the apparatus was placed onto 

a bench-top loading frame. The recessed area m the base plate. Part 20 (part numbers refer to 

those shown in Figure 3.1), accepts the loading platen of the frame and the shaft coupler (Part 

1) reacts against the reaction bar of the frame. The model pile was therefore stationary and the 

specimen and apparatus were displaced relative to it. As displacement occurred, the pfle 

moved into a void in the specimen base assembly (Part 11). The void was lined with a Teflon 

sleeve. Lateral confinement was provided by air pressure, regulated through a standard triaxial 

panel board. Axial load was applied to the specimen by a Bellofram air cylinder (Part 16). An 

internal load cell (Part 5) monitored the axial load on the specimen. During testing, as load 

transfer developed, the test control/data acquisition program adjusted the pressure to the 

Bellofram via an electropneumatic (E/P) transducer in order to maintain a constant axial load, 

Le., maintain a constant K value. 
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Figure 3.2: Photo of Rod Shear Device and Load Frame 
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Load transfer was determined by monitoring the axial load at two positions within the 

model pile. Two sets of strain gauges, in fiill Wheatstone bridge circuitry, were mstalled inside 

the model pile. The installation technique is described m Appendix A. The bridges were 

located such that they were at approximately the third points of the ^ecimen. Load transfer 

was calculated as the difference in axial load between the gauges divided by the sur&ce area of 

the pile between their center lines. Strain gauge leads passed through the loading rod (Part 2) 

to terminals mounted on the reaction bar of the load frame. 

An LVDT was attached to the section of the loading rod extending above the top plate 

(Part 3) to monitor relative pile/soil movement. Another LVDT was attached to the shaft 

extending through the pillow block and linear bushing (Part 14). This second LVDT 

monitored axial deformation of the specimen. The vacuum coupling (Part 15) served a dual 

purpose. First, it provided a linkage between the Bellofram air cylinder piston and the (hollow) 

shaft extending through the pillow block and middle plate (Part 13) to the specimen base 

assembly. Second, the vacuum coupling allowed for a vacuum to be applied intemally to the 

specimen. Vacuum was applied through a port on the vacimm coupling and communicated 

with the specimen via the hollGw shaft extending through the pillow block and middle plate. 

Overall, the system's fimdamental characteristics were ^tnilar to the rod shear devices 

described earlier. Features lacking ia some or all of the rod shear devices described earlier but 

included on the device described herein include; 

1. The ability to test initial boundary stress conditions for K < 1. 

2. Measurement of shaft friction via mstrumentation mtemal to the model pile. 
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3. An internally mounted load cell for determining the axial stress on the 

^ecimen. 

4. An electronic package to establish and control test parameters and perform 

data acquisition. 

The remaining sections describe the design of various componentry and review the operation of 

the test control/data acquisition progranL 

33 Design of the Rod Shear Device 

33.1 Confinement and Loading Systems 

The testing chamber was a standard triaxial cell modified as described below. The 

triaxial cell was designed to accept 10 cm diameter specimens. In order to accommodate the 

shaft for axial loading of the specimen and wiring for the load cell, the original base plate was 

replaced with one designed and manu&ctured in-house. This redesigned plate is the so-called 

middle plate (Part 13). The loadmg piston of the triaxial cell was replaced with a section of 

stamless steel hollow shaft, the loading rod (Part 2). The loading rod was machined at one end 

to fit mside the model pile. 

Axial loading and confining pressure systems were designed based upon boundary' 

stress conditions associated with the depths that cixrrently accepted design procedures ^ecify a 

limiting unit side fiiction. The specific design procedures referred to are the American Power 

Institute's Recommended Design Practice 2A (API-RP-2A) for piles and the American 

Association of State Mghway and Transportation Official's (AASHTO) design 

recommendations for drilled shafts. Using these design ^ecifications and typical soil 

properties it was possible to estimate a range of working confining stresses (Cc). 
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With regard to the horizontal (confining) stress required, consider first the 

AASHTO ^ecifications for drilled shafts. The unit side fiiction (^) is given by 

f.< 191.5 kPa (3.1) 

v^ere 3i is an empirical load transfer &aor, that attempts to combine the eflfects of lateral earth 

pressure and soil-shaft fiiction angle (Haswefl and Burland, 1981 and Burland. 1973) and the 

subscript "i" denotes the mid-point of the i"* interval Beta is defined as: 

P= 15-0.135^^; 0.25 <1.2 (3.2) 

where z; is depth in feet. 

Figure 3.3 diows the variation of P and unit side fiiction with depth for an effective 

unit weight (y") of 15.7 kN/m^ The minimiim value of P occurs at 26.1 meters. Unit skin 

fiiction reaches a maYTmum vahie at about 16.8 m then decreases with P to 26.1 m fi-om which 

point it linearly increases until its limiting value of 191.5 kPa is obtained. For the given 

effective unit weight, the limiting skin fiiction is obtained at a depth of approxhnately 48.7 

meters. 

Using the above variation of as a guide, an approximation of the vertical overburden 

stress and therefore the horizontal stress is possible. At 45.7 m, the effective overburden stress 

(assuming no ground water is present) is 717 kPa. If K is assumed to lie between 0.8 and unity 

for partial and fiiD di^lacement piles, respectively, the range of horizontal stress is 572 to 717 

kPa. 
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In the API ^ecifications, limiting unit side fiiction ranges from 48 kPa for loose sand 

and sih to 115 kPa for dense sand and gravel The unit side friction is calculated as; 

^ = Kcr,tan<5 (3.3) 

Beta 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Q 40 

Values at BcU 

Unit Skin Fnction 

0 25 50 75 100 125 150 175 200 

Unit Skin Friction. kPa 

Figure 3.3: Variation of Beta and Unit Side Friction According to 
AASFTTO Design Specifications for Drilled Shafts (V = 15.7 
kN/m^, assumed) 

where 5 is the soil-pfle inter&ce friction angle. For dry sand on steel, 5 can be approximated as 

2/3 (i)'ci (Potyondy, 1961), where (|)'d is the dilatant friction angle. For the purpose of equipment 

design, (j)'dwas assumed to be 38". Using this assumption and y* =15.7 RNW the depths at 

which the limiting unit side friction occurs can be determined. The mmimum depth (Zmm) will 



occur for the condition of lowest limiting unit skin fiiction and maviTnum K (unity), vice versa 

for the maximum depth (Zmax)- From Eq. 3.3. with a mtnimum vahie of K of 0.8, Zmm and Zma. 

are, respectively, 6.5 and 19.5 meters. Using Zma. • the maximum effective overburden stress is 

306 kPa and the maximum value of horizontal stress is 306 kPa, assuming that K = I. A 

working range of confining stresses is therefore; 

306<(a, =a3')<717kPa (3.4) 

The 1207 kPa rating of the triaxial cell chamber was adequate for these antic^ated mavimnm 

test pressures. Based on this range of confining pressure, the expected axial loading 

requirements for the pile can be determined. 

The maximum unit shearing resistance (£) at the soU-pile interfece can be estimated 

fi-om Eq. 3.3 with K=l, (j)'d = 38" and CTv =717 kPa. This gives a value of 339.4 kPa for the 

maximum unit shearing resistance. Considering the 20.3 cm length of the pile this represents a 

total axial load of only 4.1 kN, well under the 11 kN capacity of the loading fi-ame. 

The displacement rate of the table-top compression machine used for axial loading of 

the model pile was controllable to the nearest 0.0025 mm/min. Rod shear tests were 

conducted at a displacement rate of approximately 0.08 mm/min Extension of the reaction bar 

supports, to accommodate the fiiU height of the rod shear device, was the only modification 

made to the load frame. 

33.2 Load Cell 

The mtemal load cell was used to monitor the axial stress on the specimen. Its design 

was based on the geometric limitations imposed by the size of the confining cylinder and the 



Figure 3.4: Internal Load Cell 
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expected loading conditions. As shown in Figure 3.4, the load cell was in the shape of an 

isosceles triangle, sized so as to maximize the diameter of the circumscribed circle but still 

allow ample room for assembly of the test device. The practical overall diameter was 12.7 cm. 

The flange thickness had to be designed such that mduced strains would not exceed the range 

of the strain gauges. The thickness also had to be such that, for any expected axial loading 

condition, bending stresses were maintained below the yield stress of the load cell material 

The necessary flange thickness was determined by a stress/strain analysis that is summarized 

below. Originally, ahmmum and stainless steel were considered for the intemal load ceQ. 

However, some of the expected loading conditions resulted in bending stresses that exceeded 

the yield stress of aluminum Consequently the resuks of the stress/strain analysis are 

summarized with regard only to stainless steeL 

The load cell was of single piece constmction with a pass-through hole for the model 

pile. The central section was a raised, isosceles triangle inscribed such that its apexes 

intersected the mid points of the larger triangle (Figure 3.4). In an effort to ensure that the 

flanges woidd approximate as closely as possible cantilever beams, the thickness of the raised 

center section was arbitrarily seleaed to be three times that of the flange thickness. On one 

side of the central section of the load cell was a circular ridge that was machined to match a 

groove m the specimen top cap. This ridge/groove arrangement maintained the position of the 

load cell during testing. Table 3.1 is a summary of the final dimensions of the load cell 

Reaction between the load cell and the top of the confining chamber was provided via 

the support ring. The support ring had radially oriented slots that accepted the flattened end 

sections of the load cell flanges (Figure 3.4). A hard epoxy was used to permanently attach the 
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support ling to tlie load cell This arrangement allowed for terminal strips to be attached to the 

support ring for the strain gauge leads and a means of handling the load cell that prevented 

damage to the strain gauge wiring dining test set-up. The under-surface of the top plate was 

slightly downward sloping, towards its center. The top of the support ring was machined to 

match this slope. 

Table 3.1: Dimensions of Load Cell 

Diameter Flange Length (£) Tnitial Flange 
(cm) (cm) Width (bo) Thickness, h (cm) 

(cm) (cm) 

12.7 4.83 5.54 0.76 

Deflections in the load cell flanges had to be maintained such that strains beyond the 

range of the strain gauges did not occur. Flange deflections, stresses and strains were therefore 

calculated for several flange thicknesses (h). A complicating fector was the variable moment 

of inertia (I) due to the changing width (b) of the flange cross-section along its length (f). The 

following expression was derived for I: 

b„(l-7)h^ 
1 = rr (3.5) 

Substituting 3.5 and the expression for the moment [P(^-x), where x is the distance along the 

flange] into the general equation for the moment; 
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y" = (3.6) 
Eb(l--)h' 

X 

Then using the appropriate boundary conditions and integrating twice on x the general 

equation for the elastic cinve is: 

- 6P^x' 

The moduhis of elasticity for stainless steel was taken as 200 MPa. Based on a review 

of the deflections, the flange thickness of 0.76 cm was selected. An analysis of the stresses and 

strains generated under various loads was also made. It was confirmed that stainless steel 

would be an appropriate material for the given load cell dimensions and the expected loadings. 

333 Model PUes 

The model piles were lengths of extruded, seamless, stamless steel (304) tubing of 1.91 

cm outside diameter and 0.089 cm wall thickness. The overall length of the model piles was 

25.4 cm, of that, approxnnately 20.3 cm was actually m contact with the specimen during a 

test, depending on the actual specimen height. Lengths of tubing for use as model piles were 

cut fi^om a 2.4 m length of tubmg and measured for roundness. Most were within ±0.076 mm 

of being circular in cross-section. Strain gauges were installed mside the mbe at locations that 

corresponded approximately to the third points of the specimen. 

The goal of the testing was not to investigate the relationship between the roughness of 

the pile and the interface behavior. It was only necessary to use piles that represented the 
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smooth and rough condition. The R«ux[L] and relative roughness methods of quantifying either 

the surface roughness of the pile or the relative roughness of the inter&ce, re^ectively, have 

been discussed in the Chapter 2. Both of these methods require the measurement of the 

maximum relief on the solid surfece; unfortunately, in the case of the smooth pile, no 

convenient means was available to make measurements of its sur&ce relief and no smoothness 

^ecifications were available from the manu&cturer or supplier. Therefore, only the roughness 

of the "rough" pile was quantifiable. For the smooth piles, the tubing was used without 

modification to its stock finish 

Using the relative surface roughness, or normalized roughness (Rn), definition of 

Paikowsky, et aL (1995), Le., the ratio of R^ax [L] to D50, Equation 3.8, the roughness of the 

rough pfle can be quantified. 

(3.8) 
D ^50 

The rough pile was produced by cutting a thread on the outside of the model pile. A 

thread of 0.4 mm pitch and 0.2 mm depth was placed on the pfle. The sand used had a D50 of 

0.17 mm. Given the thread dimensions, and taking L as 2.5 mm, the Rmax value of the pfle is: 

Rma.x[L = 2.5 mm] = 0.2 mm = 0.0002 m 

wdiich is considered rough according to the data presented by Kishida and Uesugi, 1987. 

Normalized roughness, using Eq. 3.8, is unity, v\diich is considered to be rough (Paflcowsky, et 

aL, 1995). Based on these definitions the rough pfle can be considered to be Yough" relative 

to the sand bemg used. 
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3^.4 Rod Shear Test Specimens 

For specimen preparation, a split mold with diametrically opposed vacuum ports 

was constructed from PVC pipe. The inside was milled for a nominal specimen diameter 

of 10.2 cm. Nominal specimen height was 20.3 cm. Once the O-rings and membrane, 

with the vacuum applied, were mstalled on the mold the entire assemblage was placed on 

the specimen base assembly and leveled. Actual specimen dimensions were obtained by 

using a Pi tape and calipers for the diameter and height, respectively. Both of these 

devices had a resolution of ±0.06 cm. The measured diameter was corrected for the 

thickness of the membrane. 

The sand was poured through a large finmel into the mold. The level of the sand 

in the funnel was maintained such that sand was discharged across the full diameter of the 

outlet at all times. Initial and final weights, measured to ±1.0 g, of the sand plus the tare 

were used to determine the mass of sand in the specimen. During placement of the sand 

the model pile was maintained vertical. 

Loose specimens were constructed by continuously pouring the sand until it was 

sUghtly heaped above the top of the mold. The excess was carefliUy removed and placed 

back into the tare until the top surface was level. Using this technique, a relative density 

of approximately 22% was consistently attained. 

Dense samples were constructed m five layers. Each layer was poured as 

described for the loose specimens and then densified by tapping the side of the mold 40 

times with a 9 N rubber mallet. Using this technique a relative density of approximately 

96% was attained. 
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There were inherent disadvantages to these methods. The density of air-pluviated 

specimens is highly dependent upon the fall height and mtensity (Rad and Tumay, 1987; 

Vaid and Negussey. 1984 and Kolbuszewski, 1948a,b). While the intensity of deposition 

was nearly constant the fall height was not. The funnel outlet did not reach the bottom of 

the specimen. As a result, the sand near the bottom was deposited with a slightly higher 

fall height. This height was on the order of 8 to 10 centimeters. Once the sand reached 

the level of the funnel outlet the height of fall was maintained at approximately 2.5 

centimeters. Finally the sand near the pile may have a lower density. This is caused by the 

grains bouncing oflF the pile and then being locked into place by subsequently falling grains 

(Gray, 1968). Gray (1968) also notes that heterogeneous mixtures reduce the influence of 

the container walls. Possible impUcations of the resulting variations in density are 

addressed in Chapters 6 and 7. 

3.4 Data Acquisition and Equipment Calibration 

A proportional, closed-loop, test control and data acquisition program was written in 

Pascal. Primary requirements for the test control^data acquisition program mchided measuring 

and recording axial load in the pile, relative displacement of the pfle to the soil a.xial 

displacements of the specimen and controlling, as well as measuring and recording, axial stress 

on the specimen. Signals from the sensors were deteaed and processed by a stock package of 

hardware and software purchased from Keithley-Metrabyte. The central part of the system 

was the data acquisition card (DAS 1601); detailed specifications can be obtained from the 

manufacturer's literature (Keithley Instruments, Inc., 1993). The card was installed in a 286 

PC. A schematic of the sensors and test control apparams is contained in Figure 3.5 
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Upon start-up the program prompted the user for input data inchidmg the data file 

name, ^ecimen properties and desired test conditions. With regard to the latter, the user was 

asked for the desired horizontal and axial stresses and the maximum displacement, as a 

percentage of the pfle diameter. Following entry of the mput data the program 

Load Cell Pile LVDT 

T ransducer Junction Box 

1401 Backplane 

PC w/ D.A^ 1601 

Specimen LVDT 

15 V DC Power Supply 

Model Pile Strain Gages 

Figure 3.5; Rod Shear Device Appurtenances and Data Acquisition System 

began establishing the initial test conditions, except for the confining stress wiiich the user 

adjusted at the appropriate stage. A flowchart of the program is mcluded in Figure 3.6. 

Data acquisition was controlled by a displacement increment specified by the user. 

This mcrement corresponded to about 0.0001 B wiiich was near the practical resohxtion of the 

LVDT that monitored the pile displacement (See Section 3.7.3). Displacement rate was 

manually controlled at the load fi"ame. Data acquisition was interrupted when the time between 

subsequent readings exceeded 12 seconds, and the axial load was adjusted. 

During program testing it was found that obtaining only singular, or a limited number, 

of vohage readmgs produced irregular variations, hi an attempt to smooth this uregularity 
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various numbers of voltage readings were obtained and their covaiiance calculated. The goal 

was to find the minmnim number of readings required to reach an essentially constant 

covaiiance. Based on these tests it was decided to read the voltage 450 times and then obtain 

the arithmetic mean. 

Equipment calibrations for the tiiaxial panel boaid, load cell, model piles, LVDT's and 

the E/P transducer were performed. Output of all of these devices was linearly correlated with 

the desired parameter over the range of testing pressures/di^lacements. Correlation 

coefficients were generally higher than 0.99. Representative calibration resuhs are contained in 

Appendix A 

3.5 Summary 

A rod shear device allows for a model pile to be inserted mto a cylindrical sofl 

specimen, various boundary conditions applied to the specimen and axial loading of the pile. 

