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ABSTRACT

This thesis describes the development of analytical solutions for estimating the tensile
stresses in planar soil reinforcements in three fundamental modes of interaction, The
formulation adapts techniques of ‘shear-lag’ analysis, and relates the complete stress field
in the reinforcement and soil matrix as closed-form functions of the external stresses,
overall geometry, elastic properties of the constituent materials and interface friction. The
analyses assume that the soil and reinforcement are linear, isotropic and elastic materials,
linked through a frictional interface. The analytical solutions are evaluated through
comparisons with experimental data in well controlled laboratory experiments in the
Automated Plane Strain Reinforcement (APSR) cell.

The first analysis considers a 'base case geometry' in which tensile stresses develop in
the reinforcement due to plane strain compression shearing of the surrounding soil matrix,
with inclusion oriented parallel to the minor, external principal stress. The solutions show
that the major factors affecting load transfer are the inclusion length, relative soil-
reinforcement stiffness, inclusion spacing and shear stress condition in the soil matrix,
while interface slippage is of secondary importance. The accuracy of the proposed shear-
lag solutions is confirmed through comparisons with numerical finite element analyses for a
wide range of geometries 2nd constituent material properties. The analyses show very good
agreement with APSR cell measurements of tensile stress distributions for steel sheet
reinforcements of various lengths, embedded in dense and loose specimens of dry Ticino
sand.

The second analysis extends the previous solution for general orientations of the
reinforcement and external principal stress directions in the soil matrix. The analysis
assumes small deformations and negligible bending resistance of the reinforcements.
Preliminary comparisons show good agreement with small strain measurements in direct
shear box and direct simple shear experiments reported in the literature. Modifications of
the analysis which incorporate soil dilation are necessary in order to evaluate the effects of
the inclusion on the shear strength of the composite reinforced soil.

The third application of shear-lag analysis is for predicting and interpreting stress
distributions and load-elongation response in pullout tests on frictional planar soil
reinforcements. The analyses describe the initiation and development of sliding fronts
which are characterized by local concentrations of the interface tractions. The results show
that the peak pullout resistance can be significantly larger than that estimated from
conventional limit equilibrium calculations. Principal parameters affecting the non-linear
load-elongation behavior are the inclusion length, relative soil -reinforcement stiffness and
interface friction. The analysis describe a characteristic snap-through mechanism which is
particularly pronounced for more extensible reinforcements.

A special series of pullout tests were performed in the APSR cell using instrumented
steel and nylon 6/6 inclusions. These materials have elastic properties, low interface friction
and represent the extreme ranges of axial stiffness for practical soil reinforcements. Tensile
stresses in the steel sheet are distributed linearly along the inclusion during pullou: and
closely resemble the ideal inextensible reinforcement. In contrast, stress distributions are
highly non-linear for the nylon 6/6 and exhibit a brittle post-peak reduction in puallout
resistance. These results are in excellent agreement with predictions from the proposed
shear-lag analysis.

Thesis Supervisor: Dr. Andrew J. Whittle
Tide: Associate Professor of Civil Engineering
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Chapter 1: Introduction

Techniques of earth reinforcement have been used since as early as 3000 BC, in
ancient oriental regions. Typical reinforcing materials used at that time included plaited
reeds treated with bitumen (Middle East countries) and bamboo (India and Japan), with the
purpose of reinforcing embankments and retaining walls. Modern soil reinforcement was
introduced in 1966, when Vidal patented a system of retaining wall construction known as
"terre armée" (reinforced earth). The original method uses flat steel strips laid in the soil
backfill to produce a composite material which reduces the lateral pressure against the wall
face. In current practice, planar inclusions such as steel strips, arrays of fibers and
geosynthetics (ranging from woven and non-woven fabrics to high strength polymer grids)
are widely used to reinforce soil masses in the construction of retaining walls,
embankments, foundations and pavements. The performance of these composite soil
structures depends, in large part, on the interaction between the soil matrix and reinforcing
inclusions, which determine the magnitude of loads carried by the reinforcements. The
mechanisms of interaction are particularly complex for inclusions with non-planar geometry
such as grids, and for materials such as geosynthetics, which exhibit non-linear and time
dependent behavior. Lee (1978) states that soil-reinforcement interaction is 'one of the most

fundamentally important but least understood aspects of soil reinforcement',

This thesis describes the formulation and evaluation of approximate closed-form
solutions for estimating the load-transfer between soil and planar reinforcements in three
‘fundamental modes of interaction (Table 1.1): 1) plane strain compression, with

reinforcement parallel to minor principal stress direction; 2) effects of inclusion orieritation
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and principal stress directions in the soil; and 3) pullout of a planar extensible

reinforcement.

