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ABSTRACT

Effects of reinforcement on shear strength of a loessial (silty) soil are studied.
Unconsolidated undrained triaxial tests are performed on unreinforced and fabric reinforced soil
specimens. Analyses of the test results showed that in general the shecar strength of remolded
loess specimens were improved substantially and increase in the shear strength was directly

related to reinforcement spacing.

The mechanism of soil-reinforcement interaction and several existing analytical models are
described. A modificd analytical model based on enhanced confining theory is developed. ‘This
model can be used in assessing the effects of the reinforcement on shear strength of triaxial
specimens. Comparison of the theoretical and the test results shows good agreement between

the two.

The problem of non-uniform state of stress and strain within triaxial specimens is also
considered, and a new simple model bascd on the beam-column analogy is devcloped. This
model can be used in calculating the magnitude of normal stress at various points within
cylindrical triaxial specimens. Each of the two proposed models is applicable to both
unreinforced specimens loaded through non-lubricated end platens and fabric reinforced

specimens.



ACKNOWLEGMENTS

Praise be to Allah Who taught the man that which he did not know.

The author expresses his appreciation to Dr. Shamsher Prakash for his continuous

guidance throughout the preparation of this research.

I express my thanks to my committee members Dr. Norbert O. Schmidt for his valuable
guidance and instructions, Dr. Rodney, W. Lentz for his advice and suggestions, and to Dr.

Harold, D. Keith for his valuable time and help.

And finally to my parents, and wife, whose care and support have always been present and

will never be forgotten.



TABLE OF CONTENTS
Page
ABSTRACT cpswevvpenngs o o soms/oh 61 55 55 Vo 55 5 95070 S99 S50 o v dos i
ACKNOWLEGMENTS  vuvis in os on s souses sn i 8 o0 96 2% 56 5 56§46 2% 048 4% &% 64 iii
LIST'OFILLUSTRATIONS . 1 i 00 wr soommm s simois s ass 00 iv6 365 3 stre woe, &40 w9itss oo vi
LISTOR TABLES i 555050 55 04 65 556 Gaibie o8 s 58 st 505 me se bin a0 e sue Siaiiie sisuds vii
L INTRODUCTION: o s comi on smpn snon o3 o4 o% b5 64 6 85 Givs s & 1
B R AL B i e oo Vel issesiRasib ot s T ot SR st 1
B. PURPOSE AND SCOPE OF THE INVESTIGATION ............ 3
IL REVIEW OF LITERATURE: .«voamamn wasn s e ssowns s embiasins ey 5
A. HISTORICALREVIEW . ... . .. i 5
B. MECHANISM OF REINFORCED EARTH-THEORETICAL
MODELS' « coiscsnnn wn oo eraimaassnsmnss ssieis e 5o @i i S m@GmsisnG 6
1. Anisotropic Elastic Theory ........ ... . ... it 7
2. Anisotropic Cohesion Theory ........... ... iiiinian.. 9
3. Enhanced Confining Pressure Theory ..................... 12
4. Forging Theory . ........iiiiniiiuieiininienanennn 16
5. Limit Equilibriom Theoty .:uiwsanivmienis ivpieosseians 18
6: EfEtRY TREOLY: . wwnvmissemsommonsisiostetars/am s aieme s sise e mvainss 20
C. DISCUSSION ON THEORETICAL MODELS ................ 22
D. NON-UNIFORM STRESS DISTRIBUTION .................. 23
DISCUSSION ON NON-UNIFORM STRESS AND STRAIN
DISTRIBUTION ... it 34
IL PROPOSED MODELS: : .::icisssansGmadaisnie s suees sy 36
A. ENHANCED CONFINING PRESSURE MODEL .............. 36
1. Uniform Stress Distribution in Triaxial Specimens . ........... 36
L e N S N R e T s SRy U S 37
B. BEAM-COLUMN MODEL i o amveiiavsnsasviiss s 40

C. STATE OF STRESS AT FAILURE ......... ... ... ... ... 43



D. EFFECTS OF ASPECT RATIO ON STRENGTH .............. 43
IV. TESTS RESULTS AND DISCUSSION SR S e e L BORE FEs 46
A.. PROCEDURES AND TEST DATA: . vvvinuinavvs v v wown warvse 46
1. Reinforcing Material ..............cciuniiiniinniannn. 46

2. COMPACON v v i 56 o SUTERaies Saemers aivien o0 o% e 47

3. Specimen Preparation ...........cc.iiiiniiiiiaaneeaann 48

4. Triaxial Testing ..icuu v o wvsaeisaevsvsrns o ve Hies s 49

S. Phase-one Unreinforced Specimens  .................. ... 49

6. Phase-Two Reinforced Specimens  ....................... 49

Bi: “TESEPATA. onmmvmemiese on sumsemmd o T o o BBy BN 50
C.. /ANALYSIS OF TESTS RESULTS . :isivioninmumis vias s e ssc 54
l. Failure Strength .. .......otirirninerieenenerenannn 54

a. Interpretation of Test Results with Iinhanced Confining
TREOTY, sremivians s v dn QAT BATR IR DT TR S0 eutiose 54

b. Interpretation of Test Results with Enhanced Cohesion
TREOLY: sovssrvnnios o6 sy BOSTE RIS e Fots s 55

2. Effects of Moisture Content on Strength of Reinforced Specimens 55
3. Effects of Aspect Ratio on Strength of Reinforced Specimens ... 57

D. EFFECT OF REINFORCEMENT ON MODULUS ............ 57
L Tangent Modulus: o« i ou sinsmavmassinmeies sdee s o e 57
2. Secant Modulus at 50 Percent of Failure Stress . ............. 57
3. Secant Modulus at 50 Percent of Failure Strain .............. 57
E.. DISCUSSION. ..crdivioimpa oo sin sioiasmoismmsin scasiaie on od 5% 6% gin 506 59

1. Comparison of Tests Results With Enhanced Confining Theory. . 60

2. Lffects of Non-uniform Stress Distribution ................. 61

F. COMPARISON OF THE BEAM-COLUMN MODEL WITH
EXPERIMENTAL DATA : .. cowosnaiewiriameares o we o oe winiem 62
V. CONCLUSIONS ...ooemenoeos consnsnssss s s i s sis oo sas 79
REFBRENCES: 5y ssiccicavaiioseasion s 03 6 ideeas s sves s we a5 i i sian 81



LIST OF ILLUSTRATIONS

Figure
| Munster's reinforced retainmg wall: <. oo v o sas v s o v s
2 Vidal’s Sand Pile: (a). unreinforced, (b) reinforced. . .....................
3 Reinforcement induced cohesion, (after Long, 1972). ....................
4 Coulomb analysis for reinforced specimen. . ..........................
5 f;]r;l)paﬁson of theoretical and experimental results, (after Schlosser and Long,
6 Enhanced confining pressure interpretation. . ....................ia...
7 Vanation of strength with aspect ratio, (after Yang, 1972). ................
8 Enhanced confining pressure. . ... .......... ... ... ...t
9 Stress on cylindrical element. . ........ ... ... .. .. ... ... .i.iiieaanann.
10 Comparison of theoretical and test data, (after Ingold, 1980). ..............
11 MRS IMShEAr BOX: viicvsa wswai oy e s 0 ahs SFi SR e BES T 56 &
12 Eneegy SelabOnSIiP. . o v curare sves s s wam aim RS sadiEe 6 W SRS §
13 Observed and theoretical maximum tie tension, (after Osman, 1979). ........
14 Comparison of stress distribution by different methods at the end surface, for
perfectly confined ends: i inisis s vieiis sate buess aied en W 506 BaTE S Sl 8
15 Section of a polished steel specimen compressed to 56% of its height, (after
Mercall, Papimo and McLaughlin, 1983). ................. ... ... ....
16 Vanation of normal stress at mid-height, (after Shockley and Ahlvin, 1960).
17 Density vaniation in saturated sand specimen, (after Shockley and Ahlvin, 1960).
18 Density profile in triaxial specimens, (after Bouvard and Stutz, 1986). .......
19 DHRROR ZODE:: 7 sunei soen Ve Bo% SR UeR Sek 985 o550 Sveis Was ve sy &
20 Influence of aspect ratio on shear strength of specimens with various degrees of
end restraint, (after Bishop and Green, 1965). .. ... ... ... L.
21 Pore pressure distribution at the end and mid-hcight of specimens with fixed ends
and free ends, (after Barden and McDermott, 1965). ....................
22 Distribution of axial strain in specimen with rough ends, (after Kirkpatnick and
YOUNRET).: sn suaits smovavivs svmvaione s5ate sverimse staite shats SHsisiets swsve siessions sveteisis $hwels
23 Rigid end zones in triaxial specimen loaded through rough end platens, (after

Kirkpatrick and Younger, 1970). . ... .. ... .. . . it



Illustration continued
24 Homogeneous state of stress in triaxial specimen. ......................
25 Stress acting on a triaxial specimen loaded through rough surfaces. ..........
26 Cylindrical specimen composed of nsections. .. .......................
27 Stress acting at each sectionof specimen. . ............ ... .cciiiiannn
28 Free-body diagramn Of 2 S8CHOM. . .o« vovnines s e svaiessen aavion saees
29 Normal stress distribution at the end and mid-height of a triaxial specimen loaded
through rough surfaces. . ......... ... .. ... . . . .t iiiennnnnn
30 Mohr-Coulomb failure envelope for points Aand B. . ...................
31 Mohr-Coulomb failure envelope for points Cand D.  ..................
32 COMPACTION OOV, i o ow sva v sl S0 Waiiia s S48 St Sanieis efoe Sreeens e ade
33 Stress-strain relationship for unreinforced specimens. Tests No. 1, 2 & 3 at 12%
moisture content and tests No. 4, 5 & 6 at 17% moisture content. ..........
34 Stress-strain relationship for reinforced specimens with aspect ratio of 0.4 and
12% moisture content. Tests No. 7, 8 & 9, compared with Tests No. 1-3.
35 Stress-strain relationship for reinforced specimens with aspect ratio of 0.4 and
17% moisture content. Tests No. 10, 11 & 12, compared with tests No. 4-6.
36 Stress-strain relationship for reinforced specimens with aspect ratio of 0.5 and
17% moisture content. Tests No. 13, 14 & 15, compared with tests No. 4-6.
37 Stress-strain relationship for reinforced specimens with aspect ratio of 0.67 and
17% moisture content. Tests No. 16, 17 & 18, compared with tests No. 4-6.
38 Comparison of stress-strain curves for 3 pairs of identical tests. No. 15, 20, 21, 22
&L, s wesies ies SR EREG LYREREEG DRRE SRS LN T G D dEne s
39 Mohr-Coulomb failure envelope for unreinforced specimens with 12% moisture
CONEnt, e8I INO: 1=3.: vvin v cavsan s s suas 5 S/ate sers asaeTEe aeielere
40 Mohr-Coulomb failure envelope for unreinforced specimens with 17% moisture
content, tests NO. 4-6. . . ... ... . ... ... ..t i ittt
41 Mohr-Coulomb failure envelope for tests No. 7-9, using the enhanced confining
pressure theory, compared withtests No. 1-3. . ........................
42 Mohr-Coulomb failure envelope for tests No. 10-12, using the enhanced
confining pressure theory, compared withtests No.4-6. .. ................
43 Mohr-Coulomb failure envelope for Tests No. 13-15, using the enhanced
COnfNENE PrESSUTe theDEY. . ouu srivwns swwiie was saiiere Sere o seidievs seeise
44 Mohr-Coulomb failure envelope for tests No. 16-18, using the enhanced

confning Pressure theorY., .. cca camae seieaennn sameem s e sesee se e

37
38

41
42

45
45
65

67

69

70

n

72

72

73

3

74

74



Illustration continued

45

46

47

48
49
50

Mohr-Coulomb failure envelope for tests No. 7-9, using enhanced cohesion
HheOLY. . womes srrs o des s ash SOLERYTEY 06 el VbEEE Do S &b el v

Mohr-Coulomb failure envelope for tests No.10-12, using enhanced cohesion
HHBOBE  cvvas snmvmm eemim Was e v RS W6 P SBEEN 1 Wi RS

Comparison of the experimental with theoretical results based on the enhanced
confining pressure theory. . ......... ittt i

Comparison of the experimental with theoretical (b) for aspect ratios > 0.67.
Variation of bond stress angle along radius. . ...............c0o0iienn..