Static and dynamic loadmg devices are available. The goal of the device is to measure unit side 

resistance (£) as the pile undergoes axial loading. The rod shear device described herein was 

capable of testing at boundary stress states corre^onding to K < 1. Side shear stress was 

computed fi'om the diflference in axial load as measured at two points internal to the pile. A 

load cell intemal to the pressure chamber maintained axial load on the specimen. Data 

acquisition and maintenance of boimdary conditions were program controlled. The program 

also performed some data reduction. 
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CHAPTER 4 

ENGINEERING PROPERTIES OF THE SAND 

4.1 Introduction 

In order to characterize test specimens, properly evaluate test results and make 

comparisons with published data, it was necessary to classify the sand and measure its 

relevant engineering properties. Among the mechanical properties measured were the 

shear strength and one-dimensional compression parameters. Shear strength parameters, 

including the critical state friction angle (<j>csX were determined in direct shear and triaxial 

(drained) compression tests. One-dimensional (1-D) compression characteristics were 

determined using a conventional 1-D consolidometer loading frame. The one-dimensional 

compression data was used to determine critical state parameters such as the slope of the 

normal consolidation line (A.) and the slope of the unload-reload (elastic) Une (k). 

4.2 Classification and Index Properties 

The sand used for testing was a manufactured, white, uniformly graded silica sand 

intended for use in sand blastmg applications. The manufacturer is Pioneer of Austin. 

Texas under the trade name Texblast*^. Prior to testing, ten grain size distribution 

determinations were made; the results are plotted in Figure 4.1. Various grain size 

parameters are collected in Table 4.1. The uniformity coeflBcient (Cu) is about 2 and the 

percent fines is 2.0%. Based on the above grain size distribution parameters, the sand is 
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Figure 4.1: Grain Size Distribution for the Washed Mortar Sand 
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Table 4.1; Grain Size Distribution Parameter Statistics 

Parameter Mean Variance 

(s2) 

Standard 
Deviation 

(o) 

Range 

Eflfective 
Grain Size, 
Dio(mm) 0.098 0.00004 0.0061 0.092-0.106 

Median Gram 
Size, D50 (mm) 

0.17 0.00078 0.028 0.165 - 0.195 

Uniformity 
CoeflBcient, 

1.92 0.030 0.17 1.80-2.21 

Coefficient of 
Curvature. C2 

1.04 0.00965 0.098 0.85 - 1.28 

Percent Less 
Than 200M 

2.04 0.0427 0.21 1.68 - 2.45 

classified as SP in the Unified Soil Classification System (USCS). The specific gravity of 

solids, an average of 10 tests, is 2.67. As seen m the cross-section photograph. Figure 

4.2. the grains are angular to sub-angular. 

In order to characterize the test specimens it was necessary to determine the 

minimum and maximum dry unit weights of the sand. Ten tests were made in each case, 

and the average unit weight, determined after eliminating the minimum and maximum 

values, was reported. The minimum unit weight was determined as per ASTM D 4254-

91, Method B using a standard Proctor mold. The minimum unit weight determined by 

this method was 14.1 kN/m^ (®max ~ 0-85). 



Figure 4.2; Cross-section Photograph Showing Grain Shape (Magnification = 5) 

The use of special molds is permitted by ASTM in the case of research related 

projects or when limited supplies of the soil are available. In support of this, it has been 

shown that waU eflfects are diminished for irregularly shaped particles (Elidgway and 

Tarbuck, 1966; Roblee, Baird and Tiemey, 1958 and Brown and Elawksley, 1946). The 

ratio of container to particle diameter at which wall eflfects become insignificant has been 

mvestigated (e.g.. Brown and Hawksley, 1946 and Carman, 1937) and critical values of 

between 10 and 50 have been suggested with the wall effects becoming insignificant 

beyond about 4.5 to 5 particle diameters fi^om the wall (Gray, 1968). Taking the particle 
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diameter to be D50 (0.17 mm, Table 4.1), and the diameter of the standard Proctor mold 

(D) of 10.16 cm, the following ratios are obtained: 

D D 
« 600; also > 1000 (4.1) 

D,o ^.0 

Based on these values, the use of the smaller mold should not have had a significant effect 

on the unit weights determined. 

Maximum unit weight was determined by following the procedure outlined by 

Bowles (1992). Again the standard Proctor mold was utilized. It was filled in five layers 

using a rubber mallet to strike the sides of the mold 25 times per layer. A surcharge was 

appUed by manually loading a steel plate on the sample's surface. The maximum unit 

weight determined by this method was 16.3 kN/m^ (Cmin ~ 0-59). With the extremes of 

the dry unit weight defined, the relative density was determined for each specimen as: 

DR = xlOO = ^"^^"^xlOO (4.2) 
e_ - e_  0 .26  

Figure 4.3 contains the void ratio/relative density relationship for the sand. The ranges 

defining the degrees of relative density are those given by Lambe and Whitman (1969). 

4.3 Shear Strength 

4.3.1 Direct Shear 

The series of constant normal stress, direct shear tests on medium dense to very 

dense, dry specimens is discussed in this section. The direct shear tests were displacement 

controlled. The displacement rate was 0.5 mm/min. for all tests. Measurements of the 

total shear force and the vertical and horizontal displacements were made. 
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Figure 4.3; Void Ratio/Relative Density Relationship 

Specimens were 10 cm square and were initially about 25 to 33 mm thick (thickest when 

attempting to build loose specimens). Initially loose samples were, however, impossible to 

obtain; following application of the normal stress, all samples densified into one of the 
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ranges mentioned above. Table 4.2 summarizes the test results and initial specimen 

conditions, Le., following application of the normal stress. 

Dense specimens were prepared in three layers, using a 9 N rubber mallet to 

densify each layer. When attempting to construct loose specimens, the sand was poured 

into the shear box from a fiumel with a fall height of nearly zero and then leveled ofif to a 

thickness of about 33 milluneters. Following application of the normal stress, relative 

densities ranged from 68 to 100 for the dense to very dense specimens and to 34 to 59 for 

the medium dense specimens. Normal stress was applied through a mechanical lever 

system. Initial normal stresses ranged from 13.7 to 413.7 kPa. 

As a rational means of interpreting the data, the dilation angles (a) were 

calculated and then the critical state angle ((t)cs) was determined from the relationship; 

< t>d=4>„+a  (4 .3 )  

where; (J>d = the dilatant peak angle of internal friction. The critical state angle is constant 

regardless of the initial state of the soil. Therefore, tests in which the critical state angle 

varied significantly, from the other results, could be considered suspect. The resulting 

angles are summarized in Table 4.2. The critical state angle is approximately 29 degrees. 

This value is the average, excluding tests I, 2, 8, 13 and 16. The peak angle of internal 

friction determined was 34" for the dense to veiy dense specimens and 29" for the 

medium-dense specimens. The Mohr-Coulomb failure envelopes for the sand, as 

determined by direct shear, are contained in Figure 4.4. 



Table 4.2: Direct Shear Test Results 
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Test# DR% 
(kPa) (psi) 

(°) a 0CJ. 

1 0.67 68 314.4 213.8 8.43 42.38 33.94 

2 0.65 77 73.1 55.85 4.18 41.05 36.87 

J 0.65 77 105.5 110.3 3.15 33.08 29.93 

4 0.62 88 207.5 144.8 7.06 36.97 29.91 

5 0.61 94 423.4 275.8 10.27 40.13 29.87 

6 0.70 56 14.6 9.93 5.63 35.56 29.92 

7 0.69 59 24.9 16.55 3.79 33.62 29.83 

8 0.57 107 43.5 36.3 4.86 39.87 35.01 

9 0.71 55 87.2 47.9 1.48 28.79 27.31 

10 0.76 34 128.5 67.1 0 27.56 27.56 

11 0.75 36 169.0 89.6 0 27.93 27.93 

12 0.73 46 85.6 44.2 0 27.32 27.32 

13 0.67 68 167.6 85.0 5.75 27.56 21.81 

14 0.69 59 276.1 142.5 0 27.29 27.29 

15 0.72 50 65.8 35.6 — 28.45 — 

16 0.64 81 149.4 85.2 6.89 29.70 22.81 

17 0.63 85 253.9 163.3 2.26 32.70 30.44 

18 0.69 62 66.4 35.1 0 27.86 27.86 

19 0.69 64 152.5 90.5 0 30.70 30.70 

20 — — 256.6 153.3 0 30.85 30.85 

21 0.66 72 66.4 38.5 0 30.13 30.13 

22 0.70 59 150.8 89.6 0 30.71 30.71 

23 0.65 79 253.9 151.6 0 30.85 30.85 
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Figure: 4.4: Linearized Mohr-Coulomb Failure Envelopes from Direct 
Shear Results 

Behavior of the dense to very dense specimens during shear is illustrated in Figure 

4.5 where the nonnalized vertical displacement (AH/Ho), and normalized shear stress 

(T/Xma.x) are shown as fimctions of the horizontal displacement. Similar plots for the 

medium-dense specimens are shown in Figure 4.6. Near a relative density of 75-80% the 
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Figure 4.5 ; Shear Stress and Vertical Displacement of Dense to Very Dense Specimens in 
Direct Shear 
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specimens showed little contraction prior to failure. Medium-dense specimens reached 

peak shear stress at slightly lower displacements than the dense to very dense specimens, 

5.1 versus 6.4 millimeters. 

4.3.2 Triaxial 

Triaxial compression tests were isotropically consolidated and drained. For sands 

at relatively low confining pressures, deformation due to application of the confining stress 

is largely elastic and can be considered to occur instantaneously (Ko and Scott, 1967 and 

Lee and Seed, 1967). Therefore, the tests were run as soon as the specimens were 

confined. Tests were performed using a standard triaxial cell. Specimens were nominally 

10 cm ia diameter and 20 cm long, and constructed m the same manner as the rod shear 

test specimens (Sec. 3.3.4). Confinement was applied with air pressure, controlled by the 

panel board discussed m relation to the rod shear device; confining pressures ranged fi-om 

34 to 241 kPa. Axial loading was strain controlled, at 0.5% strain per minute. No volume 

change measurements were made for the triaxial tests. Table 4.3 summarizes initial 

specimen conditions and test resuhs. 

Generally the specimens failed at a priacipal stress ratio of about 3.2 for the loose 

specimens and 4.7 for the dense specimens. Representative Mohr's circles at the failure 

condition and the corresponding failure envelopes are shown in Figure 4.7. Because of 

the low densities tested (22%) the angle of mtemal fiiction should approximate to the 

critical state angle. From the direct shear tests the critical state angle was determined to 
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be about 29°: for the loose specunens in triaxial compression the angle of mtemal friction 

was 32°, which agrees reasonably well with the critical state angle determined from the 

direct shear tests. 

Table 4.3; Results of Isotropically Consolidated, Drained, Triaxial 
Compression Tests 

Test# D,% CJ3 Eaf ((J, "(J3)max (GI E 
(kPa) (%) (kPa) (MPa) 

I 100 138 4.0 565 5.2 60.22 

2 100 69 3.5 262 4.8 85.99 

2A — 172 2.0 703 5.2 105.15 

J 103 241 4.5 910 4.8 86.90 

3A' — 310 1.4' 1041' 4.4' 117.21 

4 100 34 3.6 138 5.0 33.23 

5 100 103 4.0 393 4.8 40.68 

6 108 172 4.5 655 4.8 68.95 

7 19 34 9.0- 76- J.2 8.52 

8 27 69 10.0 152 3.2 15.74 

9 19 103 10.3 227 3.2 19.38 

10 19 138 12.6 303 3.2 29.90 

11 23 172 12.0 400 J.J 29.55 

12 23 207 l l .O  476 3.3 36.54 

13 4^ 207 9.8 469 3.2 — 

14 27 138 10.0 324 3.4 31.48 

15 19 69 6.0 145 3.1 16.92 

16 32 207 12.1 489 3.4 53.96 

Notes: 1. Load cell capacity exceeded, therefore these values do not represent maximums. 
2. Load platen extension exceeded, therefore these values do not represent maximums. 
3 Probably too low. 
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Additionally, the failure envelope for the loose sand is seen to be tangent to all the 

Mohr's circles shown in Figure 4.7a, a fiirther indication that these specimens failed at the 

critical state angle. In the case of the dense specimens, the Mohr-Coulomb failure 

envelope begins to curve beyond a cell pressure of about 200 kPa. This indicates that the 

slope of the linearized failure envelope for the dense specimens, shown in Figure 4.7b, 

represents a dilatant friction angle. The value of the dilatant angle is 42 degrees. 

An initial tangent modulus was calculated, using the stress-strain response. Le., 

stress difference versus axial strain, for each test. Initial tangent modulus values varied 

with the confining stress and ranged from 9 to 54 MPa for the loose specimens and from 

33 to 105 MPa for the dense specimens. All the values are plotted m Figure 4.8 and listed 

m Table 4.3. 

4.4 One-Dimensional Compression Tests 

One-dimensional compression tests were conducted in order to obtain the critical 

state parameters A. and k, the slopes of the normal consolidation and imload-reload lines, 

respectively, in void ratio - natural logarithm of mean effective stress (e-ln p) space. The 

slope of the critical state Ime (M) in p-q space, where q is the deviatoric stress, was 

determined from the results of the previously-discussed direct shear tests using the 

following relationship between M and (j): 
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Using a (|)csOf 29°, M = 1.157. These parameters (M, X., k and (j)cs) were used in the 

numerical analyses, \\iiich are considered in Chapter 7. 

One-dimensional compression testing was conducted using a 1-D. fixed-ring 

consolidometer and loading firame. The minimum loading was 24 kPa and the maximum 

was 3377 kPa; a load mcrement ratio (LIR) of unity was used. Three unloading sequences 

were performed for each test, as shown in Figure 4.9. Four tests were conducted, with 

similar results. The niitial conditions and critical state parameters for each test are 

summarized in Table 4.4. 

The samples were constructed directly inside the confining ring of the 

consolidometer by placmg the sand into a fimnel and slowly lifting it such that the sand 

was deposited with essentially no fall height. The surface of the specimen was then 

leveled and the ring placed onto the load fi-ame and the seating load applied. The ring 

diameter was 6.35 cm and the nominal height was 2.54 centimeters. Measurements of the 

compression that occurred up to the application of the seating load (3.4 kPa) were made 

by marking the settlement of the load cap and top porous stone into the ring. The initial 

void ratio was calculated based upon the height of the sample at this point. Vertical 

compression of the sample was recorded using a dial gauge having a resolution of 0.0025 

millimeter. After completion of the loading sequence, the ring and soil were weighed and 

the mass of the sample determined. The dry mass was determined based on the measured 

water content. 
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Table 4.4: Initial Conditions and Results of One-Dimensional Compression Tests 

Parameter Specimen/Test Number 
1 2 J 4 

Height (mm) 23.399 23.399 24.890 24.890 
Dry Mass (g) 116.88 117.52 117.60 117.92 

Water Content 
(%) 0.06 0.06 0.09 0 

Void Ratio(e„) 0.7651 0.7557 0.7902 0.7857 
?i 0.0179 0.0212 0.0210 0.0221 
K 0.0019 0.0024 0.0025 0.0025 

0.0029 0.0031 0.0032 0.0037 
0.0041 0.0050 0.0049 0.0048 

Ccs 0.8442 0.8413 0.8689 0.8598 

Note that m Table 4.4 a value of K is given for each unloading sequence. In each 

test the value of K was observed to increase with each unloading sequence. For use in the 

numerical analysis, the average value of K (0.0032) at the second unloading sequence was 

selected. The slope of the normal consolidation line (A) was taken to be 0.021. 

4.5 Summary 

Index and mechanical property tests were performed on the sand used for the rod 

shear tests. The sand was a fine quartz sand (Gs = 2.67). The uniformity coefficient was 

2.0. Based on the index tests, the sand was classified as SP, according to the USCS. The 

median grain size (D50) was 0.17 millimeters. Approximately 90% of the sand passed the 

20 M and was retained on the 140 M. The fines content was 2%. and this was suspected 

to consist of non-clay mineral particles. The minimum and maximum void ratios were 

0.59 and 0.85, respectively. A dilatant fiiction angle ((l)d) of 42° was determined fi^om 

isotropic, triaxial compression tests. The critical state fiiction angle ((|)cs) was 
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approximately 29°, as determined from direct shear tests. Initial tangent moduli were 

calculated from the triaxial compression data and are sutmnarized in Figure 4.8. One 

dimensional compression tests were performed, from which the slope of the normal 

consoUdation line (X.) is 0.021 and the slope of the unload-reload line (K) is 0.0032. The 

critical state void ratio was 0.84. 
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CHAPTERS 

TESTING PROGRAM AND PROCEDURES 

5.1 Introduction 

The testmg program is discussed in this Chapter. The three interfaces tested are 

described. Next, the general steps in conducting tests are summarized. Section 5.4 

discusses the main difficulties encountered in testing and how these affected the measured 

results. Finally a brief summary, that includes a table listing the constant and variable test 

parameters, is presented. 

5.2 Testing Program 

The objective of the testing program was to use the rod shear device to determine 

the interface friction values of sand-steel interfaces under different applied stress 

conditions and overconsolidation ratios. Interfaces typically encountered in piled 

foundation constmction were considered. Applied stress conditions are defined by the 

stress ratio, K, which is the ratio of the lateral stress to the vertical stress (Oh /cTV). Values 

of K used were 0.5, 0.8 and I.O. The K values were established by varying the horizontal 

stress while maintaining the same value of vertical stress. Overconsolidation ratio (OCR) 

is defined as the ratio of the past maximum vertical stress to the current vertical stress 

(avc/cjv). Values of OCR ranged from 1 to 6. 

The mterfaces consisted of loose and dense sand against either a smooth or a 

rough pile. Relative densities of the loose and dense specimens were approximately 22 

and 96%, respectively. Surface roughness of the model piles used in this study is 
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discussed in Section 3.3.3. Hereafter the interfeces are described by the type of pile 

followed by the state of the sand, specifically; smooth-dense (SD), rough-dense (RD) and 

rough-loose (RL). The testing program is outUned in Table 5.1 

Table 5.1: Testing Sequence 

Horizontal Stress 
Vertical Stress (kPa) 

Interface (kPa) K = 0.5 

00 D
 

q
 

II 

Description 
CJV' CJh CJh CJh 

143.4 71.7 114.7 143.4 
Smooth-Dense 239.2 119.6 191.4 239.2 

359.2 179.6 287.4 359.2 
478.5 239.3 382.8 478.5 

143.4 71.7 114.7 143.4 
Rough-Dense 239.2 119.6 191.4 239.2 

359.2 179.6 287.4 359.2 
478.5 239.3 382.8 478.5 

143.4 71.7 114.7 143.4 
Rough-Loose 239.2 119.6 191.4 239.2 

359.2 179.6 287.4 359.2 
478.5 239.3 382.8 478.5 

Notes; 1. These values represent the vertical stresses at depths of approximately 9. 15, 
23 and 30 m based on an in situ dry unit weight (ya) of 15.7 kN/m^. 