Chapter 2 introduces an approximate analytical method for estimating the tensile
stresses in a single planar reinforcement due to shearing of the surrounding soil matrix. The
analysis expresses reinforcement stresses as closed form functions of the inclusion
geometry, elastic properties of the constituent materials (i.e., soil matrix and reinforcement)
and interface friction. The proposed formulation adapts the techniques of shear-lag
analysis, introduced by Cox (1952) and commonly used in the mechanics of fiber
reinforced composites. The essence of shear-lag analyses is to assume a simplified
deformation field within the matrix, such that tensile stresses in the inclusion can be solved
from equilibrium cunsiderations. Comparisons with numerical finite element calculations
demonstrate the accuracy of the analytical solutions for a wide range of practical geometric
and material properties. The proposed fermulation provides a simple and direct method for

estimating the stress distribution within reinforced soil masses at working load conditions.

Chapter 3 describes the application of the proposed shear-lag analysis for
interpreting measurements of tensile stresses in steel sheet reinforcements obtained by
Larson (1992). The measurements were made in a new laboratory device referred to as the
Automated Plane Strain Reinforcement (APSR) cell, which is capable of measuring the
tensile force transferred to a planar reinforcing inciusion due to plane strain shearing of the
surrounding soil matrix. Larson (1992) reports measurements for steel sheet
reinforcements of various length embedded in specimens of dense and loose Ticino sand.
Input parameters for the shear-lag analysis are based on measurements for the unreinforced
sand. The proposed analysis provides a useful framework for extrapolating the results of

small scale laboratory tests to dimensions which are typical of field situations.

Chapter 4 presents generalizations of the basic shear-lag analysis in order to

describe the load transfer for planar reinforcements sheared within a soil element at

15



arbitrary orientation and principal stress directions. ‘Che analyses show clearly the range of
orientations and stress directions for which the inclusion carry tensile loads and, hence,
develop effective reinforcement of the soil. The analyses are used to interpret measurements
of soil-reinforcement interaction in laboratory plane strain compression and direct shear box

tests reported in the literature.

In contrast to these basic studies of soil-reinforcement interaction, pullout tests are
widely used in practice for estimating the bond capacity in design calculations based on
limit equilibrium analyses. For planar reinforcements, the 'bond’ is controlled by interface
friction; however, none of the existing interpretations have clarified the important role of
inclusion extensibility on pullout performance. Chapter 5 describes a new shear-lag
analysis which describes the complete load-transfer mechanisms for an elastic
reinforcement linked through a frictional interface to an elastic soil matrix. The analyses
show that non-uniformities in the shear resistance can be related to stress concentrations in
the soil. These results show important limitations in applying limit equilibrium calculations

for interpreting pullout measurements on extensible reinforcements.

Chapter 6 describes results of an experimental program of pullout tests performed
on instrumented inclusions in the APSR cell. Measurements of tensile stress distribution
were obtained for two elastic materials of widely different stiffness (steel and nylon 6/6) in
order to evaluate the shear-lag predictions described in Chapter 5. Detailed comparisons
between the predictions and measurements show the capability of the proposed shear-lag

analysis.

Chapter 7 summarizes the main results of the thesis and proposes further

applications of shear-lag analysis for other geotechnical problems.
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Chapter 2: Shear-Lag Analysis of a
Planar Soil Reinforcement in Plane Strain
Compression

2.1. Introduction

Planar inclusions, such as stevl strips, arrays of fibers, geosynthetic fabrics and
grids, are widely used to reinforce soil masses in the construction of retaining walls,
embankments, foundations and pavements (Jones, 1988). The performance of these
composite soil structures depends, in large part, on the interaction between the soil matrix
and reinforcing inclusions, which determine the magnitude of loads carried by the
reinforcements. The analysis of these load transfer mechanisms must address many
complex factors such as: a) non-linear, inelastic constitutive behavior of soils (especially
compacted earthfill); b) time dependent behavior of geosynthetic reinforcing materials (e.g.