Comparison of experimental and theoretical values of normal stress: a- across the
mid-height, b- acrosstheend. ........... .. ... .. .. ...

viii

75

75

76
77
77

78



Table

I
11
v

Vi
vl

LIST OF TABLES

INDEX PROPERTIES OF LOESS . ... ... .. ... . ..
PROPERTIES OF GEOTEXTILE FABRIC GTF-200. ................
TRIAXIAL TEST RESULTS (UNREINFORCED SPECIMENS) ........
TRIAXIAL TEST RESULTS (REINFORCED SPECIMENS) ...........

VALUES OF ENHANCED CONFINING PRESSURE IFROM TEST
BESBILES oo, wudivosiudio- S s b Siglvs RS brressns Glwin st S Riss

VALUES OF TANGENT AND SECANT MODULUS ................

THEORETICAL STRENGTH BASED ON ENHANCED CONFINING
THEORY" v waiioe vas o5 05% sauian v S8 oete i 8 &5 #67 ok @9 o e

ix

56
58



I. INTRODUCTION

A. GENERAL

In general loads applied to an earth structure are compressive in nature. The application of
compressive force in one direction results in expansion of the soil mass in the other orthogonal
directions. Soils can withstand compression but are weak in tension. This wea<ness was noticed
by the early builders who developed various techniques in order to overcome this problem.
Reinforcing of soils by use of tensile resisting materials is one such technique and its basic
principle was first abundantly demonstrated in nature by animals, birds and the action of tree
roots. Man used this principle in construction of mud walls, roads, earth dams, and foundations
by use of fibers, straps, bars or timbers in combination with soil. However with a few
exceptions, such as the effect of straw on unfired clay bricks, the concept of reinforced earth was
not explained, popularized, and practiced until the work of Henri Vidal (1966). He
systematically demonstrated the wide applications of reinforced earth and developed design
procedures which caught the attention of engineers throughout the world.

In the past two decades, it has been demonstrated that in many circumstances reinforced
earth structures are more economical than their alternative structures. In general, these structures
have been built using granular material containing less than 25 percent passing the number 200
sieve and having a plasticity index smaller than 6. This is not altogether surprising as the bond
between the reinforcing material and the soil is best achieved by using such soils. However, this
criterion has limited the application of reinforced earth in areas where the residual soils are fine
grained materials and a fill of such quality is not economically available. On the other hand,
fine grained soils present difficulties associated with poor drainage, slow development of effective
stress, low friction angle, corrosion and time dependent deformations. Schlosser and Vidal
(1969) concluded that in the case of fine grained materials, even if the shear stress is fully
mobilized, the maximum possible short term bond stress that could develop would be equal to
the undrained shear strength of the soil. This is generally low compared to the bond stress
developed by the granular backfill normally used in practice, Ingold (1980).



The successful application of fine grained soils in reinforced earth structures may lead to
significant savings in construction costs in areas where granular materials of such quality are not
available. This aspect led to several investigations on the use of fine grained soils in reinforced
earth especially in the United Kingdom. For example Ingold (1978, 1980, 1981, 1982)
extensively studied the effects of reinforcement on strength properties of clay, and Murray and
Boden (1979) investigated the performance of a 6m. high reinforced embankment built with
cohesive soils. The latter study demonstrated practicability of short term construction of
reinforced earth walls with cohesive matenials. A further example is that of Jewcll and Jancs
(1981) who investigated the feasibility of using cohcsive soils and coal minc waste as backfill
matcerials in reinforced carth structures. ‘The laboratory and ficld tests showed that both matcerials

could be used effectively in construction of reinforced carth structures.

In general, most of the laboratory investigations on reinforced fine grained soils have been
performed on reinforced triaxial and/or direct shear specimens. llowever, it has been known for
more than one century that the state of stress and strain within triaxial specimen is non-uniform
when it is loaded through non-lubricated surfaces. Further, the similarity of stress distribution in
unreinforced and reinforced specimens was pointed out by Ingold (1980). Analyses based on
elastic theory have shown that non-uniform stress distribution can have significant effects on the
shear strength of triaxial specimens, Filon (1902), Pickett (1944), D’Appolonia and Newmark
(1951), Balla (1957, 1960), Bishop and Green (1965) and others.

In the case of unreinforced specimens, cffects of end restraint on shear strength can be
minimized either by lubricating the end platens, or else by using an appropriate aspect ratio
(height to diameter ratio). Theoretically the aspect ratio should be selected such that a
non-lubricated specimen fails under the same normal stress as a comparable lubrnicated
specimen. However, in practice most of the triaxial tests are performed on specimens with
aspect ratios of 2. On the other hand, in reinforced specimens, reinforcing effects are derived
from the restraining effects of reinforcing matenial at the soil-reinforcement interface which is
destroyed upon lubrication. One way of minimizing non-uniformity in the state of stress and
strain is to perform tests on triaxial specimens with small aspect ratios. However, in order to

investigate the possible effects of reinforcement spacing on shear strength of specimens it is also



necessary to test specimens with large aspect ratios, but increase of the aspect ratio is
accompanied by an increase in the non-uniformity of state of stress and strain within the
specimen.

Moreover, theoretical investigations had led to the development of a number of analytical
modecls which have been used in determining the effects of reinforcement on strength properties
of the soils. However, none of these models consider the effects of ron-uniform stress

distribution on the test results.

B. PURPOSE AND SCOPE OF THE INVESTIGATION

The primary objective of this investigation is to use laboratory test results and theoretical
analysis to assess the feasibility of using loessial (silty) soils in reinforced earth structures. Also,
the effects of non-uniform stress distribution on shear strength of reinforced as well as

unreinforced cylindrical soil specimens subjected to tnaxial compression force are considered.

Loess occupies the uppermost stratigraphic position over extensive arcas of the central
United States. About 17% of Europe is covered by loess, including parts of I'rance, Germany,
and eastern Europe. It also covers large areas of Russia, Siberia and China. It is found in the
plains regions of Argentina and Uruguay and parts of New Zealand. It is a uniform cohesive
wind-blown sediment, commonly light brown in color. The size of most of the particles ranges
between the narrow limits of 0.01 and 0.05 mm. The cohesion is due to the presence of a binder

that may be predominantly calcareous or clayey, (Terzaghi and Peck, 1948)

However despite the wide occurrence of loess, its feasibility as a potential backfill matenal
in reinforced earth structures has not been studied. Indeed some of the problems associated with
the use of fine grained soils, i.e. drainage, development of effective stress, and corrosion may

decrease by use of this soil.

Hence, it has been decided to study the effects of reinforcement on behavior of reinforced
loess specimens under triaxial compression loads. In order to minimize the number of vanables,

the investigation is confined to the effects of a woven geotextile fabric on shear strength of



partially saturated and remolded loess. Effects of moisture content and reinforcement spacing are
also studied. Special attention is given to effects of non-uniform stress distribution on triaxial
test results. Two models are developed. The first model uses the enhanced confining pressure
theory to predict the shear strength of reinforced specimens. The second model is developed by
using the beam-column analogy and can be used in estimating the magnitude of normal stress at

various points within unreinforced and reinforced triaxial specimens.



II. REVIEW OF LITERATURE

A. HISTORICAL REVIEW

It has been said that there is nothing new under the sun, and todays techniques and
discoveries have already been created in nature by the Creator. In the case of reinforced carth,
nature has pointed the way in the home building techniques of some membcrs of the animal
kingdom who make nests from combination of mud and straw. Early builders used the idea in
adobe construction and subsequently throughout the ages up to recent times in walls and

foundations.

As far back as the fifth millennim B. C., compacted clay with reeds were used in the
construction of the crude mud huts in Syalk on the Iranian Platcau. In the Far East, for
thousands of years it has been the practice to reinforce large carth structures with reeds, rushes
or bamboos, (Ingold, 1980). One of the earliest example of reinforced earth in existence is the
Ziggurrat of the ancient city Dur-Kunigalzu now known as Aguar-Quf, constructed of clay and
sand, with reeds for reinforcement. At present 148ft. (45m.) high, it is believed to have stood
285ft. (87m.) high when originally constructed in 1500 B. C., (Jones, 1978). The oldest
historical example of the use of fabric as an aid to road construction over soft ground include
use of woven reed mats by ancient Romans. In a style remarkably similar to our present-day
techniques, they would lay mats over marshy ground before overlaying with stones, (Rankilor,

1981).

In the last century, Pasley (1822) introduced reinforced carth for military construction in
the British Army. He used layers of brushwood twigs, wooden planks or sheets of canvas as the
reinforcing media, (Rankilor, 1981). A significant development to the modemn concept of
reinforced earth was made in the United States by Munster (1925). He built an earth retaining
wall using arrays of wooden reinforcing members and a light facing. Munster minimized the
problem associated with the settling of the backfill by using sliding attachments between the

reinforcing members and the facing, Fig. 1, (Jones, 1978). In 1957 Lallemand advocated the use
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Figure 1. Munster’s reinforced retaining wall.

of a prnsmatic reinforcing member to which the plates of various shapes were attached to

increase the pull-out resistance of the reinforcement, (Ingold, 1980).

‘What might be regarded as the first credible reinforcing system was introduced in France
by Henn Vidal on 1963. The first major reinforced earth structure was built on the Autoroute
de Menton in 1968, since which reinforced earth has been used in retaining walls, railways,

bridge abutments, slabs, earth dams, slope stabilization, and foundations throughout the world.

B. MECHANISM OF REINFORCED EARTH-TIHEORETICAL MODELS

Natural stratification of alternate horizontal layers of soft and stiff soils are probably the
first reinforced earth systems. This was recognized only some forty years ago by A. Casagrande,
who pointed out its importance in engineering of the foundations.  More recently, Henn Vidal
(1966) found that the slope of a pile of sand can be made stecper by addition of horizontal
layers of pine needles, FFig. 2. Vidal's basic conclusion was that when dry soil is combined with

a rough tensile resisting matenal, the resulting composite matenal is stronger than the soil.