During the course of equipment familiarization and the process of finalizing the 

test procedures, numerous (isotropic) tests were conducted at random confining pressures. 

These tests are not mcluded in Table 5.1 but are located in the Tables in Appendix C 

where a summary of all the tests considered in this dissertation is presented. 

5.3 Test Procedures 

Detailed test procedures are contained in Appendix B. The procedures for 

conductmg the tests consisted of eight (8) general steps. These are: 
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1) Specimen Preparation: The specimen construction techniques are described in 

Chapter 4. The only significant differences for the rod shear test specimens, versus those 

for the triaxial tests, were that the rod shear specimens were constructed around the model 

pile and that special attention was required to prevent tension from being applied to the 

model pile strain gauge leads. Also, during specimen construction the pile had to be 

maintained vertical. 

2) Pressure Chamber Assembly; After the load cell was mstalled, the pressure 

chamber was assembled. The pressure chamber assembly consisted of installing the acrylic 

pressure chamber housing, the chamber top cap and the tie rods. This was a delicate 

process and required that no relative movement between the specimen and the pile 

occurred. 

3) Connect and Energize Instrumentation; Once the specimen was confined in the 

pressure chamber, the mstrumentation circuitry was connected and verified. For example, 

the circuitry of the model-pile strain gauges was checked by verifying the resistance of 

each leg of the bridge. After the mstrumentation circuitry was verified, it was energized 

and the mput vokages confirmed. 

4) Seating Load and Axial Stress Application; With a light vacuum applied to the 

specimen and the confining pressure released, the seating load was established. It was 

necessary to release the confining pressure so that in the event that the pile separated from 

the pile extension the confining pressure would not enter the pile and possibly strip off the 

strain gauge leads. The seating load was established by beginning the test control/data 

acquisition program and running the seatmg load routine. Using the internal load cell, the 



115 

procedure automatically established a 53-81 N axial force by slowly adjusting the output 

pressure of the air cylinder. Once the seating load was estabUshed, the vacuum was 

released and the confining pressure reapphed. If the test was anisotropic, additional axial 

load was applied at this pomt by running the axial stress routine. 

5) Place Rod Shear Device in Load Frame; It was next necessary to confirm that 

the pile extension was positively reacting against the load fi^ame. This was manually 

accompUshed by slowly raising the fi"ame's platen until a small force, < 44 N, was 

registering on the load cell of the loading fi-ame. During this step the displacement rate 

was established. A displacement rate of about 0.08 mm/min. was used. 

6) Axial Loading of the Model Pile: The specimen was now ready for the 

application of axial load to the pile. After recording the mitial voltages of the 

mstrumentation, the load fi^ame was turned on and data acquisition begun. Data 

acquisition ceased when the specified maximimi displacement was attained. The load 

fi-ame was manually turned off. 

7) Test Series; Multiple-stage tests were employed in the testing program. 

Following the first test in a series, the confining stress was approximately doubled. 

Subsequently the confining stress was changed to intermediate values thus establishing 

varying overconsoUdation ratios (OCR). 

8) End Procedures; Immediately upon the completion of a test, a back-up copy of 

the data file was created. If the test was the last in a multiple-stage series, the following 

procedures were followed. A Ught vacuum was applied to the interior of the specimen and 

the confining pressure released. Next the cell was disassembled, and, when desired, the 
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dimensions of the specimen were measured again. The specimen top cap was removed 

and the membrane slowly pulled down allowing the sand to flow from around the pile. 

Observation of secondary structures that may have developed during confinement/testing 

were made at this time. The sand was reused. 

5.4 Testing Difficulties 

At start-up, the program would occasionally not signal the E/P transducer to 

mcrease the pressure to the air cylmder. The result being that during axial loading of the 

model pile there was no compensation for load transfer, and the specimen was simply 

displaced downward. No programmmg error could be found that explained this problem 

However, it was discovered that manually forcing the pile extension down would 

often initiate the procedure to mcrease the pressure to the air cylinder, thus providing 

compensation for load transfer. Why this worked was not fully resolved. Test 

control/data acquisition was dependent upon the pile displacement. Hence, it was 

speculated that manually moving the pile created a large enough displacement that data 

acquisition was initiated. 

Tests in which the above problem occurred resulted in unreUable displacement data 

and hence incomplete data sets. However, the shear stresses at failure from these tests 

compared well with those from tests in which reliable displacement data was obtained. 

Tests in which compensation for load transfer was not successflilly initiated are not 

included in the analysis and discussion. Examples of reliable and unreliable shear stress-

displacement curves are included in Chapter 6, e.g., test 15 on Figure 6.1. 
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5.5 Summary 

Three steel-sand mterfaces were tested: smooth-dense, rough-dense and rough-

loose. These interfaces were selected as representing those likely to be encountered in 

piled foundations mstalled in sands. Each interface was tested at K values of 0.5, 0.8 and 

1.0 and OCR values ranging from 1 to 6. Individual tests and multiple-stage test series 

consisted of eight steps: 1) specimen preparation, 2) pressure chamber assembly, 3) 

connect and energize instrumentation, 4) seating load and axial stress application, 5) 

place rod shear device in load frame, 6) axial loading of the model pile, 7) test series and 

8) end procedures. The constant and variable test parameters are summarized in Table 

5.2 

A testing problem existed that lead to suspect displacement data for some tests. 

Failure shear stresses measured from these tests however, compared well with those from 

tests in which reliable displacement data was obtained. Therefore the shear stresses at 

failure measured from these tests were considered valid. 
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Table 5.2: Testing Parameters 

Parameter Type Parameter Description 
1. Test Apparatus Rod Shear Device (Fig. 3.1) 

Constant 

2. Model Pile 

3. Sand 

Seamless, 304 Stainless SteeL 
Tube 
Wall Thickness = 0.9 mm 

Total Length = 25.4 cm 
Pile/Soil Contact equal to 
Specimen Height 
Diameter = 1.91 cm 

Quartz sand, uniformly 
graded (40-140 M) 
Dso^O. 17 mm 

4. Specimen Height = 20.3 cm 
Diameter = 10.2 cm 

5. Loading Monotonic 
DispL Rate = 0.08 mm/min. 

1. Model Pile Roughness Smooth = stock 
Rough = threaded, 
Rma.x[L=2.5 mm] = 0.2 mm 

Variable 
2. Relative Density (DR ) 

3. Vertical Stress (Ov) 

DR = 22 and 96 % 

143 - 478 kPa 

4. Stress Ratio (K) 0.5, 0.8. 1.0 

5. Boundary Conditions Constant K during test. 



119 

CHAPTER 6 

TEST R£SULTS AND DISCUSSION 

6.1 Introduction 

The experimental results are summarized in this Chapter. Presentation of the 

experimental results is limited to graphical representation and discussion. Tables 

summarizing the results considered m this dissertation are contained in Appendix C. 

These tables contam the following data for each test; 

•initial relative density of the specimen 

•appUed stress conditions (K) 

•stress history (OCR) 

•the peak and/or ultimate side shear stress (Xp, TU, respectively) 

•mterface friction angle as calculated from peak and/or ultimate side shear stress 

(5p, 5u, respectively) 

•coeflBcient of friction (ji) 

•the ratio of the ultimate interface friction angle (5u) and the critical state friction 

angle ((!)„) 

•initial and secant stififiiess moduh (k;, ks, respectively) 

•displacement at peak and/or ultimate side shear stress (Ap, Au, respectively) 

•displacement rate (Ar) 

Representative plots of side shear stress versus total pile-soil displacement (shear-

displacement) relationships are presented for each mterface type tested. Normalized plots 
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of the coefficient of friction and pile displacement are used to compare the results between 

mterface types. Mohr-Coulomb-type failure envelopes, based on the ultimate shear stress 

(TU), are constructed for each interface type. 

Interface friction angles exceeding the angle of intemal friction of the sand ((j)cs and 

(j)d). are reported for the rough mterfaces. The experimental results are objectively 

presented, and discussions of the aberrant values are reserved for Section (6.5). 

Comparison of the rough interface tests with similar test results (Rahman, 1988) is made. 

In Section 6.5 a hypothesis is presented to explain the large interface friction values from 

expected mechanical behavior under the given boundary stress and kinematic conditions. 

Corroborating evidence from the literature and this study is presented. 

6.2 Smooth-Dense Interface Test Results 

Figure 6.1 contains typical shear-displacement curves for the smooth-dense 

interface. Test numbers are indicated by the parenthetical numbers in the legend. Test 15 

illustrates, as discussed in Section 5.4, the agreement between the failure side shear 

stresses measured in tests without accurate displacement data and those in which reUable 

displacement data was obtained. The average displacement to reach the ultimate shear 

stress (TU), i e., failure, for all smooth-dense tests, was 0.113 mm, or 0.6% of the pile 

diameter. Where observed, peak failure shear stresses (Xp) were recorded, see Appendix 

C. The failme envelope, based on the ultimate shear stress, is drawn for the smooth-dense 

tests in Figure 6.2. There is large scatter at confining pressures greater than 

approximately 350 kPa. A separate envelope was drawn for each value of K tested, but 
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from Figure 6.2, a clear relationship between interface friction angle and K does not exist. 

The envelope shown in Figure 6.2 is a linear regression, forced through the origin, on all 

of the data. The resulting coefficient of friction is 0.40, or 5 = 22°. The coefficient of 

friction is calculated as the ratio of the shear stress to the confining stress; 

^ = tan5 = — (6.1) 

where: x = Xu 

ac = applied confining pressure 

Based on the work reviewed in Chapter 2, interface friction values, determined in a 

rod shear device, for smooth-steel/sand interfaces range between approximately 18 and 24 

degrees. The value of 22° determined in this study, then, is near the upper bound of the 

range of interface friction angle between smooth steel and sand that have been reported in 

the literature. Wide scatter for the interface friction angle has been reported, e.g.. Dover, 

et al. (1982), who reported a range of 7° < 5 < 35°. 

6.3 Rough-Dense Interface Test Results 

Figure 6.3 contains typical shear-displacement curves for several tests of the 

rough-dense interface. When compared to the same curves for the smooth-dense tests, 

these curves display a much larger non-linear transition zone as the ultimate side shear 

stress is approached. The average displacement to failure, for all rough-dense tests, was 

0.422 mm or 2.2% of the pile diameter. The failure envelope is shown m Figure 6.4. The 

failure envelope is a linear regression, forced through the origin, on all the data for the 

rough-dense interface. The resulting coefficient of friction is 1.11, or 5 = 48°. As for the 
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Figure 6.1: Typical Shear Stress-Displacement Curves for Smooth-Dense bterface Tests 
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Figure 6.2; Failure Envelope for Smooth-Dense Interface Tests 
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Figure 6.3: Typical Shear Stress-Displacement Curves for Rough-Dense Interface Tests 
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Figure 6.4: Failure Envelope for Rough-Dense Interface Tests 
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smooth-dense interface, a unique relationship between interface friction and K does not 

exist. Also similar to the smooth-dense interface tests, there is large scatter m the results 

at confining pressures greater than about 400 kPa. 

The rough-dense mterface fiiction angle of 48° is above even the highest dilatant 

friction angle (42°) measured in triaxial tests. Based on the work reviewed m Chapter 2. 

the peak mterface friction angle for a rough interface cannot exceed the peak friction angle 

of the soil. Indeed, for dense soil, at large displacements, it would be expected that the 

interface fiiction angle would reduce to the critical state angle, i.e., there would be strain-

softening behavior. Consequently, the value of 48° determined m this study is suspect. 

Possible reasons for such a large value are presented in Section 6.5, and these are 

investigated fiirther, using numerical techniques, m Chapter 7. 

6.4 Rough-Loose Interface Test Results 

Typical shear-displacement curves are shown in Figure 6.5 for several tests of the 

rough-loose mterface. The average displacement to failure, for all rough-loose tests, was 

0.405 mm , or 2.1% of the pile diameter; these are values similar to those observed for the 

rough-dense tests. The failure envelope, determined as a linear regression, forced through 

the origin, of all of the rough-loose tests, is shown in Figure 6.6. The resulting coeflBcient 

of fiiction is 0.74, or 5 = 36°. As for the previous mterface tests, an obvious relationship 

between the failure envelope and K does not exist. Again, there is large scatter at higher 

confining pressures, here greater than about 350 kPa. 



127 

MMt 

27f. 72 kPa 
:6b. 143 kPa 
27d, 143 kPa 
26a. 239 kPa 
25h, 359 kPa 

0.0 O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

Pile Displacement, mm 

Figure 6.5: Typical Shear Stress-Displacement Curves for Rough-Loose Interface Tests 
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Figure 6.6: Failure Envelope for Rough-Loose Interface Tests 

The value of 5 = 36° for the rough-loose interface is above the critical state friction 

angle of the sand (29°) and exceeds the angle of internal friction (32°) for the loose sand, 

as measured in the triaxial test by 4°. On the basis of these facts, the measured value of 5 

= 36° is likely too high. 
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6.5 Discussion of Results 

As shown in Chapter 2, regardless of the mter&ce roughness, &ihire, Le., attainment of 

either peak or uhimate shear stress, occurs prior to any relative slip between the sofl and the 

solid surfece, see Rgure 2.2 (Kishida and Uesugi, 1987). Di^lacements prior to peak 

therefore consist only of ^ear strains occurring in the sand and these are generally ver>' small 

(Alanazy, 1996 and Kishida and Uesugi, 1987). As the sur&ce roughness mcreases the shear 

zone is forced into the sofl immediately adjacent to the pfle and volume change is induced. This 

can be conceptualized by considering the relative strengths of the two materials. For shear to 

occur at the interfece it would be necessary for the sofl to shear through the a^erities on the 

pfle surfece. Due to the strength of the pfle material, this cannot occur, and therefore the shear 

zone migrates into the sofl with the result that all of the shearing occurs in a thin zone of sofl 

adjacent to the pfle. For smooth surfeces, failure does occur at the interface and without any 

appreciable vohune change (usmg x-ray radiography Tejchman and Wu, 1995, did detect some 

dflation on smooth inter&ces during plane strain bearing). 

The dependency of interfece friction on the sur&ce roughness has been established by 

several investigators, including Paikowsky, et aL (1995), Kishida and Uesugi (1987) and 

Yoshimi and Kishida (1981a) and has been discussed in Section 2.2.6.2 and illustrated in 

Figures 2.4 and 2.5. The above concepts are used to discuss the shear-displacement 

relationships measured in this study. 

Normalizing the shear stress-pfle displacement relationships shown in Figures 6.1, 

6.3 and 6.5 facUitates a comparison of the shear-displacement behavior of the three 

interfaces tested. The normalized plot is shown in Figure 6.7. The displacement is 
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normalized by the pile diameter (B). The smooth-dense and rough-loose mterface shear-

displacement relationships are approximately elastic-plastic. The rough-dense interface 

undergoes a larger transition to the ultimate shear stress as yielding occurs. In generaL the 

shapes of the curves are consistent with results from Rahman (1988). Some of Rahman's 

results, normalized m the same fashion as those tests in Figure 6.7, are reproduced in 

Figure 6.8. Comparing Figures 6.7 and 6.8 it is seen that the coefficients of friction, 

observed by Rahman (1988), are very similar to the smooth-dense and rough-dense 

interface results of this study. 

Displacement to ultimate shear stress increased for the rough interfaces relative to 

the smooth mterface, as would be expected. The displacements to ultimate, in terms of a 

percentage of the pile diameter, compare reasonably well with other model tests and 

expected field settlements. For example, Rahman (1988) reported displacements to 

ultimate load equivalent to 0.003B and 0.025B for the smooth and the rough pile interface 

tests, respectively. Ismael and Klym (1979), reporting on fiill scale load tests of drilled 

piers, presented data showing that the ultimate skin friction was obtained at settlements 

equivalent to 1.5 to 2% of the pile diameter. Poulos (1988), from work by Frank (1985), 

suggests, that for design loads, settlements of about 0.009B can be expected for driven 

piles. Briaud and Tucker (1988) report that for design loads the total settlement is likely 

to be less than 0.0125B. Koeraer and Partos (1974) reported two pile load tests with 

settlements of approximately 0.014B at the working load. 
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Figure 6.7: CoeflBcient of Friction and Normalized Displacement 
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Figure 6.8; Selected Rod Shear Results from Rahman (1988) 
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Initial and secant moduli were calculated for each test. The initial stiffiiess (ki) was 

calculated as the slope of the initial linear portion of the curve. Secant stifibess (k^) was 

calculated as the slope of the line from the origin to the failure pomt, i.e., the displacement 

at which the ultimate shear stress was attained. StiflBiess values for individual tests are 

contained in Appendix C; average stiflBiess values for all tests are reported m Table 6.1. 

As seen in Table 6.1, and graphically m Figure 6.7, the initial stiflBiess of the mterfaces is 

similar. This is consistent with Yoshimi and Kishidas' (1981a,b) results demonstrating 

that prior to yield the stiffiiess is independent of the surface roughness. The secant 

stiflBiess of the smooth-dense interface is approximately twice as large as that of the other 

interfaces. A larger secant modulus for the smooth-dense interface is expected because of 

the smaller displacements to failure. 

Similar initial and secant moduU were obtained by Rahman (1988), Table 6.1. 

Initial stiflBiess ranged from 8 to 55 MN/m for the smooth pile tests and 15 to 24 MN/m 

for the rough pile tests. Secant moduli ranged from 5 to 11 MN/m for the smooth pile 

tests and from 3 to 5 MN/m for the rough pile tests. 

Table 6.1: StiflBiess Moduli of the Various Interfaces 

Interface This Study Rahman (1988) 

ki (MN/m) ks (MN/m) k./k. k. (MN/m) ks (MN/m) 

SD 17.34 6.02 0.44 8 - 5 5  5- 11 

RD 17.63 3.16 0.33 15 - 24 3 - 5  

RL 18.73 2.43 0.28 
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In the following paragraphs, the ^ear-di^Iacement behavior demonstrated by the 

data in Figures 6.1, 6.3 and 6.5 is fiirther discussed and possible reasons for the high mterface 

fiiction vahies are posited. The smooth-dense inter&ce most closely foOows the expected 

behavior. Prior to yield, Le., attainment of the ultimate shear stress, no relative slip between the 

pfle and sand is occurring, and the di^lacement is essentially due to shear strain m the sand. 

This accounts for the high initial stiffiiess (Figures 6.1 and 6.7). Because the pile is smooth 

relative to the soil, there is little if any volume change in the soil adjacent to the pile. As a 

result, there is essentially no 'transrtion' zone near the yield pomt. Yielding occurs as soon as 

relative slip begins whereupon the ultimate shear stress is attained and remains essentially 

constant thereafter. This is demonstrated by the curves representing the smooth-dense 

inter&ce tests in both Figures 6.1 and 6.7. 