Allen, 1991); and c) non-linear and frictional properties of the reinforcement-soil interface.

There are three basic approaches used in existing studies of soil-reinforcement
interaction 1) homogenization methods, 2) limit equilibrium calculations, and 3) explicit
modelling of the soil matrix and reinforcing inclusions. Homogenization methods typically
assume that the soil is reinforced with closely spaced inclusions (periodically
heterogeneous) and behaves, at the 'macroscopic level', as a homogeneous, anisoptropic
composite material. For example, Harrison & Gerrard (1972) derive equivalent elastic
moduli for a linear, isotropic soil, reinforced with thin, stiff, elastic layers; while DeBuhan
et al. (1989) perform collapse calculations using an anisotropic shear strength criterion,
mobilizing the frictional failure of sand together with tensile yield of the reinforcements.

Homogenization has also been used to estimate reinforcement stresses by equating tensile

19



strains in the reinforcement with soil strains acting in the same direction. This 'strain
compatibility' approach has been used in finite element simulations of reinforced earth as a
coraposite material (Romstad et al., 1976), and in the formulation of non-linear,
constitutive models (Juran et al., 1988). Although homogenization greatly simplifies the
representation of soil-reinforcement interaction, the importance of inclusion spacing and

sirain approximations require further evaluation.

Current design methods for reinforced soil masses are based primarily on limit
equilibrium analyses (e.g., Jarrett & McGown, 1987; Leshchinsky & Boedeker, 1989;
Jewell, 1990). These calculations consider the reaction of the inclusions to postulated
failure mechanisms within the reinforced soil. Stability of the structure is maintained either:
a) through sliding resistance along the soil-reinforcement interface; or b) through tensile
(and bending) stresses generated in the reinforcement, which are resisted by a bond or
anchor length eimbedded in the stable soil mass (i.e., pullout mode). Limit equilibrium
calculations are not reliable for estimating the magnitude and distribution of reinforcement

stresses at working load conditions.

In principle, comprehensive stress analyses for reinforced soil masses can be
achieved using non-linear finite element (or boundary element) methods which model
explicitly the constitutive properties of the soil, reinforcement and interfaces. These
analyses offer great flexibility for simulating complex problem geometries, construction
histories, etc. However, it is difficult to infcrpret the underlying mechanisms controlling

soil-reinforcement interaction from complex numerical analyses.

This chapter describes an approximate analytical method for estimating the tensile
strzsses in a single planar reinforcement due to shearing of the surrounding soil matrix
(Abramento & Whittle, 1993). The analysis expresses reinforcement stresses as closed

form funciions of the inclusion geometry, elastic properties of the constituent materials
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(i.e., soil matrix and reinforcement) and interface friction, and hence provides physical

insight into the mechanism of load-transfer in reinforced soils.

The proposed formulation adapts the techniques of shear-lag analysis (Cox, 1952;
Kuhn, 1956) which are commonly used in the mecharics of fiber reinforced composites
(e.g., Tyson & Davies, 1965; Amirbayat & Hearle, 1969; Aveston & Kelly, 1973; Piggot:,
1980; Budiansky et al., 1986). The essence of shear lag analyses is to assume a simplified
deformation field within the matrix, such that tensile stresses ir the inclusion o4 can be

solved from equilibrium considerations:

dol.;x_; - -
i —fcxy—a(u v) (2.1)

where f is the thickness of the fiber/inclusion (planar geometry). The coefficient of
pr;)portionality « relates the shear stresses at the interface, cixy , to the axial displacements
at the same location, for situations with and without the inclusion (u, v, respectively).
There are several different definitions of u, v and o reported in the literature; the derivation
presented in this paper follows the assumptions used by Budiansky et al (1986). Existing
shear-lag formulations consider axisymmetric geometries (fiber embedded in a cylindrical
matrix) under uniaxial tension. In contrast, the proposed formulation considers a plane
strain geometry and represents the first adaptation of shear-lag analyses for compressive

stresses in the (soil) matrix.