(a) (b)
Figure 2. Vidal’s Sand Pile, a) unreinforced, b) reinforced.

In the past two decades many researchers have studied the behavior of soil-reinforcement
systems and proposed several theorcetical and analytical models which are being used in the
design of various types of reinforced carth structures. Several of these models are described in

the following sections.

I.  Anisotropic Elastic Theory. In foundations over the stratificd soils, the strong layers

may reinforce the soft layers and therefore act as an additional confinement for the soft soil
which is not determined by theory of the isotropic clasticity. Westergaard (1938) investigated
this problem and assumed that the layer of soft soil could be modeled as an clastic material (the
Westergaard material) and the layer of strong soil as closcly spaced sheets of flexible but
inextensible material of negligible thickness, which prevents lateral strain of the composite
material. e assumed further that:

a. There i1s no slip between layers of soft material and the stiff sheets.

b. Both layers are isotropic, and horizontal.

c. Honzontal stresses are principal stresses.



Further by application of isotropic clastic thcory he derived a simple expression for horizontal

strain as:

o) (1 —v) —vo,
Ep = l'.

@1

where: ¢, = honizontal strain
o,, = vertical stress
o, = honzontal stress
E = Young’s modulus
v = Poisson’s ratio
Since strain in the horizontal dircction is prevented, ¢, is cqual to zcro and cquation 2.1 can be
simplified to:

o3 v
1, = =) (2.2)

Further advances of the above werc made by several investigators. Wordle and Gerrard
(1972) studied the properties of a layered system in which the rclative stiffness and thickness of
the layers were of intermediate magnitude. Hamson and Gerrard (1972) considered a gencral
case of a finite range of values of stiffness and thickness of the reinforced layers. They related
the elastic properties of the equivalent homogencous matenal, E and v, to propertics of the
separate layers, E,,v, and E,,v,, Harrmann and Al-Yassin (1978) used both compositc and
discrete approaches and considered slippage and yiclding of the reinforcement with nonlincar
behavior of the soil. Gerrard (1981) proposcd a compositc model for analyzing a rcinforcing
system of parallel, equally spaced plancs. In his analysis the stress-deformation propertics of the
reinforced soil system were described in terms of an cquivalent homogencous cross-anisotropic

matenal.

The above analyses are pnmanly concemed with the overall response of layered structures,
which modecls them as an equivalent homogencous, cross-anisotropic continuum material. The
main draw back of the models bascd on the above theory is that they are limited to analysts of

two and three dimensional systems with large number of layers, and small deformations.



2. Anisotropic Cohesion Theory. Long, Guegan, and I egeay (1972) perfformed a series of

triaxial compression tests on dry sand specimens, 100mm. in diameter, and aspect ratios of 2
and 3. Reinforcement was introduced to the specimens in the form of 100mm. diameter discs of
18mpu thick aluminum foil, which were placed horizontally in the soil specimens. ‘The effect of
reinforcement spacing h as well as the effect of reinforcement tensile strength I’ were examined
by varying the reinforcement spacing and number of reinforcing discs used to form each layer.
Test results showed that above a certain threshold value of applied confining pressure there was
a constant increase Ao, in the applied normal stress at failure, for a given reinforcement tensile
strength and spacing, Fig. 3. They concluded that since the failure envelopes were parallel for
both the reinforced and the unreinforced specimens, the angle of shearing resistance is the same
for both cases and the additional strength could be represented by an apparent anisotropic

cohesion c.

Schlosser and long (1973) formulated an expression for this pseudo cohesion by

considening the failure envelope of a reinforced soil specimen as:

0|’=Kp03 +A6| (2-3)

where: o,, = normal stress for reinforced specimen
o, = confining pressure
Ao, = increase in strength caused by reinforcement
K, = coefficient of passive pressure
By comparison of the above expression with the Rankine equation for a ¢ — ¢ soil, we can

write:
o) = Kyo3 +2c, /Kp (2.4)
Equations 2.3 and 2.4 lcad to:

(2.5)
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Figure 3. Reinforcement induced cohesion. (after Long, 1972)

Further, they proposed an analytical procedure to determine c directly from the tensile
strength of the reinforcing material. The equilibrium of a reinforced cylinder of soil subjected to
axisymmetric loading, cut by a failure plane inclined at « to the horizontal was considered, Fig.
4. In addition to the resultant force generated by the principal stress o,, and o5, there is a tensile
force I developed by reinforcement which acts on the failure plane. If the cross-sectional arca of

the cylindrical section is A, it follows from the triangle of forces that:

tm@-@=oﬁ4 (2.6)

where:

H = F + 034 tana 2.7)



Figure 4. Coulomb analysis for reinforced specimen

From 2.6 and 2.7 we have:

1"+03Atma=0|r/'tan(a_¢) (2.8)

When the specimen is failed by breaking of the reinforcement the tensile force F is equal
to the sum of tensile forces T from each reinforcement cut by the failure plane.  If the vertical

spacing of reinforcement h is small compared to the height of the specimen, then we can write.

h
Combining 2.8 and 2.9 leads to:
6y, = (03 +7Th) tan a cot(x — ¢) (2.10)

Maximum value of a,, occurs when a =45 + /2. For this value equation 2.10 reduces to:

o\, = Kyo3+ K, T|h (2.11)
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Comparison of 2.3 and 2.11 leads to:

Aoy = Kp% 2.12)

Subscquent substitution of 2.12 into 2.4 leads to an cxpression for anisotropic cohesion as:

K
% K .13)

2

C =

Comparison of the theory and the experimental results obtained by Schlosser and Long (1973)

showed good agreement between the two, Fig. S.

Later, Hausmann (1976), developed two analytical modecls, Sigma and Tau, both dealing
with bond and tensile failure. The Sigma model assumes that the reinforcement assists the soil
to resist lateral cxpansion. In the Tau modecl the rcinforcement is assumed to introduce
horizontal and vertical shear stress into the initially geostatic stress conditions. Ilausmann tested
his theorics by conducting a scrics of tests on unreinforced and reinforced specimens 70mm  in
diameter. Test results for specimens failing by rupture of the reinforcement did not show good
agreement with the theory. Conversely specimens failing by bond showed quite rcasonable

agreement with the theory, once a “suitable” value for reinforcement efficiency was chosen.

3. Enhanced Confining Pressure Theory. Consider an unreinforced specimen subjected to

tnaxial compression stresses. If the end platens arce lubricated the applied cell pressure equals the
minor principal stress o;. The specimen fails under a normal principal stress o, and the resulting
stress circle is tangential to the failure envelope. On the other hand, when a reinforced specimen
is tested at the same applied cell pressure it fails at a higher normal stress o,,. By assuming that
the applied cell presure is cqual to the minor principal stress, the resulting stress circle passes
through (o,, 0,,) Fig. 6, and conscquently falls outside the failure envelope. Converscly, Yang
(1972) assumed that the specimen failed at a constant cffcctive stress ratio, 1. ¢. K, = —Zl—’:, in
which the value of K, is deduced from conventional tests. The stress circle is drawn tangential to

the unreinforced specimens failure cnvelope and the circle intersects the honzontal axis at

0y, = 0y + AO’J.
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On this basis, Yang concluded that any increase in the normal stress at failure in the
reinforced specimen is due to an enhanced confining pressure Aoy, Fig. 6. Therefore, for an

applied confining pressure o, we have:

o), = Ky03 + K,Ac; (2.19)

From which:

Aoy =K, 0,,— 03 (2.15)

Yang (1972), further investigated soil reinforcement bond failure at the soil-reinforcement
interface by conducting triaxial compression tests on 2.8 in. diamcter sand specimens with aspect
ratios of 0.29 to 2.28. The specimens were mounted using heavy stecl end platens, which acted
as infinitcly ngid reinforcing discs. Test results showed a consistent increase in the compressive
strength of the specimens as lower aspect ratios were used. A plot of the experimental values of
strength ratios, defined as enhanced confining pressures divided by the applied confining
pressure, (o3 + Ao;)/o;, against aspect ratios (h/d) is shown in Fig. 7. In this figure the solid line

has been drawn based on the observed experimental valucs.

Chapuis (1972) observed that within a reinforced specimen the minor principal stress oy,
was higher than the applied cell pressurc o,. In fact o, was increased by Aoy which is denived by

inspection of Fig. 8, as:

Ao T
R i[RI 2.16
g (@19
where: A = arca of reinforcement
B = width of specimen
h = height of specimen
o = tensile stress in reinforcement

T = tensile force per unit length = 4 %
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4. Forging Theory. The classical forging theory considers the loading of a thick disc of
material undergoing compression between rigid frictional platens. Ingold (1978, 1980) applicd
this theory to reinforced soil specimens subjected to triaxial compression loads. Ile considered
the radial equilibrium of a disc of matenial of radius R and thickness h compressed between two
platens, Fig. 9, and assumed that:

a. The developed shear stresses = are small.

b. The radial and the circumferential stress components o, and o, are equal and both are
principal stresses.

c. The relative radial strain is a linear function of radial distance from the center of the
specimen where the strain is assumed zero.
Then using numerical analysis he proposed an approximate solution for computing the average

value of (o,,/0;), as:

%3r hK, R tand
- N EANON: 2.17
( a3 R tand [cxp( hK, ) l] (217

where: ¢;, = ecnhanced confining pressure
6 = angle of bond stress
R = disc radius
K, = coefficicnt of active carth pressure
h

= height of disc

Comparison of the test results with the theoretical values obtained from cquation 2.17

showed good agreement when the aspect ratios of the specimens were less than 0.8, Fig. 10.



I‘igure 9. Stress on cylindrical clement.
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Figure 10.  Comparison of theorctical and test data. (after Ingold, 1980).
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5. Limit Equilibrum Theory. In a limit cquilibrium stability analysis, the stress resultants

which act on an assumed failure surface are estimated, and compared to the available strength of

the soil to provide a measure of stability.

Jewell (1980), considered the equilibrium of a specimen in the direct shear box, taking the
central horizontal plane as the potential failure plane, Fig. 11. The soil (sand) contained a single
plane of grid reinforcement at an angle 0 with the vertical, carrying a force at the central plane
P, per unit depth of the soil. By resolving the total applied load on the horizontal planc into

two components o, and 1, the overall stress resultants in the soil on this plane can be expressed

as:

Thp = Th— i";:—n;o— (2.18)
and

Ohp = Oy P"";oso (2.19)

where: 4, = cross-sectional arca of the slice
Therefore the reinforcement has had two effects, it has reduced the average shear stress 7,
carried by the soil, and increased the average normal stress o,,. Further, for the shear
displacement to occur on the honzontal plane we should have:

Thp

By combining 2.18, 2.19, and 2.20, and rearranging the terms, we get:

Th_ tan $ + P,,cosftan¢ P,,siné
Oy A

(2.21)

<Oy Asov

Jewell further assumed that the shear stress sustained by the soil alone 7, and the increasc
in shear strength resulting from the reinforcement in combination with the soil 7, may be

considered separately.
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Thus:
Th T T ’
e .oiv+ ;’v‘ (2.22)
Where:
1’ = o, tan¢ (2.23)

Using 2.21, 2.22 and 2.23 and rearranging the terms we can write:

P
Jext _ ™M (cos@tang + sin0) (2.24)
v Ao,

As a measure of increase in strength, the extra stress ratio (r,/o,) depends on the
reinforcement force P,,, the cross-sectional area of the soil on the crtical plane over which a
single reinforcement acts 4, the reinforcement orientation 8, the mobilized angle of friction ¢ in

the soil and the applied stress acting normally to the failure plane, o,.
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6. DLncrgy ‘Theory. Osman (1979), developed an analytical method based on the

consideration of the equilibium of the external work duc to carth pressure and the internal
strain energy stored in the reinforcement ties. This method considers the behavior of a reinforced

earth structure under working rather than failure conditions.