There was essentially no post-peak softening m any of the rod shear tests. Post-peak 

softening observed in the smooth-dense tests was generally less than 10 kPa (Figures 6.1. 6.7). 

Consequently, any observed softening behavior for the smooth-dense inter&ce was probably 

due to experimental error and/or the pile not being perfectly smooth relative to the sand. 

Likewise, no significant softening behavior was observed in the rough pile tests, with either 

loose or dense sand. Rough pile mterface tests that showed no strain-softening behavior were 

also reported by Rahman (1988). Several rough pile tests from Rahman (1988) are reproduced 

m Figure 2.13. While no strain softening behavior has been observed m the current study, both 

Kennedy (1961) and Coyle and Sulaiman (1967) did observe strain softening for smooth and 

rough piles. 
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Using only the framework of expected inter&ce behavior, as summarized at the 

beginning of this Section and in Chapter 2, interpretation of the current rough pile test results is 

difficult. Nevertheless, using those concepts and considering the rough-dense inter&ce can 

lead to a hypothesis to explain the observed values of interface friction angle. If the sand is 

indeed dense near the pile, a slight mitial contraction, at which point a peak shear stress (Xp) is 

reached, would be expected. The subsequent dilation diould result in strain softening behavior 

(due to decreased effective stresses at the inter&ce). 

A hypothesis for the high inter&ce friction angles in the rough pile tests may be stated 

thusly: possibly heretofore unrecognized, kineniatic constraints hnposed by the rod shear 

testing configuration cause internal changes in the soil that act to resist dilation occurring near 

the pile, leading to increased eflfective normal stresses on the pile. If this occurred, then the 

calculated coefficient of fiiction (Eq. 6.1) would be too high because the measured shear 

stresses (figure 6.9) are commensurate with the higher (true) effective normal stress (Figure 

6.9). Smce the normal stress has been assumed to be equal to the confining pressure, an 

apparent feilure envelope, with a slope calculated by Eq. 6.1, is observed. Evidence for this 

hypothesis in the literature and fi'om observations made during this study are presented in the 

paragraphs below. 

Ifigh normal stresses on model piles and anchors resulting from the resistance to 

dilation of the adjacent soil, by the overburden, has been reported in the literature. Chaudhuri 

and Symons (1983) posited this mechanism for the development of large normal stresses on 

model piles during uplift. Large values of sldn fiiction observed during pull-out tests of 

grouted anchors were explained as being caused by the 'locking-in" of stresses because of the 



136 

Apparent Failure Envelope 
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Figure 6.9; Observation of an Apparent Failure Envelope Oue to Assixming that 
Normal Stresses Lower than m Reality are Occurring on the Model 
PUe 

resistance to dilation (Ostermayer, 1975). Ostermayer estimated horizontal stresses 2-10 times 

the vertical overburden stress. 

Serendipitous observations made from test ^ecimens provide fiuther evidence for the 

proposed hypothesis. Following shearing, secondary structures were observed to occiu" within 
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dense ^ecimens. It was speculated that these may be indicative of a system of force chains 

(see below) that would be capable of eidier transfening non-uniform normal stresses to the 

model pile or resisting dilation of dense specimens. Specifically, the specimen used for test 

series 23 (rough-dense inter&ce) was observed following testing, and measurements of the 

developed secondary structures made. Observations were made by removing the specimen, 

model pile, top cap and base assembly together. The top cap was then removed and the 

membrane carefiifiy pulled down around the specimeiL 

Proceeding radially fi'om the pile there was a loose zone of approximately 3 mm 

thickness, Le., alSDso (D50 = 0.17 mm). The thickness of this zone is similar to that reported 

by Kulhawy and Peterson (1979) for the thickness of the feihire zone observed in direct shear 

tests. The loose zone was surrounded by an outer zone of approximately 30 mm thickness m 

which "fin-like" structures had developed. These fin-like structures were oriented radially 

within the specimen and occurred at irregular circumferential mtervals. That the zone around 

the pile was loose was evidenced by sand flowing out of it and between the fin-like structures. 

As the sand flowed from the zone immediately around the pile, the structures in the outer zone 

remained momentarily standing and an annular space was created adjacent to the pile. It was 

assumed that the structures in the outer zone had obtained a denser state during testing and 

hence were able to temporarily remain self-supporting. 

Unfortunately, no images of the stmctures in specimen 23 were recorded. However, 

the stmctures in a subsequent specimen (30) were videotaped. In specimen 30 the structures 

were not as well-developed as in specimen 23, but the image of specimen 30 in Figure 6.10 

shows the presence of the aforementioned structures. A possible reason for the weaker 
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development of secondary structures in ^ecimen 30 may be that for approximately 48 hours 

prior to observatioa, it was under a low confining pressure. Consequently, the structures may 

have relaxed thus diminishing their appearance. 

Figure 6.10: Secondary Structures in Specimen 30 

Formation of secondary structures in granular media has been reported in numerous 

studies, many within the physics literature. These studies have inchided photoelasticity 

(Dragoo, 1995; Liu, et aL, 1995; Guyon, et al, 1990; Travers, et aL, 1987 and Dantu, 1957) 

radiographic (Baxter, et aL, 1989 and Michalowski, 1984) and physical modelling (Ammi, et 

aL, 1987). These studies all reveal the presence of "force chains", Le., linkages of grains that 

transmit larger forces than the surrounding grains. Ammi, et aL (1987) used polygonal disks to 

model a granular media in 2D. hi a particularly demonstrative example, once the configuration 
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was confined by a rubber band, disks that were carrying no load were removed, leaving only 

those disks actually transmitting load through the system. These remaining disks formed 'force 

chains". 

The mechanism cited for causing force chains is shnply the heterogeneity of the 

medium (Liu et aL, 1995). This heterogeneity is characterized by the grain size distribution, 

grain ^ape and grain roughness. Consequently, the presence of force chains would be 

expected in any soil These force chains and the arching mechanism so often discussed 

amongst engineers (Terzaghi, 1943, I936a,b) are possibly coupled in some complex manner in 

the rod ^ear test. For example, if the soil adjacent to the pile tends to loosen (dilate) this is a 

condition very suitable to the development of arching, which may aflfect the development of 

force chains within the ^ecimen. 

Attempts to define the distribution of force chains have been made, e.g., Liu et aL 

(1995). The configuration of force chains has, in feet, been observed to suddenly shift under 

different applied loads and has been observed to vary for the same load intensity and particle 

arrangement (Dragoo, 1995). Numerical experiments using a lattice type approach to model 

granular media as systems of discrete particles (Ramakrishnan, 1997) have diown that, for 

dense arrangements, normal stress distributions at the boundaries are non-unifoniL Finally, 

with regard to non-uniform distribution of boundary stresses there is the problem of the stress 

distribution under a conical pile of sand, hituitively, the maximum vertical stress would occur 

below the apex. However, it has been shown experimentally that a local minimum m the stress 

distribution occurs instead (Wittmer, et aL, 1996). 
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From the &ihire envelopes in Figures 6.2, 6.4 and 6.6 a aon-liaear shear stress-

confining stress relationship is not evident, and it would be expected if the samples were 

experiencing volume changes as discussed at the beginning of this Section and in Chapter 2. hi 

the current study, the relationship between interfece fiiction and normal stress, for aD interfece 

types, appears to be linear. Data for each value of K tested is shown (Figures 6.2, 6.4 and 6.6), 

and no dependency upon the initial stress ratio is indicated, except in that it affects the value of 

the horizontal stress, Le., the confining pressure. This could possibly be because the soil 

adjacent to the pfle, where the most intense shearmg occurs, reaches the critical state and 

therefore the K value, in this zone, attains a constant value that is independent of the initial 

boundary stress (K) condition of the specimen. In order to determine if a relationship between 

interface fiiction angle and K exists it would be necessary to determine the K value at or very 

near the inter&ce. 

6.6 Summary 

Three interfece types were tested: smooth-dense, rough-dense and rough-loose. 

Typical shear-displacement curves and feihire envelopes have been presented for each of these 

interface types. It was shown that the smooth-dense inter&ce results are consistent with the 

results of other workers. The smooth-dense shear-displacement curves are essentially elastic-

plastic and the inter&ce fiiction angle is approximately 22°. 

In contrast, the mter&ce tests using the rough pile were not consistent with most 

published data (firom both non-rod shear and rod shear apparatus) for rough inter&ces. In the 

case of the rough-dense interface, the diear-displacement curves di^layed a marked transition 

zone between yielding and attainment of the uhimate shear stress (tu). No strain softening 
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behavior was observed. The shear-di^lacement curves for the rough-loose interfece were 

essentially elastic-plastic. In the rough pile tests, the observed behavior is in contradiction to 

previous non-rod shear inter&ce tests and the expected volume change behavior. Specifically 

the inter&ce fiiction angle is much too high^ &r exceeding the rational maximum, Le., the 

critical state fiiction angle at large displacements. Numerical analysis is used in Chapter 7 in an 

attempt to verify the mechanism proposed in Section 6.5 for the anomalous behavior observed 

in the case of the rough pile inter&ces. 
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CHAPTER? 

NUMERICAL ANALYSIS 

7.1 Introduction 

In Section 6.5 a hypothesis was proposed to explain why interface friction angles 

exceeding the angle of internal friction of the sand were observed m the rod shear tests 

using the rough pile. Interface friction angles exceedmg the dilatant friction angle of the 

sand were determined for tests with both loose and dense sand. The hypothesis discussed 

in Section 6.5 posits a means by \\diich higher normal stresses could have occurred on the 

pile than were assumed. Normal stresses on the pile were assumed to be equal to the 

confining pressure. Assuming that the correct shear stresses were measured, Eq. 6.1 

requires that the normal stresses be higher than assumed in order for more realistic values 

of the interface fiiction angle to be calculated. In this Chapter, numerical analyses that 

were performed in an attempt to verify or refute the hypothesis proposed m Section 6.5 

are summarized. A closed form elastic solution and an elasto-plastic finite element 

analysis were conducted. 

7.2 Elastic Analysis 

The "dummy-rod" method is a means for determining corrections to volume 

change measurements due to membrane penetration (Raju and Sadasivan, 1974; Roscoe, 

et al., 1963) in triaxial testing. In the dummy-rod method, cylinders, i.e., the so-called 

"dummy-rod", of varying diameter are concentrically placed into triaxial sand specimens, 

and the volume change of the specimen is then measured with increasing confining 

pressure. Volume changes are considered to be due only to the membrane penetration and 
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the elastic and plastic deformation of the sand under hydrostatic pressure. Non-uniform 

stresses would lead to shear stresses wiiich would cause additional volume change in the 

sand. In order to investigate the uniformity of stresses within the specimen, Wu and 

Chang (1982) conducted an elastic analysis of the dummy-rod method. The normal stress 

on the rod, as well as the axial stresses on the rod and sand, can be found from the 

following equation; 

Ec 
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- V. 
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Equ.7.1 

where; n = a/b 
a = radius of pile = 0.0096 m 
b = radius of specimen = 0.0508 m 
Ec = Young's modulus of pile = 248,000 MPa 
Es = Yoimg's modulus of sand = 8.5 - 117 MPa 
Vc = Poisson's ratio of pile = 0.33 
Vs = Poisson's ratio of sand = 0.20 
a' = axial stress on pile 
a® = axial stress on sand 
a' = contact stress between pile and sand 
G} = minor principal stress, i.e., confining stress, = 72 kPa 

Equation 7.1 is derived from a limit equilibriimi analysis, taking into consideration 

strain compatibility at the sand/dummy-rod interface. For the purpose of applying this 

analysis to the rod shear test, the model pile is assumed to be the dummy-rod. 

The ratio of the contact stress to the confining stress (aVaj) was found to be 1.56. 

In addition, this ratio was found to be constant to the third decimal, over the fixll range of 
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Young's modulus indicated above and shown in Figure 4.8. The msensitivity of Equation 

7.1 to the value of Young's modulus for the sand is neither mtuitively reasonable nor 

consistent with published findings, e.g., Kennedy (1961). Application of the 

contact/confining stress ratio (aVas = 1.56) to the calculation of mterface fiiction angle 

results in a reduction of the measured interface friction angles by a factor of 1.56. For the 

rough-dense interfece, v^ere the interface friction angle was measured to be 48°, this 

results in an interface friction angle of 30° which is approximately equal to the critical 

state angle of the sand. 

Application of the elastic analysis predictions to the smooth-dense test results is 

not as favorable. As was demonstrated in Chapter 6, the measured interface fiiction angle 

of 22° for the smooth-dense tests is reasonable. Applying a reduction factor of 1.56 to 

this value of interface fiiction angle results in an interface fiiction angle of 14° which is too 

low. 

It can be concluded that the elastic analysis fails to capture the behavior of the rod 

shear system. The reduction from 22° to 14° of the measured interface fiiction angle for 

the smooth-dense tests is inconsistent with published values. For the rough-dense tests 

the reduction of the measured interface fiiction angle from 48° to 30°, a more rational 

value, can be regarded as merely fortuitous. Finally, the insensitrvity of Eq. 7.1 to the 

sand stiflfiiess is inconsistent with experimental results, e.g., Kennedy (1961). The inability 

of the elastic analysis to model the rod shear system is fixrther evidence that the mterface 
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behavior is governed by phenomena arising from the discrete nature of the soil, as was 

suggested in Chapter 6. 

7.3 Elasto-Plastic Analysis 

The objective of the elasto-plastic finite element analysis was to gain some insight into 

the behavior of the sand adjacent to the model pile, and the normal stresses acting on the model 

pile. In Chapter 6, a hypothesis for increased normal stress on the model pile was put forth, h 

was anticipated that by examining the predictions of the model either refutation or verification 

of the hypothesis would be possible. The model results presented in the remainder of this 

Chapter are limited to the predicted shear stress-pile displacement (diear-displacement) 

behavior and those results that are relevant to the normal stresses occurring on the pfle and in 

the sofl immediately adjacent to the pile. 

The commercial finite element code ABAQUS™ was used to model the rod shear test 

conditions. The constitutive model employed was modified Cam-clay (Roscoe and Burland, 

1968). The soil-pfle interfece was modelled using gap elements, which are special purpose 

elements included in ABAQUS™ that allow for mechanical interaction between surfaces. An 

initial separation distance is specified for the gap (here zero) as well as a coefficient of fiiction. 

The test specimen was modelled using a 400 element mesh. A line of elements with a 

width of 3 mm, equivalent to the width of the observed loose zone (Section 6.5), was placed 

immediately adjacent and parallel to the pile; this line of elements is referred to in subsequent 

discussion as the 'loose zone". The elements comprising the remainder of the soil specimen 

are referred to as the "soil domain". Element heights were constant at 0.5 cm Element widths 

m the soil domain were biased such that smaller width elements occurred near the pfle. The 



146 

lengths of adjacent soil domain elements were in a ratio of 1.5. Axisymmetiic elements were 

used. The finite element mesh used is shown in Figure 7.1. 

Kinematic constraints of the rod shear test were modelled by applying appropriate 

constraints on the deformation of specific nodes. Height changes in the specimen, due to 

application of the axial load from the BeOofram, were modelled by allowing the top nodes of 

the ^ecimen to move vertically; the top nodes were also free to move hoiizontall>'. The 

bottom nodes of the ^ecimen were constrained vertically, and the nodes forming the pile were 

constrained horizontally. The nodes formmg the right hand side of the specimen, Le., the side 

exposed to the confining pressure, had no displacement constraints. Confining pressure was 

applied to the right hand side and top of the ^ecimen. Vertical di^lacement was applied to 

the pile nodes, Le., those nodes forming the left side of the gap element. Vertical displacement 

of the pile was specified as 2.5 mm (0.13B) for most cases. 

Two density conditions of the ^ecimen were modelled, as discussed below: 

Demity Condition A : Initial void ratio of 0.84 (DR = 0%) m the loose zone and an 

initial void ratio of 0.61 (DR = 96%) in the soil domain. The loose condition near 

the pile was used because of (1) the observation of the loose zone (Section 6.5) 

and (2) the fact that in pouring the sand around the pile, it is likely that sand 

adjacent to the pile is initially looser than that fiirther away from the pile. The void 

ratio for the dense condition (0.61) corresponds to the average void ratio of the 

dense specimens tested. 
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(b) 

(a) 

Figure 7.1; (a) Finite Element Mesh (b) Enlargement Showing Loose Zone Elements 

Density Condition B\ Initially dense throughout (Co = 0.61, DR = 96%). 

Density conditions in which the soil adjacent to the pile was dense and the remainder of the 

specimen was loose and in which the entire specimen was loose were regarded as improbable 

and were therefore not modelled. 

For each of the density conditions (A and B), the confining pressure and value of the 

interface friction angle was \ aried. Each case modelled is listed in Table 7 1. Confinina 
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pressures used were 72, 143 and 478 kPa. toterfece friction angles used were 5 = ^a = 29° and 

5 = 0.67(J)cs = 19°. Values of the inter&ce friction angle were entered into the model as 

coeflBcients of friction (|i = tan5). The coeflScients of friction were 0.35 and 0.55, 

corre^ondmg to 5 = 19° and 29°, re^ectively. 

In addition to the two density cases, ^ecifrc tests, that were representative of the 3 

interface types tested, were modelled. These tests were 18f^ for the smooth-dense inter&ce, 

24c, for the rough-dense interfece and tests 26b and 27d for the rough-loose interface. For 

these specific tests, the coefficient of friction corre^onding to the ultimate friction angle (5u) 

was entered into the model along with the actual confining pressure and tnitial void ratio. The 

input parameters are sunnnarized in Table 7.1 

Critical state parameters for the sand were determined by l-D compression testing that 

was discussed m Section 4.4. The parameters used in the model were: 

X. = 0.021 
K = 0.0032 
M= 1.157 
ei = 0.86 

7.3.1 Deformation of Specimen 

A typical deformed mesh, at the end of the pile displacement, is shown in Figure 7.2a. 