An energy relationship can be established from the elastic deformation of the wall facing
and the tension in the ties due to the earth pressure. From Fig. 12, the total eternal work done

by the earth pressure U,,, can be obtained from:

U,

ex

H
(= B| p(2) Y(2)dz (2.25)
0

where: p(z) = the carth pressure function
Y(z) = wall deflection function
B = width of wall
H = hcight of wall

Osman assumed that the cxternal work done is stored in the tics as an clastic encrgy which
can be calculated provided that the tic tension distribution is known. Ile also assumed further
that:

a. A linear distribution of tension along cach tic with the intcnsity at the wall face cqual to
half of the maximum intensity.

b. A parabolic deflection for the wall face as a function of the earth pressure.

c. A modulus of clasticity for the reinforced carth wall which acts as a compositec matcrial.
From the above, the maximum tension in the tic at the depth h of the fill can be calculated

from:

6K>>
T= Z yhAH sNH -k (2.26)

and the maximum tie tension in the wall is obtained from:

8K22
Tinax 9l

y Al s (2.27)
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He also derived an expression for calculating the critical height of the wall /7, as:

R, 9L 067
= < ) .28

Furthermore the factor of safety (F.S.) against tic pull-out can be obtained from:

21"

sAH /6 KX — h)

where: h = fill height above tie level

Ag. l ". =

(2.29)

AH = vertical reinforcement spacing
L = tic length

s = honzontal tie spacing

y = unit weight of soil
b = tic width

f = cocfficient of friction at soil-reinforcement interface
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K, = coefficient of active earth pressure

R, = tensile strength of tie matenal

Osman carried out 35 tests on reinforced earth wall models in a rigid box 900 mm. square
and 500 mm. high. Values of tie tension, strains and stresses within the soil mass were measured.
The measured values of maximum tic tension are shown in Fig. 13.  Also shown arc the
maximum theoretical tie tension envelopes derived from Rankine theory fer both K, and K,
(coefficient of earth pressure at rest) conditions, the limit state approach of Juran and Schlosscr
(1978) and the Energy theory. The theorics, other than Rankine, indicate a distribution of tie
tension which increases to a maximum and then decreases towards the base of the wall to values

very much less than the Rankine values.

C. DISCUSSION ON THEORETICAL MODELS

All of the theoretical models described so far have indicated that, in general, the strength

propertics of soil are improved by addition of reinforcing material.

A common assumption in the above modecls is that the stress distnbution is uniform
through cach of the reinforced layers. Justification of this assumption has been questioned by
several investigators who pointed out the significant effects of non-uniform stress distributions
inside reinforced triaxial specimens, subjected to normal compressive stress, Chapuis (1972), and

Ingold (1980).

Effects of non-uniform stress distribution on test results increase with increasing the aspect
ratio of the specimen. This may well be the main reason for the observed differences between
theoretical and test results. To an extent this limits one’s confidence in theoretical results on one
hand, and on the other hand, it may lead to crroneous conclusions in interpreting the test
results.  Lffects of non-uniform stress distribution is decreased by reducing friction at the
interfaces. This method has been used successfully for unrcinforced specimens by means of
lubricated end platens. Ilowever, the method cannot be applied to reinforced specimens, as the

reinforcement effects are derived from mobilized friction at the soil-reinforcement interface.
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In the following section the effects of non-uniform stress and strain distribution on shear

strength of tnaxial specimens are studied.

D. NON-UNIFORM STRESS DISTRIBUTION

In the 1860’s, Tresca, while investigating the shecar strength of metals, perfformed a number

of punching tests on material confined in relatively rigid containers. e carried out one punching

test on sand and observed, surprisingly, that the punch that undoubtedly had a rough basc

carried along an esscntially undeformed cone of sand ahcad of it. In 1882, Otto Mobhr, cnticized

the commonly performed cube tests, by stating that friction acting on the ¢nd surfaces must

have a great effect on the distribution of stress in the cube, so that the results could not be

similar to those of a perfectly performed cubical tests in a homogencous state of stress, (Scott,

1985).
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Filon (1902), studied the problem of stress distribution inside cylinders compressed
between two rough nigid platens. In his study two types of end conditions were considered:

a. A cylinder of moderate length, compressed between two rough rigid platens in such a way
that the end cross sections are constrained to remain plane, and are not allowed to cxpand, i.c. a
block of stone or masonry loaded between millboard or metal planes.

b. A cylinder constrained in such a way that the ends are allowed to expand by a definite

amount, i.e. a block loaded between sheets of lead.

Based on the clastic theory, he solved these problems for the above boundary conditions
and concluded that, in either case, the perimeter of the plane ends is the locus of the points

where the plastic limit will first be exceeded.

Filon’s analysis involved complex mathematical expressions and tedious calculations. In
search of a more practical solution, this problem has been further studied by many rescarchers.
Pickett (1944), proposed a solution for the same problem using Fourier-Bessel functions, but
because of the slow convergence of the FFourer series, his results were confused near the outer
edges of the specimen. D’Appolonia and Newmark (1951) developed a numerical method using

a lattice analogy. Their results were similar to those of Pickett.

Balla (1960) proposed a numerical solution using a fifth degrec polynomial and I‘ouncr-
Bessel functions to satisfy the boundary conditions. lle introduced a new factor expressing the
roughness of the loading platens. For similar boundary conditions his results were in good
agreement with Filon’s results.  Balla further studied the effect of aspect ratio on shear strength
and concluded that the compressive shear strength decreases with increasing aspect ratio. Peng
(1971) used the same form of stress function as used by Balla and proposed a new solution.
Later, Al-Chalabi (1973) found that the polynomial part of the stress function must be at Icast
of the seventh order if all the boundary conditions, as well as the equilibrium conditions, are to
be satisfied. Brady (1971) proposed a solution for radially end-constrained circular cylinders, but
his solution contains an undctermined function.  Al-Chalabi and Huang (1974) presented a
closed form solution applicable to homogencous, isotropic and elastic matenals, using a ninth

degree polynomial in the stress part of the function. Their solution was a function of the friction
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at the interface of the specimen and end platens. Fig. 14 shows the comparison of stress

distribution at the end surfaces obtained by these investigators.

Developments in computer technology in the 1960’s resulted in popularity of the finite
element method, which has been used by a number of rescarchers in solving the problem of
non-uniform stress distribution within triaxial specimens. Perloff and Pombo (1969) used the
finite element method to show that the significance of end effects depends upon the constitutive
relations of the soil. They concluded that specimens with an aspect ratio greater than
conventional should be usced for those cases in which the end friction can not be reduced
sufficiently. Ginjavallabhan (1970) considered the problem of an axially loaded restrained
cylinder, assuming linearly elastic properties. He used the finite element method and his results

were similar to those of Pickett.

Dietruszczak and Mroz (1980) considered rectangular elements, rather than circular,
compressed between two rigid platens and used a nonlinear finite clement analysis. Their
analysis was restricted to short specimens with completely rigid end platens. An interesting
conclusion was that the shorter the specimen, the larger the tendency for failure initiation at the

specimen corners.

Ottosen (1984) performed nonlinear axisymmetric finite element analyses on the uniaxial
compression tests of concrete cylinders. His models included cylinders with aspect ratios of 1 to
3 loaded through thick steel platens. He observed that the failure mode for a cylinder having an
aspect ratio of 2 consisted of two undisturbed end cones and a strain softening region in the
outer portion of the middle of the cylinder. For shorter cylinders the strain softening region was
more pronounced along the surface of the middle of cylinder. It is worth mentioning that
Ottosen’s conclusion contradicts earlier conclusions which stated that at the mid-height of the

specimen, the smallest stress occurs at the outer edges.

In general, results of the finite element analyses reasonably agree with results of other
numerical techniques for stress distribution at the ends. Iowever, there is little agreement

concerning stress distribution at the mid-height. This discrepancy, along with the fact that it is



26

—==FILON
o PECKETT

— = D'APPOLONIA &
NEWMARK

— BALLA
— "~ AL.CHOLABI

7 — . _
0 0.5 1

Distance along radius r/R

Figure 14. Comparison of stress distribution by different methods at the end surface, for
perfectly confined ends.

not yet economically practical to apply the finite element method to every problem at hand has

limited the wide application of this method.

Along with the theoretical investigations, laboratory experiments have becn carried out by
several researchers. These experiments have been performed on triaxial specimens of soil, rock,
metal and concrete. Soil specimens were used more commonly as it was possible to rather easily
install strain gauges, pressure cells and other measuring devices inside these specimens making
them more suitable for measuring intemal stress, strain and pore water pressurc. On the other
hand, metals have been mainly used for observing the internal dcformation pattemns, i.e. shear

zones and nigid cones.

In an investigation performed by Mercall, Papirno, and Mcl.aughlin (1983) on the state of
stress and deformation induced in compression of metallic cylinders, relatively undcformed

conical regions under the loading platens were observed, which were bordered by heavily
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deformed shear zones. Close to the center of the specimen there was a region which experienced

large axial strain, Fig. 15.

Onc of the carlicst and possibly the most interesting investigation was performed by
Shockley and Ahlvin (1960). Normal stress within specimens of dry sand 70in. high and 35.7in.
in diameter were measured at a number of radial positions, by placing pressure cells at the
mid-height of the specimen and at points just above the base. Test result, showed that at
mid-height, stresses in the center exceed those at the edge, whereas near the base, edge stresses
were larger than those at the center. Fig. 16 shows the mcasured vertical stresses for 30 psi
normal stress applied uniformly to the specimen. Strain mcasurements showed that vertical
strains were small near the ends and larger toward the middle. The effects of end platens on
density of fine sand specimens were also studied. These specimens were 6.5in. high and 2.8in. in
diameter, with loose, medium, and densc relative density. Tnaxial compression tests were also
performed on dry and saturated specimens maintaining constant volume. Density measurement
at different points within the specimens showed that the minimum density occurred at the center

of specimens. Fig. 17 shows the density vanation in a saturated sand specimen.

Bouvard and Stutz (1986) used gamma ray attenuation techniques to measure local density
inside cylindrical specimens. Traxial compression tests were performed on dry, loose and densc,
coarse sand with aspect ratios of 1 and 2 using lubncated and non-lubncated end platens. In
general, the test results showed that when non-lubricated end platens were used the dilation was
concentrated in the middle of the specimen, FFig. 18. They also concluded that the minimum

density occurs at the central part of specimen’s mid-height.
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I'igure 15.  Section of a polished steel specimen compressed to 56% of its height, (after
Mercall, Papimo and Mcl.aughlin, 1983).
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Figure 16.  Vanation of normal stress at mid-height, (after Shockley and Ahlvin, 1960).
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Rowe and Barden (1964) performed a number of triaxial compression tests on sand
specimens using lubricated and non-lubricated end platens and concluded that in the
conventional restrained ended tnaxial tests, the main dilation is confined in narrow zoncs as
illustrated in Fig. 19. The concentration of the dilation into narrow zones causes these zones to
reach the peak stress ahead of the rest of the specimen. ‘The material in those zones thereafter
becomes weaker and the stress applied to the specimen as a whole must decrease. Consequently,
volume' expansion must cease elsewhere in the material which has not reached its peak stress.
Therefore, volume expansion is concentrated in a zone of small volume, where it progresses
rapidly. A state is soon reached in which the particles have dilated so much that a group or a
domain suffers a sudden collapse. However it should be noted that it is the non-uniform stress
distribution which results in the concentration of stress in these small narrow zones forcing them

to dilate ahead of the rest of the specimen, and not vice-versa.

Bishop and Green (1965) performed an experimental study to assess the effects of end
platens on the shear strength of soils. Drained triaxial tests were carried out on saturated sand
specimens 4 in. in diameter. They concluded that the end restraint increased the apparent shear
strength of specimens, in an increasing rate as the aspect ratios of the specimens were increased
and are of little significance when the aspect ratio is 2. Influence of the aspect ratio on the shear

strength of the specimens is shown in Fig. 20.

Barden and McDermott (1965) investigated the cffects of end conditions on distribution of
stress and pore pressure within triaxial speccimens. Undrained triaxial tests were performed on
normally consolidated and overconsolidated clay specimens compacted at the dry of optimum
moisture content. Change in the pore water pressure in lubricated and non-lubricated specimens
were measured and are shown in Fig. 21. In this figure the solid lines indicate the change in pore
water pressure at the mid-height M and at the end E of a lubricated specimen and the dotted
lines show the change in pore water pressure at the same positions in a non-lubricated specimen.
From the figure it is clear that porc water pressure was highly non-uniform for the
non-lubrnicated specimen, whereas, for lubricated spccimen the pore water pressure distribution

was found to be uniform throughout the test. Further determination of moisture content
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Figure 19.  Dilation zone.

distnbution showed that non-uniform pore water pressure resulted in non-uniform moisture

content distribution inside the specimens.

Blight (1965) studied the effects of end restraint on pore water pressure distnibution inside
overconsolidated clay specimens (OCR = 16), and concluded that increasing the aspect ratio 1s
not successful in reducing the cffects of end restraint. ‘This 1s in contrast to the conclusion of
Bishop and Green for drained tests on saturated specimens where higher aspect ratios were
associated with a decrease in effects of the end restraint. Nevertheless Blight's conclusion is not
surpnising, since by increasing the aspect ratio, non-uniformity of stress distnbution is increased
and consequently vanation in the pore water pressure s also increased. On the other hand, in a
drained test as the aspect ratio increases, the adverse effects of non-uniform stress distnbution
reduces the restraining cffect of the end platens and cause the specimen to fail under a lower

external stress.
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Figure 20.  Influence of aspect ratio on shear strength of specimens with various degrees of
end restraint, (after Bishop and Green, 1965).

Kirkpatrick and Belshow (1968) used an X-ray technique in measuring internal
displacements of medium dense sand specimens. They concluded that non-uniform strains were
due to the formation of quasi-rigid zones near the rough end platens. Kirkpatrick and Younger
(1970) used the same technique and concluded that the use of rough platens results in the
development of highly non-uniform strain, which increases as the aspect ratio of the specimen is
decreased. Distributions of axial strain at distances h/2 and h/8 from the end, across the width of
a sand specimen loaded through rough platens are shown in Fig. 22. Further, the formation of
dead zones at the specimen’s ends is caused by the restraining effect of radial friction force at the

end platens. Fig. 23 shows the shape of the end zones which were formed close to the rough

platens.
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Pore pressure distribution at the end and mid-height of specimens with fixed ends
and free ends, (after Barden and McDermott, 1965).
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Figure 23.  Rigid end zones in tnaxial specimen loaded through rough end platens, (alter
Kirkpatrick and Younger, 1970)

E. DISCUSSION ON NON-UNIFORM STRESS AND STRAIN DISTRIBUTION

The problem of non-uniform stress and strain distribution within tniaxial specimens has
been studied both analytically and cxperimentally by many rescarchers for over a century.
Several approximate solutions using mathematical and finite clement techniques have been
proposed for computing non-uniform stress distribution under several boundary conditions. In
the expenimental work the effects of non-uniform state of stress and strain within the specimens
have been reduced either by lubricating the end platens, or by choosing an appropriate aspect

ratio.
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On the other hand, analytical and cxperimental models have not been used extensively due
to one or more of the following reasons:

a. In general the proposed analytical methods are tedious and time consuming and are not
practical.

b. Use of lubricated ends has proved to be an effective way of reducing end restraint and
hence, non-uniform stress and strain distnibutions. This mcthod is extensively used in rescarch
and experimental investigations, but it is not as widely used in every day practice.

c. By using an appropnate aspect ratio. Howcever, in practice regardless of the type of soil

and/or ¢nd platens, an aspect ratio of 2 is usually used.

Since the above described methods are not feasible in assessing the true stresses acting
within reinforced triaxial specimens, it would be beneficial to develop a simple analytical model

which can be used in assessing the values of stress at various points within the specimens.
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I1I. PROPOSED MODELS

Two analytical models are developed. In the first model, effects of end friction on shear strength
of triaxial specimens are considered. The second model considers the problem of non-uniform
stress distribution and can be used in calculating the magnitude of normal stress at any point

within triaxial specimens.

A. ENHANCED CONFINING PRESSURE MODEL

1. Uniform Stress Distribution in Triaxial Specimens. In a triaxial specimen subjected to

normal stresses at its boundaries (Fig. 24.a & b) the state of stress and strain are homogencous if
frictional force is not developed at the end surfaces. That is, at any point within the specimen,

(Fig. 24.b):

o’,=0’0=03 (3'1)

T, =Tp=T1,9=0

where: o, = normmal stress at any point within the specimen.

By assuming that the Mohr-Columb’s envelope is valid at failurc we can write:

o) = Kyo3 (3.2

In practice most of the triaxial specimens are loaded through rough surfaces and friction at
the end surfaces is large, e. g., the angle of friction devcloped between sand and smooth pyrex
glass is at least 5 degrees, (Totsuoka and Ilaibava, 1985). llcnce, by applying a compressive
stress o,, (Fig. 25.a & b) to the specimen, a frictional stress = is mobilized at the interfaces. The
induced frictional stress restrains lateral expansion of the specimen and lecads to a non-uniform

state of stress and strain, (Shockley and Ahlvin, 1960). The problem of non-uniform state of
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Figure 24.  Homogeneous state of stress in triaxial specimen.

stress and strain is ¢ven more pronounced in reinforced soil specimens as the angle of friction at

the soil-reinforcement is usually much larger.

2. The Model. Stresses acting on a tnaxial specimen loaded through rough surfaces arc
schematically shown in Fig. 25. A fnctional stress 7 is mobilized at the interfaces which affects
the magnitude of failure normal stress o,, which can be calculated from o,, = o, + Ag,, in which
o, 1s the failure stress for the same specimen when loaded through lubricated surfaces. If it 1s

considered that the Mohr-Coulomb envelope is valid at failure then we can wnte:

o, = Kyo3, (3.3)

in which o, = o, + Ao,. By using 3.3 and substituting the values of a,, and o,, we get:

o, + Aa, = K(a, + Aa))

Adl = KPA0'3 (34)

Now consider the radial equilibrium of a disc of material of radius r and height h being

compressed between rough platens and assume that:
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Figure 25.  Stress acting on a triaxial specimen loaded through rough surfaces.

a. The applied normal stress o,, at failure is an effective stress.

b. Height of specimen h is small and, hence, stress distribution is uniform within the
specimen.

c. Radial and circumferential stress components o, and o, (FFig. 24.b) are equal and both are

principal stresses.

d. The magnitude of the mobilized frictional stress 7 at failure is proportional to the applied

normal stress at failure and is equal to:

t=0,, tan§ (3.5)

where: 6 = angle of bond stress at the interface

Ience we can wnte, (Fig. 25.b):
o

z = Oyr

o, = oo = 0'3 +A03 (3())
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Summation of forces in the radial direction (Fig. 25.b) leads to:

2t Ay + 03 A, = 20, A, (sin %) 3.7)

where: 4, = cross sectional arca of scction = r20/2
A, = surface arca of section = (r0)h
A, = surface area of one sidc of section = rh
Further, for small values of @, sin0/2 can be replaced by 0/2. Substituting the values of 4,, A,

and A, from the above and g, from 3.6 into 3.7 we have:

20 . 0
27 ( 3 )+ o3(r0)h = 2(03+Aa3)rh(3) (3.8)

IFrom which we get:

1r = hlAo, 3.9

By substituting the value of = from 3.5 into 3.9 and rearranging the terms, the value of enhanced

confining pressure can be calculated from:

A63=%a|,tan6 (310)
Furthermore change in the failurc normal stress Ao, for both unreinforced and reinforced

specimens can be calculated from 3.4 and 3.10, as:

K,
Ao, = 2—:a,,tan 6 3.11)

where: n =h
By substituting the value of Ao, =0, — g, into 3.11 and solving for o,, we can calculatc the

magnitude of failure normal stress from:

2"0’]

... (3.12)
2n —Kp tan

Oy =
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Figure 26.  Cylindrical specimen composed of n sections.

B. BEAM-COLUMN MODEL

When the aspect ratio of the specimen is increased, non-uniformity of stress and strain,
and hence, the strength properties of the specimen is affected. In order to estimate the
magnitude of normal stress at any point within the specimen let us assume that the specimen is
composed of n imaginary sections, Fig. 26. By inspection it is clearly scen that stresses acting on
each section (Fig. 27.a) can be shown to be the sum of state of stress in Fig’s 27.b and 27.c.
However, the stresses in Fig. 27.b are the same as the stresses acting on a section of specimen
loaded through lubricated surfaces, and hence, are associated with a uniform statc of stress. On
the other hand, stresses in Fig. 27.c arc only present in the specimens loaded through rough
surfaces. Therefore, it can concluded that they arc the primarily cause of non-uniform state of

stress.
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Figure 27.

Stress acting at each section of specimen.

FFurther inspection of Fig. 27.c shows that it can be considered as a beam-column
member. By considening the free body diagram of Fig. 27.c separated by plane m-m, as shown

in Fig. 28. The magnitude of normal stress acting at any point inside the section can by

calculated from:
Ac,=Ac, + "jc (3.13)
r

bending moment about honzontal axis.