Deformations on the medi are magnified 15.5 times. The vector plot (Fig. 7.2b) shows 

deformations in the horizontal direction; the mayimnm horizontal deformation is 0.004 mm at 

the bottom right comer. The deformed mesh and vector plot are shown for density condition 

A at a confining pressure of 143 kPa and for an inter&ce friction angle of 19 degrees; however, 

the shape of the deformed mesh was similar for each density condition and case. There was 



very tittle vertical deformation of the nodes within the soil domain. In general, the specimen 

deformed such that the nodes near the top of the spedmen moved toward the pile. The top 

7.1: Suimnary of Numerical Analyses Using ABAQUS™ 

Density Case CTc LZT CLZ' Sson.' 5 
Condition # (kPa) 

3 72 18Dso 0.84 0.61 19 0.35 
4 29 0.55 

A 
13 143 1 8D;o 0.84 0.61 19 0.35 

Loose-Dense 14 29 0.55 

I 478 I8D50 0.84 0.61 19 0.35 
2 29 0.55 

10 72 0 0.61 0.61 19 0.35 
11 29 0.55 

B 
7 143 0 0.61 0.61 19 0.35 

Dense 8 29 0.55 

5 478 0 0.61 0.61 19 0.35 
6 29 0.55 

Test 18f SD 478 0 0.61 0.61 22.6 0.416 

Test 24c RD 239 0 0.60 0.60 51.8 1.27 

Tests 26b, 27d RL 143 0 0.79 0.79 36.9 0.75 

Notes; 1. Void ratio in loose zone. 
2.  Void ratio in soil domain. 

surfece of the specimen tilted toward the pile. The tendency to tik was less for increased 

coeflBcient of friction. Radial movement away from the pile increased with distance from the 

top of the specimen. These deformations suggest that in reality soil may be movmg down the 

pile creating a loose zone over much of the pfle length. Formation of a loose zone around 

model piles has been observed by Robinsky and Morrison (1964) as well as m this study 

(Chapter 6). 



(a) (b) 

Figure 7.2: (a) Deformed Mesh and (b) Horizontal Displacement Vector Plot for a 
Confining Pressure of 143 kPa and 5=19° 
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7 Shear Force-Pfle Displacement Relationships 

The predicted shear force-pile di^lacement (shear-di^lacement) relationship for each 

case of density condition A and B (Table 7.1) is shown in Hgure 7.3. For each density 

condition, the upper curve represents a coe£5cient of fiiction of 0.55 (5 = 29°) and the lower 

curve a coeflBcient of fiiction of 0.35 (5 = 19°). The shear-di^lacement curves were 

constructed using the pile di^lacement and the total ^ear force on the pile/soil sur&ce at the 

end of each increment. There is little practical difference between the results for each density 

condition. Consequently, the experimental results will be compared only to the model results 

for density condition A, wiiich, based upon observation, appears to most closely resemble the 

actual density condition within the ^ecimen. 

Since measurements of side ^ear stress were taken in the middle third of the interface 

in the experiments, the development of the coeflBcient of fiiction in this zone, as predicted by 

the model, was examined. The mobihzed coefficient of fiiction for the middle third of the 

inter&ce was plotted against the displacement, normalized as the percentage of the pOe 

diameter, and compared to the same relationship for the entire inter&ce. A typical plot (cases 

13 and 14) is contained in Figure 7.4. The curve for the entire interface is initially stiffer than 

that for the middle third, but there is a slower transition to a constant coefficient of fiiction. 

Progressive feihire of the interface, wWch is predicted by the model, would lead to a more 

highly non-linear transition between yielding and the critical state. Shnilar observations were 

made for both density condhion A and B. Curves similar to those in Figure 7.4 are presented 

for specific tests in subsequent discussion. 
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Expeiimeatal shear-displacement cmves for the smooth-dense inter&ce tests are 

compared to the model predictions in Rgure 7.5. With regard to the ukimate shear force, the 

agreement between the predicted and measured shear-displacement behavior is reasonable, 

particularly at the lower confining pressures (72 and 143 kPa). The model predictions using 5 

= 19° more closely match the experimental curves, and this is in agreement with the measured 

0.6 

Case 14 

0.5 

Entire 
Interface 

0.4 

I Case 13! 

0.3 

Entire 
Interface 

0.2 

0.0 

3 0 

Pile Displacement, %B 

Figure 7.4: Mobilized Coefficient of Friction 
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uhiinate interface fiiction angle of 22° for the smooth-dense inter&ce. The inirial stiffiiess 

moduli of the experimeatal results are higher than those predicted by the model Initial and 

secant stiJBBiess moduli, k, and ks, respectively, for the prediaed shear-displacement behavior, 

are summarized in Table 7.2. Experimentally determined stiflBiess moduli have been presented 

in Table 6.1. In the cases of the smooth-dense and rough-dense mter&ces. experimental mTtial 

moduli are up to 8 times higher than the predicted faiitial moduli F*redicted initial moduli 

compare more fevorably at a confining pressure of 478 kPa. Such a relationdiip would be 

expected because the stiflSiess increases with mean eflfective stress (p). Secant moduli 

predicted by the model are comparable to the experimental values. 

Table 7.2: Predicted Stiflfiiess Moduli 

Case C T c  (kPa) k, (MN/m) ks (MN/m) kyk, 

•-» 
J  

4 
72 0.35 

0.55 
2.4 
3.0 

1.5 
2.3 

0.62 
0.77 

13 
14 

143 0.35 
0.55 

4.9 
6.0 

3.1 
4.6 

0.63 
0.76 

1 
2  

478 0.35 
0.55 

16.2 
20.1 

10.3 
10.6 

0.64 
0.53 

Test 18f 478 0.416 16.2 (36.8)' 10.3(1.9)' 0.64 
Test 24c 239 1.27 11.7(34.4)' 7.6(3.5)' 0.65 

Tests 26b, 27d 143 0.75 6.5(7.8)- 2.5(1.6)' 0.38 
Notes: I) Experimental value 

2) Average of 9.9 and 5.8 MN/m, respectively 

Rough-dense inter&ce test resuhs are compared to model predictions in Figure 7.6. 

Reliable, experimeatal displacement data was available only for tests at a confioing pressure of 

143 kPa. Test 23 d showed reasoaable agreemeat with the predicted ultimate shear force while 

the ultimate shear force measured in test 20a was approximately 2 times higher than the 

prediaed value. The ultimate interface fiiction angle for test 23d was 23° wiiich agrees 
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reasonably weQ \vith the model predictions but is inconsistent with the majority of the rough-

dense tests. Agaia, the sdffiiess moduli of the experimental resuks are higher than the 

predicted values. 

Rough-loose interfece test resuhs are compared to the model resuhs in Figure 7.7. 

Reliable displacemait data was available only for confining pressures of 72 and 143 kPa; one 

test (25f) at 139 kPa is also included. The model predictions are altogether inconsistent with 

the experimental results. For a con fining pressure of 72 kPa, the measured ultimate shear force 

of 450 N is 2.3 to 3.6 times the predicted values. For a confining pressure of 143 kPa. the 

measured ultimate shear force of650 N is 1.6 to 2.6 times the predicted values. 

Comparison of model predictions with mdividual test resuks are shown in Figures 7.8, 

7.9 and 7.10. Test parameters particular to the ^ecific tests were used m the model In 

general, the trends already established for the body of results hold for the mdividual tests, e.g.. 

predicted ultimate shear stress and initial stiffriess are generally' below experimental values. 

Inchided in Figures 7.8, 7.9 and 7.10 are plots of the actual versus the predicted development 

of the coeflScient of fiiction. These curves are «nmi1ar to those shown m Figure 7.4. However, 

only the development of the coeflBcient of fiiction for the entire interface is shown in Figures 

7.8, 7.9 and 7.10. In the case of smooth-dense test 18^ the experimental ultimate shear stress 

is well predicted, but the mitial stiflfiiess predicted by the model is more than 2 times lower than 

the experimental value (Table 7.2). Initial stiflfiiess moduli are predicted quite well for rough-

dense test 24c and rough-loose tests 26b and 27d, but again, the ultimate shear stress is under-

predicted mdicating that the model is not capturing all the phenomena occurring withm the 

specimen. 
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733 Void Ratio Response for Density Conditions A and B 

With regard to the void ratio re^onse, density condition B is considered because the 

sample is at a density that dilation is expected to occur during shearing. For density condition 

A. a large reduction m void ratio occurred in the loose zone with the application of the 

confining stress. The void ratio in the loose zone decreased to approximately 0.725 (DR = 

44%). Consequently, in the discussion below, changes in the loose zone void ratio for density 

condition A are relative to the void ratio occurring at the end of the confining stress application 

rather than the initial void ratio (0.84). In the soil domain, the void ratio was essentially 

constant, for density condition A. For density condition B, insignificant void ratio changes 

occurred ID the loose zone following application of the confining pressure. 

Following pile di^lacement, both the variation of the void ratio in the loose zone and 

its changes relative to the initial void ratio were qualitatively qmilar for each combination of 

density condition, confining pressure and interfece fiiction angle. Typical variation of the void 

ratio for four cases is shown in Figure 7. II. The soil in the loose zone contracted except for a 

•^all dilation that occurred very near the bottom of the specimen. Maximum contractions 

were equivalent to about a 0.2% reduction in void ratio; the maximum dilation resulted in an 

increase in the void ratio of about 0.05% (Case 7, Fig. 7.11). Changes in the void ratio were 

observed to be consistent with the mean normal stress (p) predicted by the model e.g.. areas 

with higher void ratio had lower values of mean normal stress. Similarly, the area of dilation, 

near the bottom of the specimen, is consistent with the lateral deformation predicted in this 

area. 
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Figure 7. 12: Void Ratio Variation for Cases 7 and 8 
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In the soil domain, the void ratio remained essentially constant or slightly decreased. 

Contour plots of the void ratio for cases 7 and 8 (density' condition B) are shown in Figure 

7.12. Contour plots for density condition A are not diown because there was little change in 

the void ratio outside of the loose zone. As seen in Rgure 7.12, the void ratio (for density 

condition B) changed only 0.001. 

The void ratio re^onse of the system fails to provide evidence that the hypothesis for 

increased normal stresses at the pile-soil interfece proposed in Chapter 6 is operative in the 

model The contractive nature of the ^ecimen, both in the soil domain and the loose zone, 

would tend to reduce normal stresses at the inter&ce. Indeed, as is diown below, the predicted 

normal stresses near the pile-soil inter&ce were at or very near the applied confining pressure. 

73.4 Normal and Shear Stress Response for Density Condition A 

For the six cases of density condition A, the variation of the normal stress, shear stress 

and coefficient of fiiction for the loose zone elements is shown in Figures 7.13, 7.14 and 7.15. 

The coefficient of fiiction in these figures is the ratio of the shear stress to the normal stress at 

the centroid of the loose zone element. Hence this value of coefficient of fiiction does not 

necessarily represent the coefficient of fiiction (tan 5) at the interface. 

(Qualitatively the variation among the cases is similar A peak in the normal stress is 

predicted within the top 1 cm of the specimen. For a given confining pressure, the magnitude 

of the peak decreases with increasing coefficient of fiiction, Le.. inter&ce fiiction angle. The 

normal stress in the middle portion of the specimen is approximately equal to the applied 

confining pressure. Shear stresses are nearly uniform within the middle 18 cm of the ^ecimen. 
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To further illustrate the uniformity of the nonnal stresses at the interface, as predicted 

by the model, the normal stress ratio was computed. The normal stress ratio is defined as the 

ratio of the normal stress acting in the middle third of the interface to the confining pressure. 

Calculations were made for the cases in density condition A and B and for the three model runs 

simulating specific tests. The normal stress ratio varied inversely, and non-linearly, with the 

coefiBcient of fiiction. The range of the nonnal stress ratio was 0.97 to 1.07. for coeflScients of 

fiiction of 1.II and 0.35, respectively. Experimental resuhs (Kennedy, 1961) indicate that the 

normal stress ratio is approximately 1.4. Elastic analysis (Wu and Chang, 1982) also indicates 

that the normal stress ratio should be higher (see Section 7.2). Values of the computed normal 

stress ratio, together with the resuhs shown m Figures 7.13. 7.14 and 7.15, demonstrate that 

the model fails to confirm that the mechanism proposed as causing high normal stresses at the 

interfece is operative. 

7.4 Summary 

Ultimate shear force for the smooth-dense interface is predicted by the Cam-clay 

model as presented in ABAQUS™. In a direct comparison between smooth-dense test 18f 

and model predictions (using parameters fi-om test 18f) the ultimate shear stress at failure 

was predicted (Fig. 7.8). Using an interface fiiction angle of 5 = 2/3(t)cs = 19° the model 

satis&ctorily predicts the ultimate shear stress at low confining pressures (Fig. 7.5). This is 

consistent with die measured interfece fiiction angle of 22°. However, at high confining 

pressure the model under-predicts the experimental values of ultimate shear force. The initial 

stiffiiess moduli predicted by the model are lower than the experimental stiffiiess values. 
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Predicted secant moduli are generally lower, except at high confining pressure, than the 

experimental vahies. Stifibess moduli are summarized in Table 7.2. 

The model does not predict the experimental shear-displacement relationship for 

the rough-dense mterface tests. The one rough-dense test (23 d. Figure 7.6) that was 

rather closely modelled has a lower interface friction angle than the majority of the rough-

dense test results. Otherwise the model under-predicts the experimental values of ultimate 

shear force and stiffiiess moduU for the rough-dense mterface tests. 

Historically, the Cam-clay model predicts the behavior of loose sand (and normally 

consolidated clay) rather well and therefore it would be expected that it should predict the 

behavior of the rough-loose mterface results. However, the model under-predicts both the 

ultimate shear force (Fig. 7.7) and the stifBiess moduli for the rough-loose interface tests. 

Void ratio and normal stress responses are inconsistent with the hypothesis, 

proposed in Section 6.5, regarding the increased normal stresses on the model pile. The 

void ratio decreases (mstead of dilating as proposed in Section 6.5), and the normal 

stresses on the pile are approximately equal to the appUed confining pressure. Similar 

behavior was also observed m the cases (density condition B) m which the entire specimen 

was in an initially dense condition. 

Based on the inability of both the elastic and elasto-plastic (modified Cam-clay) 

models to predict the experimental results for the rough pile tests, it can be concluded that 

phenomena, i.e., force chains, arching, related to the discrete nature of sand are leading to 

high normal stresses on the pile and that this behavior cannot be captured by contmuum 

models. More importantly, the discrepancy between the experimental and model results 



171 

strongly suggests that the rod shear test imposes kinematic restraints that make it 

unsuitable for determining the interface fiiction angle for rough pile mter&ces. 
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CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The most important coaclusion drawn from this study of the rod shear test is that 

for rough piles the rod shear test may not be generally applicable to determining interface 

friction angle without significant modification to the test apparatus and mterpretation of 

results. The test appears to impose kinematic restraints to dilation that lead to increased 

normal stresses on the model pile. These restraints to dilation apparently arise from a 

complex system of arching and the development of force chains. Physical evidence, in the 

form of secondary structiu-es developed in the specimens during shearing, for the existence 

of force chams has been presented. Normal stresses transmitted to the pile through the 

system of force chains are likely to be non-uniform and may be significantly higher than 

the applied confining stress. Consequently, without direct measurement of the normal 

stress at the pile/soil interface the usefiilness of the rod shear test for determining interface 

friction angles for rough piles is severely limited. 

The above conclusions appear to hold regardless of the end conditions (rigid or 

flexible) of the rod shear specimen. Interface fiiction angles exceeding the angle of 

internal fiiction of the soil were also determined using a device with one flexible end. 

Perhaps the fiictional properties of the end conditions are more important. 

The development of arches/force chains is a result of the discreteness of soil. 

Neither the elastic nor elasto-plastic continuimi numerical models could accurately predict 

the experimental results for the rough pile tests. The mability of the continuum models. 
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closed form elastic and modified Cam-clay, to predict the e?q)erimental resuhs is a direct 

indication that the macroscopic behavior of sand in the rod shear device is governed by its 

discrete nature. 

In the case of the smooth-dense interface, the rod shear device was able to model 

its behavior. The reason for it successfiiily modelling the smooth-dense mterface can be 

attributed to the fact that when the pile surface is smooth, relative to the sand, there is 

little or no dilation at the interface. Since there is no significant dilation, the 

aforementioned arching/force chain phenomenon does not develop. 

Finally, based on the results of the smooth-dense tests presented herein, it can be 

concluded that there is no fundamental relationship between the interface fiiction angle (5) 

and the applied boundary stress ratio (K). The only relationship is simply that the stress 

ratio will influence the horizontal stress on the pile/soil mterface by determining the 

confining pressure. A more fimdamental relationship probably does exist between the 

interface fiiction angle and the initial K value at or near the interface. 

8.2 Recommendations 

Based on the above conclusions, it is apparent that in order for the rod shear test 

to be usefiil for rough pile tests, the normal stress at the pile/soil interface must be 

measured. Initially a means for determining radial stresses within the specimen, using 

piezoelectric crystals, was to be included m the rod shear device. A source and receiver 

crystal were to be used to generate and determine the velocity of a compression wave m 

the specimen. In principal stress directions, the compression wave velocity is linearly 

correlated with the magnitude of the stress. In axisymmetric conditions the tangential 
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direcdon corresponds to a princ^al stress direction. Using these facts, compression 

waves, traveling along the tangential direction, were to be generated. Knowing the 

"hoop" stress the radial stress on the pile could be calculated. Regrettably, displacements 

of the piezoelectric crystals significant enough to generate a compression wave could not 

be generated. Consequently, this portion of the program was abandoned. Disk shaped 

piezoelectric crystals were used in this study. It is recommended that other shapes of 

piezoelectric crystals be mvestigated. Notably the so-called "bender-elements" should be 

examined. These crystals resemble small cantilever beams and deform m a curvature when 

excited. Deformations of the bender-elements are, in general, larger than those for disk 

shaped crystals. Another solution to the problem of radial stress measurement would be 

to mclude horizontal load cells within the model pile. 

As discussed in Chapter 5, there were testing difficulties. These included some 

apparent programming problems as well as idiosyncrasies of the model pile design. It is 

recommended that the control program be modified such that the problem of the 

BeUofi'am not being loaded to compensate for load transfer can be prevented. 

There are two facets of the model pile design that could be improved upon. First, 

a better method of seeming the strain gauge lead wires should be devised. This would 

prevent the leads fi"om being stripped oflf in the event that the confining pressure reaches 

the inside of the pile. Second, there should be a fixed, air-tight, connection between the 

model pile and the loading rod. It would greatly reduce the likelihood of the confining 

pressure ever reaching the inside of the model pile and would allow for cycUc testing. 
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As seen from the results of this study, dilation of the sand specimen is important. 

Consequently, it would be very beneficial to measure the volume change of the specimen. 

Total volume change of the specimen could be measured by saturating the specimen and 

using water as the confining media. 