Il

where: M
C
I, = moment of incrtia of the scction about radial axis.

distance from centroid.

Il

I‘or a small 0 the cross section of the bcam-column clement (Fig. 27.c) can be approximated by

a triangle and henee the magnitude of normal stress o, at any point within the specimen can be

calculated from:
o, =0y + A0, +36MC (3.14)
or
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Figure 28.  Free-body diagram

The magnitude of bending moment M depends on the boundary condition (end moment) at the
interfaces and has a general form of k(Ao, A?), where the value of k depends on the boundary

condition. Therefore we can write:

Ao, h C
0,= 0, +Ac, + 36/(—34——0' (3.15)
r

Substituting the value of Ao, from cquation 3.10 and knowing that o, + Ag, = g,,, results in an

expression for calculating the value of normal stress at any point within the specimen:

0; =y (L4100 Cy (3.16)

r2 0

Where: k' = 72k
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Equation 3.16 can be used for calculating the magnitude of normal stress within triaxial
specimens provided that:

a. Boundary conditions at interfaces are known.

b. Aspect ratio (h/r) of the specimen is large.

d. Frictional stress at interfaces is proportional to the applied normal stress.

C. STATE OF STRESS AT FAILURE

The proposed Beam-Column model can be used to examine the state of stress at any
point within triaxial specimens. At the mid-height, bending stress is compressive at the center
and hence, normal stress o, is larger than the applied normal stress o,,. Also the bending stress is
tensile at the edges and hence, normal stress o, 1s smaller than the applied normal stress. On the
other hand, for the ends, bending stress in tensile at the center and compressive at the edges.
Fig. 29 schematically shows the normal stress distribution at the end and mid-height of a triaxial
specimen based on the above reasoning. It shows that at mid-height of the specimen, maximum
normal stress occurs at the center, and minimum normal stress occurs at the edges. On the other
hand, at the ends of the specimen, normal stress is maximum at the outer edges and minimum
at the center. Mohr-Coulomb’s failure envelope for points A and B at mid-height of the

specimen is shown in Fig. 30 and the failure envelope for points C and D is shown in Fig. 31.

D. EFFECTS OF ASPECT RATIO ON STRENGTH

Effect of end friction on shear strength of triaxial specimens is a rather complex
phenomenon. On one hand, the enhanced confining pressure increases the strength of the
specimen. On the other hand, it affects the distribution of normal stress within the specimen and
results in a normal stress which is larger in magnitude than the applied normal stress at the
center of the specimen. Furthermore, by assuming that the mobilized friction at the ends of the
specimen is not a function of the height of the specimen, the magnitude of enhanced confining
pressure Aoy decreascs as the height of specimen increases (the same force is distnbuted on a

larger surface area). At the same time, increase in the height is accompanied by increase in the
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Figure 29.  Normal stress distribution at the end and mid-height of a triaxial specimen loaded
through rough surfaces.

mobilized bending stress within the specimen which causes a further increase of the normal

stress at the center of the specimen.

Therefore it can be concluded that for a soil specimen loaded through non-lubricated
surfaces, the increase in the enhanced confining pressurc caused by the end friction is
counteracted by the increase in the normmal stress at the center of the specimen due to the
induced bending stress. For a specimen with a small aspect ratio, the effect of the end friction 1s
greater and the specimen fails at a higher normal stress. For a specimen with a large aspect ratio
the effects of the increase in the normal stress is larger and the specimen fails at a lower normal

stress.
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Figure 30.  Mohr-Coulomb failure envelope for points A and B.
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FFigure 31.  Mohr-Coulomb failure envelope for points C and D.



46

IV. TESTS RESULTS AND DISCUSSION

Laboratory tnaxial tests were performed on a loessial soil obtained from a borrow site located
near Collinsville, in the south of Madison county Illinois, approximately 12 miles to the east of
St. Louis. In the laboratory, the soil was air dried and then throughly remolded using a
mechanical grinder. Results of the preliminary investigation showed that the loess may be
classified as ML. Index properties of the loess were determined and are listed in Table 1.
Standard Proctor compaction tests were performed and the dry density versus water content
rclationship of the loess was cstablished and is shown in Fig. 32. ‘I'naxial compression tests
were performed on unreinforced and -reinforced locss specimens compacted to 95 percent of

maximum dry density and moisture content of 12 and 17 pereent.

A. PROCEDURES AND TEST DATA

1. Reinforcing Material. Today most enginecring fabrics or geotextiles in widespread use

are made from polymeric matenals or fibers. Typical polymers are polypropylene, polyester,
polyethylene, and polyamide. The two most common types of geotextiles are woven and
non-woven fabrics. The former is manufactured from two sects of parallel filaments or yam
oriented in two mutually perpendicular directions. Non-woven fabric consists of a mat of fibers
of either continuous or discrete length filaments, arranged in a random pattern and bonded

together mechanically, thermally, or chemically.

A satisfactory soil-reinforcement system must exhibit several attributes not least of which
is the ability to generate high soil reinforcement bond. This quality is particularly vital in low
strength cohesive fills where the soil itself is potentially the weak link in the soil-reinforcement
chain. However, reinforcing bond can be reduced drastically by build up of pore pressure which
can cause adverse effects on shear strength. T'riaxial compression tests on saturated clay
specimens showed that shear strength of clay was reduced by as much as 40 percent when the

specimens were reinforced with non-permeable (aluminum foil) matenal, Ingold (1980).
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Table I. INDEX PROPERTIES OF LOESS

Specific Gravity 2.69

Liquid Limit 286 %
Plastic Limit 224 %
Plasticity Index 6.2 %
Optimum water content 142 %
Maximum Dry Density 110.8  pcf

A preliminary investigation was carricd on in order to sclect a suitable reinforcing material.
Properties of scveral available geotextile fabrics were compared and a commercial woven
geotextile from Exxon chemicals was choscn. Table I shows propertics of the geotextile fabric

(furnished by the manufacturer).

2. Compaction. Specimens are compacted by kncading compaction, by a method similar
to the Harvard Miniature compaction, but with larger resultant specimens. A special split
compaction mold is used to prepare the spccimens. The mold consists of an outer tube of steel
pipe with an inside thin walled steel tube 2.83 in. (72 mm.) in diamcter. The mold is such that
when the machine bolts on the outer casing are loosened, the split steel tube inside the mold

expands and allows for removal of the specimen with minimum cffort and disturbance.

A preliminary compaction investigation was undcrtaken in an attempt to relatc the
number of tamps to dry density of the soil. The number of tamps were determined for cach
moisture content at the dcsired density. In order to minimize moisturc content variation thc
loess was brought to designated moisture content (12 and 17 percent) in large batches and scaled

in air tight bags and placed in a moist curing room for a minimum of three days.
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Table II. PROPERTIES OF GEOTEXTILE FABRIC GTF-200.

Wide Width Strut Tensile ASTM D-4532 270 psi
Grab Tensile Strength ASTM D-1682 200 Ib
Secant Modulus at 10% Elongation ASTM D-1682 670 1b/in
Elongation ASTM D-1682 20 %
Permeability Coefficient Falling Head 40cm-10cm  0.02 cm-sec

3. Specimen Preparation. The compaction mold was asscmbled, and its inside was

sprayed lightly with a silicone compound to reducc the possibility of sticking the specimen to its
side. A sheet of Mylar film was placed around the inside of the mold to facilitate spccimen
removal. The wet weight of the specimen at the desired density (95 percent of maximum dry
density) was determined, and the weight of cach laycr of soil was calculated. A batch of soil was
placed in the mold, leveled off and carefully compacted by a tamper similar to a lIlarvard
Miniature compaction tamper, modified by a longer piston and a 1.125in. (28.6mm.) diamcter
circular foot and a spring pressurc of 44 pounds was used. Uniformity of the specimens wcre
further controlled by carefully monitoring the thickness of each layer. After tamping the upper
portion of the soil laycr was scarificd with a spatula, and another batch of soil was placed in the
mold, leveled off, and compacted. This procedure was repeated until the top of the soil
specimen was one layer above the main body of the mold. The compaction collar was then
removed and the soil was trimmed flush with the top of the mold. The weight of the specimen
was determined. The specimen was wrapped in plastic sheet, put into two zippered bags, labeled

and placed in the humid room for threc days of another “curing”.

The same procedurc was followed in preparing the reinforeed specimens cxcept that at the
desired hcights, a 2.83 in.(72 mm.) diameter disc of the reinforcing fabric was placed on top of

the compacted layer, and then the next batch of the soil was placed in the mold.
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4. Tnaxial Testing. A total of 22 unconsolidated undrained triaxial compression tests
were conducted in two phases. In the first phase, 6 unrcinforced loess specimens were tested. In

the second phase, 16 reinforced specimens with 5 different aspect ratios were tested.

5. Phase-one Unreinforced Specimens. In order to assess the effect of reinforcement on

strength properties of the soil, it is first necessary to define the strength properties of the
unrcinforeed soil. Tence, phase one of the testing program was performed on six unreinforced
loess specimens 2.83 in. (72 mm.) in diameter and 5.67 in. (144 mm.) in height. The specimens
were prepared at a predefined degree of compaction (95 percent of maximum dry density) at two
different moisture contents (12 and 17 percent), and were subjected to confining pressures of 10,

20, or 30 psi. (69, 138 and 207 kPa.) respectively.

To insure a uniform state of stress and strain within the specimens, end platens were
lubricated in this phase of the testing program. At first a thin layer of silicone vacuum grease
was applied to each end-platen, and a thin rubber membrane disc was cut and placed over the
grease on each platen. The specimen was placed on the base platen, the top platen was put on

its top, and then a rubber membrane was placed around it.

‘I'he tnaxial cell was assembled and filled with deaired water. The desired confining
pressure was applied, and the specimen was sheared at a constant strain rate of 2 percent per
minute. Axial loads were read through a calibrated load cell at predetermined axial deformation
until failure or 20 percent strain, whichever occurred first. Then the specimen was removed from
the triaxial cell, weighed, and the entire specimen was placed in the oven for moisture content

determination. Results of this phase of testing program (tests No. 1-6) are given in Table I11.

6. Phase-Two Reinforced Specimens. In the second phase of the testing program,

reinforced specimens were tested with the same mositure contents and compaction effort as in
the phase-one of the testing program. In this phase, the same procedures as those employed in
the first phase of the testing program were used, cxcept that in place of rubber membranc a disc

of reinforcing fabric was placed on cach end platen.
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At a moisture content of 12 percent, 3 reinforced specimens with an aspect ratio of 0.4
were tested (tests No. 7-9). At 17 percent moisture content, 13 rcinforced specimens with aspect
ratios of 0.4, 0.5, 0.67, 1, and 2 were tested (Tests No. 10-22). Test results are given in Table

IV.

B. TEST DATA

Plots of deviator stress verses longitudinal strain for unreinforced specimens (tests No. 1-6)

are shown in Fig. 33.

Results of tests No. 7-9 are plotted in Fig. 34. Thesc specimens were prepared at 12
percent moisture content and reinforced with six reinforcing discs, one on each end platen and 4

spaced equally at 1.13 in. (29 mm.) center to center.