However, volume change near the pile is much more important with regard to the 

interface friction. Therefore, it would be more valuable to be able to measure volume 

changes within several millimeters of the pile. Perhaps, in this manner, angles of dilation 

(a) could be calculated and better estimates of the true interface friction angle made. 

Methods to measure volume changes m such a localized zone would require the use of 

either x-ray or gamma-ray radiography. X-ray radiography would permit the movement 

of say, lead shot to measured and thus local strains, hence volumetric strains, determined. 

Gamma radiation permits the direct measurement of densities, from which, with proper 

calibration, void ratios can be determined. 

In the same vein as x- or gamma-ray usage, modelling the pile-soil system using a 

photoelastic material as the granular medium would be instructive. To the writer's 

knowledge, no studies have been completed in which a purely fiictional pile has been 

modelled within a photoelastic medium 
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APPENDIX A 

EQUIPMENT CALIBRATION 

A.1 Panel Board 

The panel board was calibrated to determine that the supplied pressure transducer was 

accurate. Calibration was carried out using a mercury manometer connected to the calibration 

port provided on the panel board. The manometer had a range of 0-345 kPa. Twenty 

calibrations, that included increasmg and decreasing the pressure, were performed. In aD, over 

400 measurements were made. The correlation coeflBcient between the panel board pressure 

reading and that calculated by the manometer reading was greater than 0.99. 

A.2 Load Cell 

The load cell was calibrated using a bench-top consolidation loading frame. 

The load cell was placed on the frame. A zero load reading was obtained. A bearing plate was 

placed on the support ring to transfer the load to the load cell flanges. Next a loading cap was 

placed on the bearing plate to receive the loading yoke of the frame. Readmgs were obtained 

following the addition of the bearing plate and loading cap. Together these weighed 22 N. 

Subsequently, the load cell was loaded via the frame, using a predetermined sequence 

of load increments that achieved a ma.ximum load of approximately 13.3 kN. An unloading 

sequence was also performed m which the unloading increment was approximately double the 

loading increment. Periodic calibrations were performed, and the origmal calibration was 

observ ed to be constant. 
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A total of approxhnately 720 hundred data points were obtained in 24 calibrations. A 

composite of 19 calibrations is diown m Figure A. 1. The parameters from the calibrations, as 

well as some statistical parameters, are summarized in Table A1. 

Table A1: Load Cell Calibration Data 

Parameter Value 
Mean Slope (Ib.A- ) 1836.990 

r^ 0.99 

Standard Deviation 8.80 

95% Confidence Interval 1833.275- 1840.706 

Load Cell Resolution @ Lower Limit of 

95% Confidence Interval 9.955 N (1.227 kPa) 

Load Cell Resohition @ Upper Lhnit of 

95% Confidence Interval 9.995 N (1.234 kPa) 

Linear Variable Differential Transformers (LVDT) 

Calibration of the LVDT's was accompMied using a ^eciall>' designed calibration 

block. The block provides a means to horizontally mount the LVDT. A longimdinally 

mounted micrometer advances the LVDT piston. The micrometer resolution was 0.0025 mm 

The calibration constant of the LVDT's was dependent upon the supply vohage. In order to 

mcrease the resohition of the LVDT used to monitor pile displacement a smaller excitation 

vohage was used, Le., 6.1 V mstead of 15 volts. This decreased the output to between ±1 V 

and hence mcreased the resolution. The MB-31 module fiirther reduced this range by half 

Consequently, the minimiim detectable vohage change decreased to approximately 1/2048 = 

0.00049 voks. 
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Figure A. 1; Results of 19 Load Cell Calibrations Showing Regression Line for Loading 
Data 

Summary resuhs from the calibrations are contained m Table A. 2. These resuhs were 

incorporated into the data acquisition program for calculating the respective displacements. 

Typical cahbration curves are diown in Figure A. 2. 
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Figure A.2; Typical LVDT Calibration Results 
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Table A.2: LVDT Calibration Data 

Instrument Slope 
r 

(in. A') 
r 

(in. A') 

LVDT #1 (6.1 V excitation) 0.3192 0.99 

LVDT #2 (15 V excitation) 0.1208 0.99 

A.4 Model pfle 

As stated above, the model pile was instrumented with strain gauges at locations that 

corre^onded to approximately the third points of the specimen. Typical as-installed locations 

for the strain gauges are diowB in Figure A3. Calibration was performed in the imconfined 

state using the Geotest load frame. In the unconfined state it could be assumed that the axial 

load at both strain gauge locations was equal. Voltage output of the bridges was measured 

with increasing compressive load; the data was colleaed using a version of the strain gauge 

subroutine of the main data acquisition program. Figure A.4 is a typical output from a 

calibration trial Ten calibrations were performed for each pile. 

Strain Gages 

3.6 in. 3.2 in. 

10 in. 

Figure A. 3: Typical Positions of Strain Gauge Bridges within the Model Pile 
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Figure A.4; Typical Model Pile Calibration Results 

It may be of interest to the reader to know how the strain gauges were installed inside 

the model pile. The lead wires (34 AWG) were preattached to the strain gauges, following the 
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manufacturer's recommended procedure. A special mandrel was developed over which a 

balloon was fitted. The mandrel was hoQow and had holes drilled along its length that would 

allow the balloon to be inflated. Usmg double sided tape, the strain gauges were lightly 

adhered to the ballooa, bonding side up. The lead wires were extended down the mandrel and 

secured to it with tape. After the niside of the tube was prepared and adhesiv e appUed to the 

gauges, the mandrel with the gauges was inserted to the deshed distance. Then the balloon 

6.9 in. 

Air Supply 0.6 in. o o o o o 
o o 

T 
0.61 in. 

Figure A. 5: Stram Gauge histallation Mandrel 

was slowly inflated, forcing the gauges against the inside of the model pile. The mandrel is 

shown schematically in Figure A. 5. 

The diameter of the mandrel was such that a minimi im inflation of the balloon was 

necessary m order to seat the gauges against the wall of the model pile. Perhaps the main 

drawback of this method was that the balloon could only be inflated to about 24 kPa before it 

began to creep out the open end of the model pile. This maximum inflation pressure was lower 

than the manufacturer's recommendation of 34-138 kPa, "clamping pressure" to be applied 

during the curing period. However, visual mspection and the consistent linear behavior of the 
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gauges verified the method's efi^ectiveness. This method was conceived of and buih by the 

manager of the CEEM Prototype Laboratory. 
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APPENDIX B 

DETAILED TESTING PROCEDURES 

For reference, see Figure 3.1. 

Specimen Construction 

1. Determine water content of sand sample used for specimen. 

2. Weigh empty tare (Mure); record, Mtare-

3. Weigh sand and tare, to nearest 0.01 g; record, Murc^a-

4. Usmg cotton swabs, clean the O-ring seal on the specimen bottom cap, then apply 
a thin coat of silicone based vacuiun grease; wipe clean the diaphragm air cylinder 
piston-extension and install bottom cap. 

5. Clean the O-rings in the specimen top cap; do not apply vacuum grease. 

6. Clean edges and interior of split mold and then apply a thin coat of vacuum grease 
to aU edges; assemble the mold with hose clamps; remove excess grease from 
exterior and interior of mold. 

7. At both the top and bottom of the mold, install two O-rings. 

8. Visually check the rubber membrane for punctures; install the membrane, such that 
once placed around the specimen end caps there is a minimum of excess at the top 
(this prevents interference with the load cell); apply a vacuum and verify that a 
near fiiU vacuum (91.5 kPa) is obtained; some leakage through the edges of the 
split mold is inevitable; verify that the vacuum line is connected to the vacuum 
coupling, for later appUcation of the vacuum to the interior of the specimen. 

9. Place the mold onto the specimen bottom cap and level the mold. 

10. Place the model pile approximately 2.5 mm into the Teflon sleeve in the specimen 
bottom cap and center it with respect to the spilt mold; place the strain gauge leads 
from the model pile such that they will not be damaged during specimen 
construction. 

11. Begin placement of the sand as follows: 
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Loose Specimen: continuously pour the sand through the funnel, while 
maintaining a miniTniiTn fall height. 

Dense Specimen: build the specimen in 5 equal layers, tapping the sides 
of the mold 40 times per layer with a 9 N rubber mallet: level mold and 
center pile after the placement of each layer. Note that after the second 
layer, lateral movement of the pile becomes difficult; consequently, it is 
crucial to keep the pile centered during the early part of the specimen 
construction. 

12. Level the top of the specimen using a spatula; light tapping of the sides is 
acceptable for the dense specimens. 

13. Clean sand from the portion of the model pile extending above the surface 
elevation of the specimen; clean the interior of the pile to a depth of about 13 mm 
to assure a seal with the loading rod. 

14. Install the specimen top cap while holding the model pile to assure that it is not 
moved relative to the sand. 

15. Brush sand from the 0-rings and exposed portions of the membrane to assure a 
tight seal of the membrane against the top and bottom caps of the specimen and to 
prevent possible punctures. 

16. Pull the membrane over the bottom cap and then over the top cap: quickly apply 
the vacuum to the interior of the specimen. 

17. Disconnect vacuum line to the split mold. 

18. Slide the O-rings onto the top and bottom caps of the specimen; on the bottom 
cap verify that the O-rings are seated below the aluminum-acrylic interface. 

19. Loosen both hose clamps on the split mold and remove the top one; slide the 
bottom clamp off the mold. 

20. Remove the split mold; then remove the bottom hose clamp. 

21. Record the vacuum pressure on the specimen. 

22. Measure specimen dimensions to the nearest 0.025 mm as follows: 

a) Length: using appropriate length calipers, measure, at 3 locations 
approximately 120° apart, the distance between the top and bottom of 

a) 

b) 
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the specimen end caps; average these values and subtract the total 
thickness (82 mm) of the top and bottom specimen end caps. 

b) Diameter, at approximately the third points of the specimen, measure 
the diameter using a Pi -Tape, or suitable calipers; average these values 
and then subtract an appropriate amount for the membrane thickness; 
this value is the mcrease in the measured diameter caused by the 
particular membrane. 

23. Record the length of pile extending above the top cap, and compute the actual 
initial length of the pile inside the Teflon sleeve. 

24. Roll any excess membrane extending above the top cap back onto the perimeter of 
the top cap but do not allow the membrane to extend onto the specimen. 

25. Weigh the mass of the tare and remaining soil (Mure + wii remauung); calculate the total 
and dry mass of the specimen, the total volimie and the corresponding relative 
density; record these values. 

Cell Assembly 

26. Clean the base and top of the pressure chamber using air pressure; wipe clean the 
ends of the acryUc chamber. 

27. Install the load cell. 

28. Place the acryUc chamber over the specimen and load cell assembly. 

30. Apply a thin layer of vacuum grease to the portion of the loading rod that extends 
into the model pile, thread the strain gauge leads through the loading rod and then 
place it onto the top of the model pile. 

31. Place the cell top cap onto the acrylic chamber; first, thread the leads from the 
model pile through the cap; next, place the cap over the loading rod while 
attempting to align, as closely as possible, the tie rod slots; this action will 
minimize leaks at the pile-loading rod joint by reducing the amount that the cap, 
and hence the loading rod, have to be rotated; while slidmg the loading rod past 
the bushing in the chamber top cap, the loading rod should be held such that no 
relative movement between the sand and pile occurs. 

32. Make any necessary adjustments to align the tie rod slots, then install the tie rods, 
alternately tightening each rod. 
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33. Tighten the lock ring on the chamber top cap around the loading rod. 

34. Apply a small (34-69 kPa) coniSning pressure and release the vacuum from the 
specimen. 

35. Verify that the shaft coupler is properly seated on the loading rod. 

36. Install the reaction bar of the compression machine and verify that it is locked into 
position. 

Instrumentatioa Wiring 

37. Attach the strain gauge leads from the model pile to the terminal strips; verify that 
the circuitry is complete. 

38. Attach excitation and input leads from the MB-38 (strain gauge) modules to the 
strain gauge terminals mounted on the load frame reaction bar; verify that the 
excitation voltage is 10 V and that the unstrained output voltages of the bridges do 
not exceed ±30 mV. 

39. Verify that the leads from the electropneumatic transducer are properly connected. 

40. Verify that the supply pressure to the electropneumatic transducer is 690 kPa and 
that its outlet is connected to the diaphragm air cylinder. 

41. Verify that the LVDT leads are properly connected, e.g., that each LVDT is 
connected to the proper power source (the pile LVDT to 6.1 VDC and the 
specimen LVDT to 15 VDC). 

42. With all the instrumentation energized, allow it to warm-up for a 4 hr. period. 

Establish Seating and Initial Axial Stresses 

43. Adjust the elevation of the assembled rod shear device within the load frame such 
that ample room exists between the reaction bar and the shaft coupler to seat the 
load cell. 

44. Apply a light vacuum to the specimen; the sum of the confining pressure and the 
applied vacuum must not exceed the intended test confining pressure. 
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45. Release the conJOning pressure, then loosen the lock ring on the loading rod; in the 
event that the pile and loading rod are separated, releasing the confining pressure 
eliminates the possibility of it entering the pile and possibly strippmg the leads fi-om 
the model pile strain gauges. 

46. Start the data acquisition program, and run the seating load routine. 

47. Raise the elevation of the rod shear device in the compression machine until the 
shaft coupler is just below the reaction frame, then for; 

a) Isotropic Specimens-, because no additional axial load, above the 
already estabUshed seating load, will be added, seat the coupler onto 
the reaction bar of the compression machine, apply the confining 
pressure, releasing the vacuum when the confining pressure is at an 
appropriate level, and continue with the test control/data acquisition 
program; set the desired displacement rate while seating the coupler. 

b) Anisotropic Specimens: leaving a small gap between the reaction bar 
and the shaft coupler, apply the confining pressure, releasing the 
vacuum when the confining pressure is at an appropriate level then 
apply the additional axial load by continuing with the test control/data 
acquisition program. Once the additional axial load is applied, seat the 
shaft coupler onto the reaction frame; set the desired displacement rate 
while seating the coupler. 

48. The force between the reaction bar and the shaft coupler, established in j^47, 
should not exceed about 45-90 N. 

49. Install the pile LVDT, adjusting its height such that the piston is within the 
calibrated range, i.e., ±2.5 mm from the 0 V output position. 

Testing 

50. When ready to begm testing, record initial voltages by pressing "B" in the test 
control/data acquisition program. 

51. Initiate the test by again pressing "B" and immediately turning on the compression 
machine i.e., switching it to move the platen upwards; if no load transfer appears 
to be occurring, manually press down on the shaft extension; this action will 
normally initiate compensation by the electropneumatic transducer for the load 
transfer. 
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52. When full displacement is reached and the data acquisition program ceases 
collecting data, stop the upward travel of the load platen. 

Procedures Between Staged Tests 

53. Make back-up copies of the data output file. 

54. Release axial stress by running "RESET' while simultaneously holding the loading 
rod to prevent it firom being forced out of the confining chamber and/or the 
entrance of the confining pressure mto the mterior of the pile; when the diaphragm 
air cylinder has fiiUy retracted, tighten the lock-ring on the loading rod. Note: 
Remove pile LVDT prior to releasing diaphragm air cylinder pressure if it appears 
there is insufficient space for the loading rod to retract into the cell before the 
LVDT bracket contacts the top of the cell. 

55. Apply a light vacuum to the specimen and release the confining pressure; again, the 
user must be cognizant that the sum of the confining pressure and the applied 
vacuum does not exceed the next test confining pressure. 

56. Lower the rod shear device such that adequate space is available between the 
reaction bar and the shaft coupler for the application of the seating load on the 
next stage. 

57. Repeat fi"om step #46 for subsequent stage tests. 

Procedures for End of Test Series 

58. After releasing the confining pressure, as per above procedures, begin disassembly 
of the rod shear device; take special care to avoid putting any tension on the strain 
gauge leads of the model pile. 

59. If it is desired to measure the specimen dimensions following the test series, leave 
the specimen and base assembly seated on the hollow shaft fi"om the vacuum 
coupling with the specimen under an appropriate vacuum, e.g.. a fiill vacuum if the 
maximum confining pressure exceeded the maximiun vacuum pressure. 

60. Remove the entire specimen by lifting from the bottom cap, and place the assembly 
into an appropriate container to collect the sand as the membrane is removed. 

61. Remove the top O-rings; then begin to puU the membrane down the sides of the 
specimen; if any secondary structures within the specimen are observed make 
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appropriate notes/measurements; once these observations have been recorded, 
continue removing the membrane. 

62. Brush sand from top cap and the portion of the model pile extendmg above it then 
remove the top cap. 

63. Remove the bottom cap Orings, dump remaining sand from within the membrane 
and pull the membrane over the model pile; thoroughly brush the sand from the 
bottom cap before removmg the model pile from the Teflon sleeve. 
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Table C.l: Rod Shear Test Results: Smooth Pile - Dense Sand 

Test 
H 

DK 
(%) 

K OCR 
TJB 

(kPa) 
^1' 

(kPa) 
T„ 

(kPa) 
6,, 
(°) 

5„ 

n TU/OH 
= tan 6U 

6U/LJLCI ki' K.' A„' A,' Comments 

1 100 1 1 138 51,7 47,6 20 56 19,03 0.375 0.66 7.98 4.19 0.147 

(0.77) 

0.838 

(4.4) 

— Manual Test 

II 96 1 1 276 ... 132,4 ... 25,64 0.480 0.88 26.26 5 53 — 0.127 
(0.67) 

0.046 

lla 96 1 1 310 — 122,0 — 21.45 0.393 0.74 — — — — — 2.48 hrs. after 11 

11c 96 1 1 379 — ... ... — — — — — — — ... No Load Trans. 

lid 96 1 1 414 — — — — — — — — — — — No Load Trans. 
12 96 1 1 103 ... 44,8 — 23.43 0.433 0.81 9.99 1.84 — 0.127 

(0.67) 
0.051 

12a 96 1 1 207 — 74.5 ... 19.80 0.360 0.68 — — — — 0,05! 0.37 hrs. after 

12 
12b 96 1 1 310 — — — — — — — — ... — ... No Load Trans. 
12c 96 1 1 345 126,2 120,7 20,10 19.29 0.366 0.66 — — — — — 2.33 hrs. after 

12b 
I2d 96 1 1 345 — — ... — — — — — — ... ... No Load Trans. 
12e 96 1 1 345 ... — ... — — ... — — — — ... No Load Trans. 
12f 96 1 1 345 — 158,6 ... 24.70 0.460 085 — — ... — ... 94 hrs. under 40 

psi 

12& 96 1 1 345 — — — — — — — — — ... ... No Load Trans 
I2h 96 1 1 345 ... 113 1 ... 18.16 0.328 — — — — — ... 26.6 hrs. after 

12f 
13 110 1 1 83 ... — ... — — — ... ... ... — ... No Load Trans. 