Fig. 35 shows the results for tests No. 10-12. These tests were performed on reinforced
specimens prepared at 17 percent moisture content and an aspect ratio of 0.4 (with the same

reinforcement arrangement as tests No. 7-9).

Tests results for No. 13-15 are plotted in Fig. 36. 'These tests were performed on
reinforced specimens prepared at 17 percent moisture content with an aspect ratio of 0.5. In

these specimens five reinforcing discs were used at 1.41 in. (35 mm.) center to center.

Fig. 37 shows the results of tests No. 16-18 on rcinforced specimens with aspect ratio of

0.67. Four reinforcing discs were used at 1.83 in. (46 mm.) center to center.

In order to confirm the repeatability of the test results, three pairs of identical tests were
performed on reinforced specimens with 17 percent moisture content, and aspect ratios of 0.5,
1.0, and 2.0, subjected to 30psi. (207kPa.) confining pressurc. Test results are given in Fig. 38,

which shows that the tests were indeed highly reproducible.
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Table III.  TRIAXIAL TEST RESULTS (UNREINFORCED SPECIMENS)
Test No.  Confining Pressure  Moisture Content Deviator Stress  Aspect
psi. % psi. Ratio
1 10 12.2 47.45 2
2 20 12.4 65.35 2
3 30 12.4 82.10 2
4 10 17.0 34.07 2
5 20 17.2 55.41 2
6 30 17.4 77.57 2




Table IV.  TRIAXIAL TEST RESULTS (REINFORCED SPECIMENS)

* Test Disc Spacing Confining Moisture Deviator Strength Aspect
No. in. Pressure psi Content % Stress psi Ratio Ratio
7 1.134 10 12.2 117.12 247 0.40
8 1.134 20 12.2 192.02 297 0.40
9 1.134 30 11.8 228.69 2.78 0.40
10 1:13 10 17.2 100.43 2.95 0.40
11 1.13 20 17.0 161.09 291 0.40
12 1.13 30 16.9 215.05 2.77 0.40
13 1.41 10 17.0 94.69 2.717 0.50
14 1.41 20 17.0 122.69 2.21 0.50
15 1.41 30 17.2 154.19 1.99 0.50
16 1.83 10 17.1 48.94 1.43 0.67
17 1.83 20 17.0 71.06 1.28 0.67

18 1.83 30 17.1 126.10 1.62 0.67




Table IV.  TRIAXIAL TEST RESULTS (REINFORCED SPLECIMENS) CONTINUED.
Test Disc Spacing Confining Moisture Deviator Strength Aspect
No. in. Pressure psi Content % Stress psi Ratio Ratio
19 2.83 30 17.3 95.71 1.23 1.00
20 2.83 30 17.1 91.94 1.18 1.00
21 5.67 30 17.2 72.54 0.93 2.00
22 5.67 30 17.5 74.53 0.96 2.00

53



C. ANALYSIS OF TESTS RESULTS

Test results for reinforced specimens (tests No. 7-22) have been given in Table IV. In this
table deviator stresses are listed in column 5, and strength ratios are listed in column 6. The
strength ratio is defined as the ratio of the measured deviator stress at failure of the reinforced
specimen to that of the unreinforced specimen. In column 7 and 8, aspect ratios and number of
reinforcing discs are listed. Interpretation of test results will be' considered in the following

sections.

1. Failure Strength. The Mohr-Coulomb failure envelope for unreinforced specimens at

12 percent moisture content is plotted in Fig. 39 (tests No. 1-3). Values of cohesion ¢ and slope
of the failure envelope ¢ for these specimens were obtained from figure and are 9 psi. and 29°,
respectively. The failure envelope for unreinforced specimens with 17 percent moisture content
(tests No. 4-6) is plotted in Fig. 40. Values of cohesion ¢ and slope of the failure envelope ¢

were obtained from figure and are Spsi. and 29° respectively.

a. Interpretation of Test Results with: Enhanced Confining Theory. Mohr’s circles and

the failure envelope for the reinforced specimens (tests No. 7-9) which have been constructed by
using the enhanced confining pressure theory are shown in Fig. 41. In this figure the principal
stresses o,, at failure were used to construct the Mohr circles tangent to the failure envelope of
unreinforced specimens, (tests No.  1-3). Values of enhanced confining pressure (o5 + Agy) were
determined at the intersection point of Mohr circles with the horizontal axis. Failure envelopes
for tests No. 10-18 were constructed similarly and are shown in Fig’s 42, 43 and 44. Increase in
confining pressure Aoy was then measured for each specimen and arc given in Table V. I'rom
the table it is clear that in general:

(1) Increases in the confining pressure were approximately the same for tests No. 7-9 and
10-12. This indicates that the change in the moisture content between 12 to 17 percent had little
if any effects on the increase in confining pressure, Ag;.

(2) Increase in the confining pressure decrcased by increasing the aspect ratios of the

specimens.
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b.  Interpretation of Test Results with Enhanced Cohesion Theory. Typical

Mohr-Coulumb failure envelopes for reinforced specimens (tests No. 7-9 and 10-12) are plotted
in Fig. 45 and Fig. 46. These envelopes have been drawn by using the applied confining pressure
oy and the principal stress at failure o,,. It is worth mentioning that in a reinforced earth system
two modes of failure may occur: (1) Bond stress failure. (2) Reinforcement failure. Strength of
the specimen in the former is directly related to the confining pressure, and the bond stress at
the soil reinforcement interface is proportional to the effective normal stress. The enhanced
cohesion theory leads to dubious results when this mode of failure prevails, as the Mohr’s circle
1s tangential to the curved portion of the failure envelope (refer to Fig. 3, page 10). On the
other hand, as the confining pressure increases, a threshold value is reached where the induced
shear stress in the reinforcing material reaches its yield strength, after which there is a constant
increase Ao, in the normal stress at failure for a given reinforcing material and spacing. Previous

experiments have showed good agreement with the theoretical results for this mode of failure.

In this investigation bond stress failure was the only observed mode of failure for all of the
tests performed on the reinforced specimens. Failure occurred at the curved portion of the
failure envelope and hence, the enhanced cohesion theory is not applicable in predicting the

behavior of the reinforced specimens for confining pressures between 10 to 30 psi.

2. Effects of Moisture Content on Strength of Reinforced Specimens. The strength ratios

for reinforced specimens tested at 12 and 17 percent moisture contents and aspect ratio of 0.4
(tests No. 7-9 and 10-12) varied within a narrow range of 2.47 to 2.97. Comparison of the
strength ratio for tests No. 8 with 11 and 9 with 12 shows that the strength ratios for the two
moisture contents were almost the same. This indicates that increase in the strength ratios was
independent of moisture content at range of 12 to 17 percent and the increase in the enhanced

confining pressure was similar for the specimens tested under the same confining pressure.



Table V. VALUES OF ENHANCED CONFINING PRESSURE FROM TEST

RESULTS
Test No. Confining Pressure Increase in confining
psi. pressurc  psi.
7 10 23.5
8 20 43.0
9 30 49.1
10 10 224
11 20 36.9
12 30 49.1
13 10 204
14 20 243
15 30 38.0
16 10 46
17 20 5.7
18 30 183
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3. Effects of Aspect Ratio on Strength of Reinforced Specimens. Table 1V, page 52

indicates that the effect of reinforcement on shear strength decreased with increasing aspect ratio.
Nonethcless the strength ratios for both of the specimens with aspect ratios of 2 were almost
equal to one, which indicates that for this aspect ratio, reinforcement had no apparent effect on

the shear strength.

Surprisingly this is the same aspect ratio at which previous investigations, i. e. Bishop and
Green (1965), have showed that the effect of non-lubricated ends on the shear strength of
unreinforced specimen was of little significace and the shrcar strength of lubricated and

non-lubricated specimens were about the same.

D. EFFECT OF REINFORCEMENT ON MODULUS

Values of tangent moduli, secant moduli at 50 percent of failure stress and sccant moduli

at 50 percent of failure strain for tests No. 1-15 are given in Table VI.

1. Tangent Modulus. A surprising result is that the tangent moduli of reinforced

specimens are smaller than the tangent moduli of unreinforced specimens. This behavior was
consistently observed in all tests. It is believed that decrease in tangent moduli of reinforced

specimens is due to an initial seating between the soil particles and the reinforcing fabric.

2. Secant Modulus at 50 Percent of FFailure Stress. Again the values of secant moduli at

50 percent of failure stress were smaller for unreinforced specimens. This behavior is believed to
be due to the much larger strain experienced by the reinforced specimens to reach to 50 percent

of maximum failure stress (about 10 times as high as unreinforced specimens).

3. Secant Modulus at 50 Percent of Failure Strain. Conversely, the values of sccant

moduli at 50 percent of failure strain were larger for reinforced specimens than for unreinforced
specimens, Table VI. The values of secant moduli decreased in a consistent rate with increasing

aspect ratio.



Table VI.  VALUES OF TANGENT AND SECANT MODULUS

Test Tangent Scecant modulus Sccant modulus
No modulus at 50% stress at 50% strain
psi. psi. psi.

1 5343 5044 471

2 5024 3467 904

3 8126 4485 1096

4 5020 3761 460

5 4523 3467 843

6 7803 4627 929

7 4970 1261 807

8 4647 1709 1373

9 5093 3576 1696
10 2386 1250 746
11 4397 1567 1110
12 4273 1875 1417
13 4350 1290 707
14 4673 1391 808
15 5767 2104 1198
16 2756 1089 576
17 3480 1394 679

18 4523 1916 966
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E. DISCUSSION

Previous investigations have shown that bond stress at the soil reinforcement interface
does not reach its maximum value globally as the specimen is subjected to a strain. Indeed in
order to mobilize the maximum bond stress, a rclative displacement has to occur between the
soil and the reinforcement. The magnitude of this displacement depends on properties of both

the soil and the reinforcement.

Examining the stress-strain curves of reinforced specimens shows that in general, at a given
confining pressure and for strain of less than 1 percent, deviator stresses are smaller for
reinforced specimens than deviator stress for unreinforced specimens tested under the same
confining pressure. Deviator stresses of reinforced specimens exceeded the deviator stresses of
unrcinforced specimens when the applied axial strain ¢, was somewhere between 1 and 2
percent, e. 8. 1 <¢,<2. Strength of reinforced specimens increased linearly beyond this point
and up to failure. This behavior is belicved to be due to a non-linear interaction between the

soil and the reinforcing fabric and will be explained in the following paragraphs.