13a 110 1 1 165 ... ... ... — ... ... — — ... — ... No Load Trans. 

13b 110 1 1 330 127 6 121,4 21 16 20 21 0 387 0 68 15.49 9 23 0 076 

(0.40) 

0.193 

(1.0) 

0048 

13c 110 1 1 414 ... 118 6 ... 16.01 0287 ... — — ... ... ... 
13d 110 1 1 414 — 103,4 — 14 04 0.250 — — ... ... ... ... 

13e 110 1 1 414 — — — — ... — 33.57 13 51 ... — ... No Load Trans 
14 96 1 1 143 ... 97,2 ... 34.14 0678 ... 6.51 1.44 ... 0.356 0 062 



Test 
tl 

DK 
(%) 

K OCR 
OH 

(kPa) (kPa) 
Tu 

(kPa) 
5, 
{") 

5„ 
(") Xu/CI|, 

- tan 6„ 
ki' k.' A/ A.' Comments 

(1.9) 
15 96 1 1 239 114.5 100 7 25.56 22.82 0.478 0,79 4 88 4.64 0.142 

(0.70) 

0.445 

(2.3) 

0.082 

15a 96 1 1 359 — — — .... — — — — ... — — No Load Trans. 
15b 96 1 1 359 — — — — — — — — — — — No Load Trans. 
15c 96 1 1 359 — — — — — — ... — — — — No Load Trans. 
15d 96 1 1 478 — — — — — — — — — — ... No Load Trans. 
15e 96 0.8 3.34 114 — 51.0 ... 24.04 0.446 0.83 4 13 2.87 — 0.0914 

(0.50) 
0.114 

15f 96 09 3.34 129 — — — — — — — — — — — No Load Trans. 
15U 96 0.9 3.34 129 — — — — — — — — — — ... No Load Trans. 
15h 96 0.8 1.33 288 — — — — — — — — ... ... No Load Trans. 
15i 96 0.8 1.33 288 — 124.8 — 23 46 0434 — 11.01 8.12 — 00864 

(0.46) 
0.104 

»5j 110 0.9 1.0 431 197.2 188.9 24 61 23.71 0.458 0.82 12.46 12.46 0.084 

(0.44) 
0.381 
(2.0) 

0.069 

15k 110 1 I 478 — ... — — — — — — — — — No Load Trans. 
16 96 0.8 1 192 112.4 101.4 30.37 27.87 0.586 0.96 — — ... --- — 

16a 96 0.8 1 383 208.2 200.6 28.50 27.63 0543 0.95 — — — --- ... 

16b 96 1 13 359 230.3 222.7 32 66 31.80 0.641 1 10 — — ... ... ... 

16c 96 1 1 — — — — — — — — — — — ... No Load Trans. 
16d 96 1 2 239 — 133.1 ... 29.07 0.556 1.00 — — — — ... 

16e 96 1 3 3 143 — ... — — — — — — ... — — No Load Trans. 
16f 96 1 2 215 — — — — — — — — — ... ... No Load Trans. 
16g 96 1 1 478 — — — — ... — — — — ... No Load Trans. 
I6h 96 1 1 478 — 317 9 — 21.11 0,386 0.73 ... — — ... ... 

16i 96 1 1 478 ... ... ... ... — — ... — — — No Load Trans. 
17 93 0,5 1 72 — ... — — — ... ... — --- ... — Spec. Ruined 
18 92 0.8 1 114 — — — — ... ... — ... — — — No Load Trans. 

18a 92 0.5 I 72 20.1 — 15 70 0 281 0.54 2.50 1.03 0.0914 
(0.48) 

0 058 



Test 
n 

DR 
{%) 

K OCR 
OB 

(kPa) 
TP 

(kPa) 
TIL 

(kPa) 
5.. 

O 
5„ 

n TU/OH 
= tan 6„ 

5„/(|i„ k/ k.' A.' A,' Comments 

I8b 92 0.5 1 120 — 52.54 — 23 65 0.438 0.82 12 55 3.62 — 0.0838 
(0.44) 

0.056 

18c 92 0.5 1 180 — 76.7 — 23.07 0.426 0.80 18.02 4.81 — 0.0914 

(0.48) 

0.053 

I8d 92 0.5 1 239 ... 105.0 23.70 0.439 0.82 23.65 7.15 0.0737 

(0.38) 

0.025 Halved A, to try 
& capture early 
data points 

18e 92 10 1 478 130.6 118.5 15.27 13.90 0.273 0.48 191.8 0.051 

(0.27) 
0.323 
(1 69) 

0.024 Halved A. to try 
& capture early 
data points 

!8f 92 1.0 1 478 198.9 188.1 22.59 21.46 0,416 0.74 36.85 1.90 0.056 

(0.29) 

0.4064 

(2.13) 

0.021 

29 100 10 10 414 206.2 — 26 47 0.498 0 91 48.83 13.97 0.160 

(0.84) 

— Manual Test 

Notes: I Shear stifTness units are MN/ni 

2. Displacements units are nun (%U) 
3. Displacement rate units are mni/min. 

\o 



Table C.2: Rod Shear Test Results: Rough Pile - Dense Sand 

Test 
H 

DR 
(%) 

K OCR 
Oh 

(kl'a) (kPa) 
•TU 

(kPa) 
s,. 
(°) 

6.. 

O TU/CT), 
= tan 5O 

ki' k.' A/ A.' A,' Comments 

20 92 1.0 1.0 143 — — — — — — — — — ... No Load 

Trans / Inter. 
20a 92 1.0 1.0 143 ... 128.2 — 41.80 0.894 1.44 41,78 2,91 0,254 

(1.3) 
0.0483 

20b 92 1.0 1.0 359 — ... ... ... ... — — — — — No Load 

Trans/lnler. 
21 100 1.0 1.0 239 — — ... ... — — — — ... — No Load 

Trans./lnter. 
21a too 1.0 1.0 239 — — — ... — — ... — --- — — No Load 

Trans./lnter. 
21b 100 1.0 10 478 — 464.7 — 44.16 0.971 1.52 — — — — 

21c 100 1.0 20 239 — — ... ... — — — — — — No Load 

T rans. 
22 97 1.0 10 239 — — — ... — — — — — — No Load 

Trans./lnter. 
22a 97 1.0 10 478 — 360.0 ... 36.93 0.752 1.27 ... — ... ... 

23 92 1.0 10 239 — 269.1 — 48.36 1.125 1.67 — — — ... 

23a 92 1.0 10 359 ... 425.2 — 49.82 1 184 1.72 ... — --- — — 

23b 92 1.0 1.5 239 298 284 1 51.23 49.89 1 245 1.72 ... — ... — 

23c 92 10 2.5 143 ... ... ... ... ... ... — — — No Load 

Trans. 
23d 92 1.0 2.5 143 ... 60 1 ... 22.73 0 419 0,78 1 42 1,37 0 254 

(13) 

0.0533 

23e 92 1.0 2.5 143 186.2 153.7 52 39 46.98 1 298 1.62 — — — — 

23f 92 1.0 15 239 — 313 0 — 52,60 1.308 1 81 — ... — ... ... 

23j. 92 1.0 1.0 359 452 0 425 2 51.52 49.81 1.258 1,72 — — — ... 

23 h 92 1.0 10 478 ... 582 9 ... 50 61 1 218 1 74 ... — ... ... — 

23i 92 0.8 3 34 114 — 156 2 — 53.75 1 364 1 85 8 25 2 73 0 033 
(1 73) 

0 045 7 



Test 
ti 

DR 
(%) 

K OCR 
OH 

(kPa) 
^I> 

(kPa) 
Xu 

(kPa) 
5p 

O 
6„ 

n TU/OH 
= tan 6„ 

5ii/I|IC. ki' k.' A/ A„^ A.' Comments 

23j 92 0.8 2,0 192 — 307 5 — 58.06 1,604 2,00 35.98 — ... — ... 

23k 92 08 1.33 287 — 354 6 — 50 89 1,23 1 76 13.60 4.24 — 0.483 
(2.5) 

0.0279 

231 92 0.8 10 383 — 417.9 — A I M  1,09 1,64 16.97 5.00 ... 0.483 

(2.5) 

0.0279 

23m 92 0.8 1.33 287 — 383.8 — 53.06 1,33 1,83 11.52 5.317 — 0432 

(2.3) 

0.0381 

24 96 0.5 1.0 72 — 81.9 — 48.74 1.14 1,68 — — — — — 

24a 96 0,5 1.0 180 223.5 203.0 51.11 48.44 1.24 1,67 — — — — — 

24b 96 0.5 1.5 120 — 158.9 — 52.85 1.32 1.82 15.88 1.57 — 0.584 

(3,1) 

0.0457 

24c 96 0,5 1.0 239 — 305.1 — 51.78 1,27 1.79 34.41 3.46 — 0.508 

(2,7) 

0.0356 

24d 96 0,5 1.0 239 — 301.1 — 51,56 1,26 1.78 28.44 2.76 — 0.635 
(3.3) 

0.0356 

24e 96 1,0 3.99 120 — 105.4 ... 41,29 0 878 1.42 4.04 2.39 — 0.254 
(1.33) 

0.0533 

Notes. 1. Shear stiffness units are MN/ni 

2. Displacements units are mm (%D) 
3. Displacement rate iinits are mm/min 



Table C.3: Rod Shear Test Results: Rough Pile - Loose Sand 

Test 
it 

DK 
(%) 

K OCR 
Oil 

(kl'a) 
Tp 

(kPa) 
Tu 

(kPa) 
8p 
C) 

6„ 
C) Tn/Oh 

= tan 6u 
6o/i}iu ki' k.' A.' A, Comments 

25 18 1,0 1.0 143 — 67.4 — 25,18 0.47 0.87 — — — — ... 

25a 18 1.0 1.0 359 ... 231.7 — 32,82 0.64 1 13 — ... ... ... — 

25b 18 1.0 1.5 239 — 190.0 — 38,46 0.79 1.33 — — — — — 

25c 18 1.0 1.0 478 — 344 8 — 35,77 0 72 1.23 — — ... — — 

25e 18 1.0 1.0 478 — 408 7 — 40.50 0.85 1.40 — — ... — — 

25f 18 1.0 3.45 139 ... 112 8 ... 39 14 0,81 1.35 10.51 3.46 — 0.188 
(0.99) 

0.0508 

25U 18 1,0 2.0 239 — 192.3 — 38,79 0,80 1.34 — — — — — 

25h 18 1.0 1.33 359 — 308.9 ... 40.69 0.86 1.40 20.7 3.60 — 0.508 

(2.7) 
Final Dr = 

31% 
26 22 1,0 1.0 359 — 115.6 ... — — ... — ... — — — No Load 

Trans./lnter. 
26a 22 1.0 15 239 — 152.4 ... 32,49 0.63 1 08 71.63 1.51 — 0.584 

(3.1) 

0.0508 

26b 22 1.0 2.5 143 — 107,6 — 36.87 0.75 1 27 9.92 1.63 — 0,381 

(2.0) 

0.0559 

27 18 1.0 1.0 414 ... 203,5 — 26.2 0.492 0 87 16.45 2.01 ... 0.584 
(3.1) 

0.0457 

27a 18 1,0 1.73 239 — ... ... — ... — — ... ... ... — No Load 

Trans,/Inter, 
27b 18 1.0 1 73 239 — 174,8 ... 36 16 0 731 1.25 — — ... ... ... 

27c 18 1.0 2 88 143 — — ... ... ... — — — — — ... No Load 

Tr€ins,/lnter, 
27d 18 1.0 2.88 143 — 108,1 ... 37 01 0 75 1 28 5.80 1.64 — 0.381 

(2.0) 
0 0508 

27e 18 10 2 88 143 — 103,4 ... 35 80 0.72 1 23 — ... — — — 19 Day 

Confinement 
27f 18 1.0 5.85 72 — 79,8 ... 48 05 1.11 1 66 1 81 1 81 — 0 254 

(1 33) 

0 0584 



Test 
ft 

DK 
(%) 

K OCR 
OIL 

(kl'a) 
TP 

(kPa) 
to 

(kPa) 

Sp 

O 
5„ 
(°) TU/OH 

= tan 5„ 
ki' k.' A. Comments 

27G 18 0.7 1.61 180 — 209.6 49.35 1.16 1.70 18.57 3.17 — 0.381 
(2.0) 

0,0508 

27h 18 0.7 I.2I 239 ... 202 0 --- 40.16 0,844 1 38 13 20 3.06 ... 0.381 

(2,0) 

0.0483 

Notes: I, Shear stiffness units are MN/m 

2. Displacements units are mm (%B) 
3. Displacement rate units are min/min. 

00 



199 

REFERENCES 

Acar, Yalcin B.; Durgunoghi, R Turan and Tumay, Mehmet T. (1982) "Interfece Properties 
of Sands," Journal of the Geotechnical Engineering Division, ASCE, VoL 108, No. 
GT4,pp. 648-654. 

Alanazy, Abdulaziz Saud (1996) 'Testing and Modeling of Sand-Steel Inter&ces Under Static 
and Cyclic Loading," Ph.D. Dissertation, University of Arizona, Tucson, Arizona. 262 
pages. 

Al-Douri, Riadh R and Poulos, Harry G. (1991) "Static and Cyclic Direct Shear Tests on 
Geotechnical Testing Journal. GT^ODi.Voi 15, No. 2. pp. 138-

157. 

American Petroleum Institute (1992) "Recommended Practice for Planning Designing, and 
Constructing Fixed Of^ore Platforms - API Recommended Practice 2A (RP2A), 
API, Production Division, DaDas, TX. 

American Association of State Highway and Transportation OflBcials (1991) Interium 
Specifications - Bridges. 

Ammi M.; Bideau, D. and Troadec, J. P. (1987) "Geometrical Structure of Disordered 
Packings of Regular Polygons; Comparison with Disc Packings Structures," Joi//7w/ of 
Physics D: Applied Physics, VoL 20, No. 4, pp. 424-428. 

Akaee, A.A; Evgin, E. and Feflenius, B.R and (1993) "Load Transfer for Piles in Sand and 
the Critical Depth," Canadian Geotechnical Journal, VoL 30. No. 3. pp. 455-463. 

Amerasmgh, S.F. and DeGrofl^ Willard L. (1985) "Rod Shear Tests in Marine Clays," Strength 
Testing of Marine Sediments: Laboratory and In-Situ Measurements, ASTM STP 
883, R.C. Chaney and K.R Demars, Eds., American Society for Testing and Materials. 
Philadelphia, pp. 258-273. 

Baxter, G. William; Behringer, R.P.; Fagert, Timothy and Johnson. G. Allan (1989) "Pattern 
Formation in Flowing Sand," Physical Review Letters, VoL 62, No. 24, pp. 2825-
2828. 

Bea, Robert G. and Doyle, E.R (1975) "Parameters Affecting Axial Capacity of PQes in 
Clays," Proceedings, Seventh OflShore Technology Conference, VoL IL, pp. 611-623. 

BeDofram Corp., 'Type 1001 FP and E/P Transducer Product histructions," Product 
Instruction "Ho. 010149-000, Revision E, NewelL, WV, 18 pages. 



200 

Bishop, A.W. and Wesley, L.D. (1975) "A HydrauHc Triaxial Apparatus for Controlled Stress 
Path Testing," Geotec/mique, VoL 25, No. 4, pp. 657-670. 

Bowden, F.P. and Tabor, D. (1954) TTie Friction and Lubrication of Solids, VoL 1, Oxford, 
372 pages. 

Bowles, Joseph E. (1988) Foundation Analysis and Design, 4"' Ed., McGraw-FBlI, NY, p. 
750. 

Bowles, Joseph E. (1992) Engineering Properties of Soils and Their Measurement, McGraw-
Hill, NY, 241 pages. 

Biiaud, J-L and Tucker, L.M. (1988) 'Measured and Predicted Axial Response of 98 Piles," 
Journal of Geotechnical Engineering, ASCE, VoL 114, No. 9, pp. 984-1001. 

Broms, Bengt B. (1963) Discussion on "Bearing Capacity of Piles in Cohesionless Soils," 
Journal of the Soil Mechanics and Foundations Division, ASCE, VoL 89, No. SM6. 
pp. 125-126. 

Brown, R.L. and Hawksley, P.G.W. (1946) Nature, VoL 157, No. 3992, p. 585. 

Brumund, W.F. (1965) "Static and Dynamic CoeflBcients of Friction Between Sand and 
Selected Construction Materials," MSCE Thesis, Purdue University, Lafayette. 
Indiana. 

Brumund, W.F. and Leonards, G.A (1973) "Ejq)erimental Study of Static and Dynamic 
Friction Between Sand and Typical Constmction Materials," Journal of Testing and 
Evaluation, ASTM, VoL 1, No. 2, pp. 162-165. 

Brumund, W.F. and Leonards, G.A (1987) "Influential Factors of Friction Between Steel and 
Dry Sands; Discussion," Soib and Foundations, VoL 27, No. 2, pp. 66-68. 

Budhu, Muniram (1984) "Nonuniformities Imposed by Simple Shear Apparatus," Canadian 
Geotechnical Journal, Vol. 21, No. 1, pp. 125-137. 

Burland, J.B. (1973) "Shaft Friction of PQes in Clay - A Simple Fundamental Approach," 
Ground Engineering, Vol 6., No. 3, p. 30. 

Butterfield, R. and Andrawes, K.Z. (1972) "On the Angles of Friction Between Sand and Plane 
Journal of Terramechanics,\o\. 8, No. 4, pp. 15-25. 

Carman P.C. (1937) "Flmd Flow Through Granular Beds," Transactions of the 
Institution of Chemical Engineers, VoL 15, pp. 150-166. 



201 

Chandler, R.J. and Martins, J.P. (1982) "An E7q)enmental Study of Skin Friction Around Piles 
in Clay," Geotechnique, VoL 32, No. 2, pp. 119-132. 

Chaudhuri, BCP.R. and Symons, M.V. (1983) "Uplift Resistance of Model Single Piles," 
Proceeding of the Conference on Geotechnical Practice in Ofl^ore Engmeering, 
ASCE, Stephen G. Wright, Ed., pp. 335 - 355. 

Coyle, Harry M. and Reese, Lymon C. (1966) "Load Transfer for AxiaDy Loaded Piles in 
Clay," Journal of the Soil Mechanics and Foundations Division, ASCE, VoL 92, 
SM2,pp. 1-26. 

Coyle, Hairy M. and Ibrahim, H Sulaiman (1970) "Bearing Capacity of Foundation Mes: 
State of the Art," Me Foundations, Highway Research Record 333, Wghway 
Research Board, Washington D.C., pp. 87-103. 

Dantu, P. (1957) "A Contribution to the Mechanical and Geometrical Study of Non-cohesive 
Masses," in French, Proceedings, Fourth Intemational Conference on Soil Mechanics 
and Foundation Engineering, VoL L, pp. 144-148. 

Das, Braja M. (1984) Principles of Foundation Engineering, PWS PubUshers, Boston, MA, p. 
358. 

Desai, C.S. and Wgby, D.B. (1995) "Modelling and Testing of Inter&ces," In Mechanics of 
Geomaterial Interfaces, Selvadurai and Boulon, Eds., Elsevier Science, B.V.. 
Amsterdam, pp. 107-125. 

Dover, A.R; Bamfbrd, S.R and Suarez, L.F. (1982) "Rod Shear Inter&ce Friction Tests m 
Sands, Sihs and Clays," Behavior of Off-Shore Structures, Proceedings of the Thnd 
Intemational Conference, VoL 2, pp. 305-314. 

Dragoo, Brian P. (1995) 'Two-Dimensional Photoelastic Modeling of Granular Media Using 
Image Processing," MS Thesis, Department of Civil Engineering and Engmeering 
Mechanics, University of Arizona, Tucson, 85 pages. 

Edil, Tuncer B. and Rahman, Mostafe A. Abdel (1993) "Shaft Resistance of Model Pile in 
Granular Soil," in Deep Foundations on Bored and Auger Piles, Van Impe, Ed., 
Balkema, Rotterdam, pp. 279-284. 

Fellenius, B.H and Altaee, A.A. (1995) "Critical depth; How it came into being and w^y it 
does not exist," Geotechnical Engineering, Proceedings Institution of Civfl Engineers, 
VoL 113, pp. 107-111. 



202 

Frank, R. (1985) "Recent Developments in the Prediction of PQe Behaviour from 
Pressuremeter Results," Proceeding, Symposium from Theory to Practice on Deep 
Foundations, Porto Alegre, Brazil, VoL 1, pp. 69-99. 

Gaflfey, J.T. (1964) "Development of Apparatus for Determination of the Dynamic CoefiScients 
of Friction for Mortar/Sand Inter&ces," Hi.D. Thesis, Purdue University, Lafayette, 
Indiana. 

Gray, W.A. (1968) The Packing of Solid Particles, Chapman and Hall Ltd.. London, 134 
pages. 

Grosch, Jonathan J. and Reese, Lymon C. (1980) "Field Tests of Small-Scale Pile Segments in 
a Soft Clay Deposit Under Repeated Axial Loading," Proceedings, 12"* Offshore 
Tecfanology Conference, OTC 3 869, VoL 4, pp. 143-151. 

Guyon, Etietme; Roux, Stephane; Hansen, Alex; Bideau, Daniel: Troadec, Jean-Paul and 
Crapo, Henry (1990) "Non-local and Non-linear Problems in the Mechanics of 
Disordered Systems: Application to Granular Media and Rigidity Problems," 
Reports on Progress in Physics, VoL 53. No. 4, pp. 373-419. 

HasweU, C.K. and Burland, J.B. (1981) "The Prediction of Load-Carrying Capacity of 
Piles," in Piles and Foundations, F.E. Young, ed., Thomas Telford Ltd., pp. 135-
142. 

Heerema, E.P. (1979) "Relationship Between Wall Friction, Displacement Velocity and 
Horizontal Stress in Clay and in Sand, for Hie Driveability Analysis," Ground 
Engineering, VoL 12, No. 9, pp. 55-60. 

Iskander, Maqued and Olson, R.E. (1992) "Review of API Guidelines for Pipe Pfles in Sand," 
Civil Engineering in the Oceans V, ASCE, Proceedings of the Intemational 
Conference, pp. 798-812. 

Ismael, Nabil F. and Klym, Tony W. (1979) "Uplift and Bearing Capacity of Short Piers in 
Sand," Journal of the Geotechnical Engineering Division. ASCE, VoL 105, No. 
GT5,pp. 579-594. 

Kaniraj, Shenbaga R. and Ranganatham, B.V. (1978) 'T)rag Load on Model Piles," Indian 
GeotechmcalJounml,\o\. 8, No. 2, pp. 99-104. 

Keithley-Data Acquisition (1992) ASO 1600/1400 User's Guide, Keithley-Data Acquisition. 
Taunton, MA 



203 

Keithley-Data Acquisitioii (1993) User Guide for the DAS 1601 and DAS 1602 Data 
Acquisition Boards^ Keithley-Data Acquisitioa, Taunton, MA. 

Keithley-Instruments, Inc. (1993) MB Series User's Guide, Keithley Instruments, Data 
Acquisition Division, Taunton, MA 

Kennedy, David James Laurie (1961) "A Study of Failures of Liners for Oil WeDs Associated 
with the Compaction of Ofl Porducing Strata," Ph.D., Thesis, University of Illinois, 
Urbana, 251 pages. 

Kishida, Hideaki and Uesugi, Morimichi (1987) 'Tests of the Inter&ce Between Sand and 
Steel in the Simple Shear Apparatus," Geotechnique, VoL 37, No. 1, pp. 45-52. 

Ko, Hon-Yim and Scott, Ronald F. (1967) "Deformation of Sand in Hydrostatic 
Compression," Journal of the Soil Mechanics and Foundations Division, ASCE, VoL 
93, No. SM3,pp. 137-156. 

Koemer, Robert M. and Partos, Antal (1974) "Settlement of Building on Pfle Foundation in 
Sand," Journal of the Geotechnical Engineering Division, ASCE, VoL 100, No. 
GT3,pp. 265-278. 

Kolbuszewski, J.J. (1948a) "General Investigation of the Fundamental Factors Controlling 
Loose Packing of Sands," Proceeding Second Intemational Conference on Soil 
Mechanics and Foundation Engineering, VoL 1, pp. 47-49. 

Kolbuszewski, J.J. (1948b) "An Experimental Study of the Maximum and Minimum Porosities 
of Sands." Proceedings Second Intemational Conference on Sofl Mechanics and 
Foundation Engmeering, VoL l,pp. 158-165. 

Kolymbas, D. and Wu, W. (1989) "A Device for Lateral Strain Measurement in Triaxial Tests 
with Unsaturated Specimens," Geo/ec/vwca/yoM/Tza/, ASTM, VoL 12, No. 3, 
pp. 227-229 

Kolymbas, D. and Wu, W. (1990) "Recent Resuks of Triaxial Tests with Granular Materials," 
Powder Technology, VoL 60, pp. 99-119. 

Kulhawy, Fred H. (1974) "Limiting Tip and Side Resistance: Fact or Fallacy?," Proceedings 
Symposium on Analysis and Design of Pile Foundations, RJ. Meyer, Ed., San 
Francisco, American Society of Civil Engineers, NY, pp. 80-89. 

Kulhawy, Fred K and Peterson, Mark S. (1979) "Behavior of Sand-Concrete Inter&ces," 
Proceedings of the Sixth Panamerican Conference on Sofl Mechanics and Foundation 
Engineering, VoL 2, pp. 225-236. 



204 

Laznbe, T. William and Whitman, Robert V. (1969) Soil Mechanics, SI Version, John Wiley 
and Sons, NY, 553 pages. 

Lee, Kenneth L. and Seed, K Bohon (1967) "Drained Strength Characteristics of Sands," 
Journal of the Soil Mechnics and Foundations Division, ASCE, VoL 93, No. SM6, 
pp. 117-141. 

Liu, C.-.h; Nagel, S.R.; Schecter, D.A; Coppersmith, S.N.; Majumdar, S.; Narayan, O. and 
Witten, TJ\. (1995) "Force Fluctuations m Bead Packs," Science, VoL 269, No. 
5223, pp. 513-515. 

f 1771 F. (1988) "The Load Bearing Capacity of Bored Piles, a Problem Not Yet Satis&aorily 
Solved - Some Proposals," In Deep Foundations on Bored and Auger Piles, W.F. van 
Impe, Ed., BaiDcema, Rotterdam, pp. 443-450. 

Michalowski, R.L. (1984) "Flow of Granular Material Through a Plane Hopper," Powder 
Technology, VoL 39, No. 1, pp. 29-40. 

Mochtar, Indrasurya Budisatria (1985) "An Experimental Study of Skin Friction and Creep of 
Piles in Clay," Ph.D. Dissertation, University ofWisconsm-Madison, 213 pages. 

Mochtar, Indrasurya Budisatria and Edil, Tuncer B. (1988) "Shaft Resistance of Model Pile in 
Clay," Journal of Geotechnical Engineering, VoL 114, No. 11, pp. 1227 -1244. 

NAVFAC (1982) Design Manual 7.2: Foundations and Earth Structures, Department of the 
Navy, Naval Facilities Engineering Command, p. 7.2-194. 

Nowatzki, Edward Alexander (1966) "Tabric Changes Accompanymg Shear Strains in a 
Cohesive Soil," Ph.D. Dissertation, University of Arizona, Tucson, Arizona. 87 pages. 

O'NeilL Michael W. (1993) "Research Needs m Deep Foundations," Proceedings of the 
Workshop on Effects of Piles on Soil Properties, 13-15 July 1993, U.S. COE 
Waterways Experiment Station, John M. Andersen and W. Milton Myers, Eds., pp. 3 
-47. 

Ostermayer, R (1975) "Constmction, Carrying Behaviour and Creep Characteristics of 
Ground Anchors," in Diaphragm Walls and Anchorages, Proceedings of the 
conference organized by the ICE, London, 18-20 Sept., 1974, pp. 141-151. 

Paikowsky, Samuel G.; Player, Christine M. and Connors, Peter J. (1995) "A Dual Interface 
Apparams for Testing Unrestriaed Friction of Soil Along Sohd Surfeces," 
Geotechnical Testing Journal, GT]OD],\o\. 18, No. 2, pp. 168-193. 



205 

Potyondy, J.G. (1961) "Skin Friction Between Various Soils and Construction Materials," 
Geotechnique^WoL 11, No. 4, pp. 339-353. 

Poulos, Harry G. (1988) "Pile Behavior - Theory and Application," Geotechmque, VoL 39, 
No. 3, pp. 365-415. 

Poulos, Harry G. and Chan, F.K. (1986) 'Model Pfle Skin Friction in Calcareous Sand," 
GeofechucalEngifleering, WoL 17, No. 2, pp. 235-257. 

Procter, D.C. and Khafl&C J H. (1987) "Cyclic Axial Di^lacement Tests on Model Piles in 
Clay," Geotechmque, VoL 37, No. 4, pp. 505-509. 

Rad, Nader S. and Tumay, Mehmet T. (1987) 'Tactors Aflfecting Sand Specimen Preparation 
by Raining," Geotechmcal Testing Journal, GTJODJ, VoL 10, pp. 31-37. 

Rahman, Mostafe Abdel (1988) "Numerical and Ejqjerimental Study of Shaft Resistance of 
Piles in Granular Soils," HLD. Dissertation, University of Wisconsm, Madison, 
Wisconsin, 164 pages. 

Raju, Vegeaia S. and Sadasivan Sekanoor K. (1974) "Membrane Penetration in Triaxial Tests 
on Sands," Journal of the Geotechmcal Engineering Division, ASCE, VoL 100, No. 
GT4,pp. 482-489. 

Ramak-ridinan S. (1997) "Mechanics of Particulate Media A Lattice Type Approach," Ph.D., 
Dissertation, University of Arizona, Tucson, Arizona, 256 pages. 

Randolph, M. (1993) "Pile Capacity in Sand - The Critical Depth Myth," Austrailian 
Geomechanics Jounial, No. 24, pp. 30-34. 

Rao, Kanakapura S. Subba and Venkatesh, K.R (1988) "A Direct Assessment of Pile-Soil 
Interaction CoeflBcients in Buried Pfles," In Deep Foundations on Bored and Auger 
Piles. W.F. van Impe, Ed., Balkema, Rotterdam, pp. 401-407. 

Rao, S. Narasimha and Krishnamuithy, N.R. (1982) "Studies of Negative Skin Friction in 
Mo6&\¥i\ss,^''Geotechtncal Engineering,'Wo\. 13, No. l,pp. 83-91. 

Ridgway, K. and Tarbuck, K.J. (1966) "Radial Voidage Variation in Randomly-Packed 
Beds of Spheres of Different Journal of Pharmacy Pharmacology, VoL 18; 
Supplement, pp. 168S-175S. 

Rigby. Douglas B. (1996) 'Testing and Constitutive ModeDmg of Saturated Interfeces in 
Dynamic Soil-Structure Interaction," Ph.D. Dissertation, University of Arizona, 
Tucson, Arizona, 392 pages. 



206 

Robinsky, E.L and Morrison, C.F. (1963) "Sand Displacemoit and Compaction Aromid Model 
Friction Mes," Canadian Geotechnical Journal, VoL L, No. 2, pp. 81-93. 

Roblee, L.KS.; Baird, R.M. and Tiemey, J.W. (1958) "Radial Porosity Variations in 
Packed Beds," AIChE JaurttaL American Institute of Chemical Engmeers, VoL 4, 
No. 4, pp. 460-464. 

Roscoe, K.H. and Burland, J.B. (1968) "On the Generalized Stress-Strain Behaviour of 
'Wet' Clay," in Engineering Plasticity, J. Heyman and F.A. Leckie, Eds., 
Cambridge University Press, pp. 535-609. 

Roscoe, K.R; Schofield, A.N. and Thurairajah, A (1963) "An Evaluation of Test Data 
for Selecting a Yield Criterion for Soils," American Society for Testing and 
Materials, Special Technical Publication (STP) No. 361, pp. 111-128. 

Seed, K Bolton and Reese, Lymon C. (1957) "The Action of Soft Clay Along Friction Piles," 
Transactions of the American Society of Civil Engineers, VoL 122, pp. 731-764. 

Tatsuoka, Fumia and Haibara, Osamu (1985) "Shear Resistance Between Sand and Smooth or 
Lubricated Sur&ces," Soib and Foundations, VoL 25, No. I, pp. 89-98. 

Taylor, D.W. (1948) Fundamentab of Soil Mechanics, John Wiley and Sons, NY, 700 pages. 

Tejchman, Jacek and Wu, Wei (1995) "Experimental and Numerical Study of Sand-Steel 
Inter&ces," International Journal for Numerical and Analytical Methods in 
Geomechanics^WoX. 19, No. 8. pp. 513-536. 

Terzaghi, Karl (1936a) "Arching in Sands," A'ew^-^ecorf/, VoL 116. pp. 690-
693. 

Terzaghi, Karl (1936b) "Stress Distribution in Dry and in Saturated Sand Above a Yielding 
Trap-Door," Proceeding, First International Conference on Soil Mechanics and 
Foundation Engineering, VoL I, pp. 307-311. 

Terzaghi, Karl (1943) Theoretical Soil Mechanics, John Wiley and Sons, NY., 510 pages. 

Trans-Tek, Inc., Displacement Transducer DC-DC, Bulletin S012-0030-KHD, Ellington, CN. 

Travers, T.; Ammi, M.; Bideau, D.; Gervois, A.; Messager, J.C. and Troadec, J.P (1987) 
"Uniaxial Compression of 2d Packings of Cylinders; Effects of Weak Disorder," 
Europhysics Letters, VoL 4, No. 3, pp. 329-332. 



207 

Uesugi, Moiimichi and Kishida, Hideaki (1986a) "Influential Factors of Friction Between Steel 
and Dry Sands," Soils and Foundations, VoL 26, No. 2, pp. 33-46. 

Uesugi, Morimichi and Kishida, Hideaki (1986b) "Frictional Resistance at Yield Between Dry 
Sand and Mild Steel," Soils and Foundations, VoL 26, No. 4, pp. 139-149. 

Vaid, Y.P. and Negussey, Dawit (1984) "Relative Density of Phiviated Sand Samples," Soib 
and Foundations, Voi 24, No. 2, pp. 101-105. 

Whitman Robert V. and Healy, Kent A. (1962) "Shear Strength of Sands During Rapid 
Loading," Journal of the Soil Mechanics and Foundations Division, ASCE, VoL 88, 
No. SM2,pp. 99-132. 

Wittmer, J.P.; Claudin, P.; Gates, M.E. and Bouchaud, J.-P. (1996) "An E?q)lanation for the 
Central Stress Minimum in Sand Piles," Nature, VoL 382,25 July, pp. 336-338. 

Wii, Han-Qiin and Chang, G.S. (1982) "Stress Analysis of Dummy Rod Method for Sand 
Specimens," Journal of the Geotechnical Engineering Division, ASCE, VoL 108, No. 
GT9,pp. 1192-1197. 

Wu, W. (1990) "The Behaviour of Very Loose Sand in the Triaxial Compression Test: 
Xyiscasdon,''''Canadian Geotechnical Journal, \o\. 27, No. 1, pp. 159-162. 

Yoshimi, Yoshiaki and Kishida, Takao (1981a) "A Ring Torsion Apparatus for Evaluating 
Friction Between Soil and Metal Sur&ces," Geotechnical Testing Journal, GTJODJ, 
VoL 4, No. 4, pp. 145-152. 

Yoshimi Yoshiaki and Kishida, Takao (1981b) 'Triction Between Sand and Metal Surface," 
Proceedings, Tenth International Conference on Soil Mechanics and Foundation 
Engineering, VoL 1, pp. 831-834. 

Yoshimi, Yoshiaki and Oh-oka, R (1973) "A Ring Rosion Apparatus for Sunple Shear Tests," 
Proceeding, Eighth International Conference on Soil Mechanics and Foundation 
Engineering, VoL 1.2, pp. 501-506. 

Zaman, Musharaf and Alvappillai, Arumugan (1995) "Soil-Structure Interfeces: Experimental 
Aspects," In Mechanics of Geomaterial Interfaces, Selvadurai and Boulon, Eds., 
Elsevier Science, B.V., Amtserdam, pp. 127-145. 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

/> 

c/ 

/ i  

/.̂  

150mm 

IIWIGE. I n c  
1653 East Main Street 
Rochester, NY 14609 USA 
Phone: 716/482-0300 
Fax: 716/288-5989 

O 1993, Applied Image, Inc.. All Rights Reserved 