As a tniaxial specimen is subjected to a compressive stress o,, it experiences a lateral strain
in the horizontal direction. The magnitude of this lateral strain depends on the Poisson’s ratio of
the soil and the stiffness of the reinforcing fabric. Ilowever, this lateral strain is not uniformly
distributed along the cross-section of the specimen, and varies from zero at the center of the
specimen to its maximum value at the edge of the specimen. Furthermore the stiffness of the
reinforcing fabric is not the same as the stiffness of the soil, and therefore at any given point
cach one expeniences a different strain at the interface. In a conventional reinforced specimen,
reinforcing matenal is stiffer than the soil and at a given point, displaccment of the soil in the
lateral dircction is larger than the displacement of the reinforcing matcrial in the same direction.
Hence, a relative displacement takes place at the soil-reinforcement interface and consequently
frictional stress is mobilized. The magnitude of the mobilized bond stress increases with
increasing strain up to the limiting value of the frictional stress. This limiting value first occurs
at the edge of the specimen where the relative displacement bcetween the soil and the

reinforcement is the largest. From this point any increase in the strain causes adjacent parts of



the specimen at the interface to reach to the limiting value. This process progressively continucs
and moves toward the center of the specimen. ‘Therefore increase in the strain has caused a
larger portion of the reinforcing fabric to become effective and hence, the strength of the

specimen is increased.

1. Comparison of Tests Results With Enhanced Confining Theory.. Fig. 47 shows the

strength ratios (ratio of reinforced specimen to unreinforced specimen deviator stress) for
reinforced specimens with 17 percent moisture content, and subjected to 30psi. (207kPa.)
confining pressure, plotted against aspect ratios. Plot of strength ratio versus aspect ratio

obtained from equation 3.16 is also shown by the solid line.

The general validity of the proposed enhanced confining model is confirmed by the test
results. However, the experimental points lie below the theoretical line. This discrepancy
between the test and theoretical results is most probably caused by the following factors:

a. The stiffness of reinforcing fabric is not, as assumed in theory, infinite, compared to the
soil stiffness. By applying a compression load to the specimen, a frictional stress is mobilized at
the soil-reinforcement interface. Consequently, the reinforcing fabric is put in tension and
experiences a strain ¢, On the other hand, for the same confining pressure and at a given point,
the magnitude of normal stress is larger for specimens with smaller aspect ratios. By assuming
that the mobilized frictional stress is proportional to the applied normal stress, then the stress
acting on the reinforcing fabric would also be larger. Therefore at a given longitudinal strain,
strain in the reinforcing fabric is larger for specimens with a small aspect ratio and hence,
£, > ¢, Where ¢, is the strain in the reinforcement for the specimens with small aspect ratios and
e, is the strain in the reinforcement for the specimens with large aspect ratios. If the lateral
strain in the soil is ¢, then the relative displacement at a given strain at the soil-reinforcement
interface is (¢, — ¢,), and hence, (¢, — £,) < (g, — £5). Therefore for a given longitudinal strain, the
relative displacement at the interface is smaller for specimens with a small aspect ratio and
hence, a smaller portion of the reinforcing fabric reaches the limiting value of bond stress. This

would cause the specimen to fail at a lower normal stress than the predicted value by the theory.
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b. Possible effects of pore water pressure on the angle of bond stress has not been

considered.

Another important factor affecting laboratory test results is the cffect of non-uniform stress

distribution. This phenomenon will be studied in more detail in the following section.

2. Effects of Non-uniform Stress Distribution. Inspection of deforma.ions showed that

reinforced specimens with aspect ratios of 0.4 and 0.5 deformed rather uniformly along their
longitudinal axis, Fig. 48.a, whilc the specimens with aspect ratios of 0.67 and larger, bulged at
mid-height of each reinforced layer, Fig. 48.b. It was further noticed that bulging increased with
increasing aspect ratio of the specimen. This indicated the non-uniformity of stress distribution

inside the specimens which increased with increasing the aspect ratios of the specimens.

In order to assess the quantitative effect of non-uniform stress distribution on the shear
strength of the specimens, it was deemed necessary to calculate the angle of bond stress at the
soil-reinforcement interface. Two methods were used in determining this value. In the first
method angle of bond stress was back-calculated by assuming a uniform stress distribution in
the specimens. By using equation 3.12, page 39, and knowing the values of o,, from the test
results on reinforced specimens with aspect ratios of 0.4 (tests No. 10-12), the average value of
angle of friction was calculated. In this analysis it was assumed that the of angle of bond stress
varies linearly along the radius of the specimen as shown in Fig. 49. In the sccond mcthod the
limiting value of the angle of bond stress was calculated by using a relationship proposed by
Ingold (1980). He also assumed a linear variation of the angle of bond stress along the radius of
the specimen. The values of angle of friction by both methods are in good agreement. The
average value of angle of bond stress was 18° by the former method with a scatter of 0.6 and 19°

by the latter.

Assessment of the angle of bond stress enables us to predict the cffects of non-uniform
stress distribution for different aspect ratios and consequently calculate the true values of shear
strength of the reinforced specimens. Theoretical values of strength were calculated by the

average value of angle of friction (19°/2) and equation 3.12, the results are shown in Table VIL
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From the table it is clear that non-uniform stress distribution had a significant effect on strength
of the speciemns specially for aspect ratios of 1 and larger. For aspect ratio of 2, the theoretical
values of strength are larger by as much as 27 percent. Hence, it can be concluded that for large
aspect ratios non-uniform stress distribution is the main reason for the test results to fall below

the theoretical line.

It is worth mentioning that for an aspect ratio of 2, the shear strength of unreinforced and
reinforced specimens were almost the same, Table 1V, page 40. This indicates that at this aspect
ratio the induced strength caused by the rcinforcing fabric is totally counteracted by the

reduction of strength caused by non-uniform stress distribution within the specimen.

F. COMPARISON OF THE BEAM-COLUMN MODEL WITH EXPERIMENTAIL

DATA

The validity of the proposed Becam-Column model is examined by comparing the
theoretical values of normal stress obtained from the proposed Beam-Column model and the
experimental results of the normal stress measurements across the mid-height and near the end

of the sand specimen tested by Shockley and Ahlvin (1960).

Descriptions of the specimens have been given on page 27. Equation 3.16 is used in

calculating the values of normal stress across the mid-hcight of the spccimen by assuming that:

a. An average friction angle of S degree at the soil-end platen interface.

b. Mcdium densc sand was used, therefore the angle of of internal friction of 35 degrees
was used.

c. A centeral angle of 3 degrees for the sections.
Analytical results are shown by the dotted lines in Fig. 50. Distribution of normal stress across
the mid-height is shown in Fig. 50.a. Similarly distribution across the end is shown in Fig. 50.b.
The proposed normal stress distributions by Shockley and Ahlvin for the same cross-scctions are
shown by the solid lines. The figurcs show the general validity of the model for stress
distribution at the mid-height and top of the specimen. ‘The analytical valucs arc in good

agreement with the theory inasmuch as:
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a. Maximum normal stress at the mid-height occurs at the center line of the specimen and
is equal to 38.2 psi.

b. Minimum normal stress at the mid-height occurs at the edge of the specimen and is
equal to 25.9 psi.

c. Maximum normal stress at the end of specimen occurs at the edge of the specimen and is
equal to 34.1 psi.

d. Minimum normal stress at the end of specimen occurs at the center line of the specimen

and is equal to 21.7 psi.



Table VII. THEORETICAL STRENGTH BASED ON ENHANCED CONFINING

THEORY
Test Aspect Theoretical Deviator Strength Theo./lab.
No Ratio Stress psi. Ratio Strength
12 0.40 2409 3.10 1.12
15 0.50 177.8 229 1.15
18 0.67 138.1 1.78 1.10
19 1.00 111.7 1.44 1.20
21 2.00 923 1.19 1.27
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Figure 33.  Stress-strain relationship for unreinforced specimens. Tests No. 1, 2 & 3 at 12%
moisture content and tests No. 4, 5 & 6 at 17% moisture content.
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Stress-strain relationship for reinforced specimens with aspect ratio of 0.4 and 12%

moisture content. Tests No. 7, 8 & 9, compared with Tests No. 1-3.
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Figure 35.  Stress-strain relationship for reinforced specimens with aspect ratio of 0.4 and 17%

moisture content. Tests No. 10, 11 & 12, compared with tests No. 4-6.
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Figure 37.  Stress-strain relationship for reinforced specimens with aspect ratio of 0.67 and

17% moisture content. Tests No. 16, 17 & 18, compared with tests No. 4-6.
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Figure 39.  Mohr-Coulomb failure envelope for unrcinforced specimens with 12% moisture
content, tests No. 1-3.
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Figure 40.  Mohr-Coulomb failure envelope for unreinforced specimens with 17% moisture
content, tests No. 4-6.
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Figure 41. Mohr-Coulomb failure envelope for tests No. 7-9, using the enharccd confining
pressure theory, compared with tests No. 1-3.
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Figure 42. Mohr-Coulomb failure envelope for tests No. 10-12, using the enhanced confining
pressure theory, compared with tests No. 4-6.
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theory.
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V. CONCLUSIONS

Soil-reinforcement exhibits a complex phenomenon derived from non-linear interaction between
soil particles and reinforcing fabric. This complexity is increased when considering the behavior
of reinforced triaxial specimens by non-uniform stress and strain distribution gencrated within

them.

In order to calculate the effect of reinforcement on shear strength of reinforced triaxial
specimens a modified analytical model based on the enhanced confining pressure theory is
developed. The proposed model can also be used for calculating the effect of rough end platens

on strength of unreinforced cylindrical specimens.

The effects of non-uniform stress distribution on strength of unreinforced and reinforced
triaxial specimens were considered. A new model based on the Beam-Column analogy is
developed which can be used in predicting the effects of end friction on stress distribution and

strength of both reinforced and unreinforced specimens.

Despite the uncertainties, encouraging results were obtained during the course of this
investigation. From theoretical and experimental results, the following conclusions were made:

1. Reinforcing of unsaturated loess specimens with a woven fabric increased its shear strength
by as much as 300 percent for an aspect ratio of 0.4.

2. The reinforced loess specimens experienced large strain in order to develop their maximum
strength.

3. Strength ratios were insensitive to variation of moisture contents between 12 and 17
percent.

4. The shear strength of reinforced specimens are inversely related to the aspect ratios.

S. Specimens with aspect ratios of 0.5 and smaller deformed uniformly along their
longitudinal axis, indicating that strain and stress are more or less uniformly distributed within
these specimens. On the other hand, for specimens with aspect ratios of 0.67 and larger,
deformation was accompanied by bulging of the specimen at the mid-height of each reinforced
soil layer. Bulging of the specimens increased with increasing aspect ratio, which indicated that

the non-uniform stress distnbution within the specimens increased.
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6. Non-uniform stress distribution reduced the strength of reinforced specimens with aspect
ratios of 2 by as much as 27 percent.

7. Tangent moduli of reinforced specimens were smaller than of unreinforced specimens.
Secant moduli at 50 percent of failure stress were also smaller for reinforced specimens.

8. However, secant moduli at 50 percent of failure strain were larger for reinforced specimens.
At a given confining pressure values of secant moduli at 50 percent of strain dccreased with
Increasing aspect ratio.

9. At the present time it is impractical to draw a direct corrclation between laboratory test
results and behavior of reinforeed loess structures in the ficld.

10. The stiffness and secant modulus of the reinforcing fabric are two important properties of
reinforcing material, which should be considered in designing reinforced carth structures.

11. Theoretical results based on the Beam-Column method showed good agreement with the
normal stress distribution measured at the mid-height and ncar the end of a 70in long sand

specimen tested by Shockley and Ahlvin.
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