The analyses assume that the soil and reinforcement behave as linear, isotropic and
elastic materials, linked through a frictional interface. Closed form solutions are presented
for the axial reinforcement stress and interface tractions as functions of the material
properties and inclusion geometry. Comparisons with numerical finite ¢lement calculations
demonstrate the accuracy of the analytical solutions for a wide range of practical geometric
and material properties. The proposed formulation provides a simple and direct method for

estimating the stress distribution within reinforced soil masses at working load conditions,
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2.2. Shear-Lag Formulation

Figure 2.1 shows the idealized geometry for a composite plane strain element of
reinforced soil considered in' the proposed analysis. The element comprises a planar
inclusion of thickness, f, and length, L, embedded in a soil matrix of overall height, m+f

(corresponding to the typical inclusion spacing). The orientation of the inclusion is parallel

to the minor, external, principal stress acting on the soil matrix, ¢3. The soil is sheared in a
plane strain compression mode by increasing the major principa! stress, 0y, at the boundary
of the element (with 63 constant). For these loading conditions, the inclusion reduces the
lateral tensile strains which would otherwise develop in the soil, and hence represents the

optimal orientation for a planar tensile reinforcement.

Even for this simple geometry, complete analytical solutions are difficult to achieve.
The following stresses must be determined: a) axial stresses in the inclusion (6%); b) shear

(0';,) and normal (oiyy) stresses along the inclusion-matrix interface; and c) axial (o%Y),
normal (0%}) and shear (O%)) stresses within the soil matrix. The proposed analysis

assumes the following:

1. The soil matrix and reinforcement behave as linear, isotropic and elastic materiais (with

properties G, Viy and Eg, vy, re:pectively, Fig. 2.1},

2. The soil matrix and reinforcing inclusion are linked through a frictional interface (8; Fig.

2.1). The effects of interface slippage are considered in a subsequent section.

3. There is no axial stress acting at the ends of the inclusion, (i.e. 6%,=0 at x=0, L) as the

inclusion is thin and is not physically bonded to the soil matrix.

4. The axial stresses in the soil matrix and in the inclusion are functions of x only, i.e.,
of(x), okx(x). This implies that G} is the average stress acting in the soil matrix (for

ly-f/21Sm/2). Thus, the horizontal stresses in the inclusion and the soil can be related by:
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ol=cl=ack,+03(1+a) (2.2)

and hence,

do®m  dof,
o Y ax (2.2a)

where a=f/m is the 'inclusion ratio'. The sign convention (Fig. 2.1) assumes that
compressive stresses are positive in the soil matrix; while the inclusion stress, ofy, is

positive in tension.

Neglecting body forces, the equilibrium equations in the soil matrix and inclusion
can be written:

aoTx + ao?y

= 2.
5 3y 0 (2.3a)
oofy , 9ofy _
Ix +W— 0 (23b)
dct;(x 24
O Fow=E 0 (2.3¢)
with boundary conditions:
x=0,L ; |y-2i|5% o, = o3
0<x<L ; ‘y-—zf—'=0 :  of =0y and of} =oly (2.4)
0<sx<L ; |y-—2—f—|=% : oxy=0 and ofy=0

Equations 2.2, 2.3 and 2.4 can be used to determine distributions of the shear and

normal stress components in the soil matrix as functions of the boundary tractions:

ofg‘y=o§(y[l-a{2?y—1” (2.5a)

oy = oy f%(o' - Gly) [Yz(' %)+y(l +a) %(1 +%)] (2.5b)

In these expressions, ORy is a linear function of y, while G}y varies parabolically.
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Equilibrium conditions (eqns. 2.2, 2.3 and 2.4) also impose the following conditions
which relate the interface tractions to the axial stress in the inclusion;
- do f d2of
oly=0;+M =g +MLE 2xx 2.6)
vy 4 dx 8 dx2 (

In order to apply the shear lag formulation, it is necessary to relate stresses and
strains in the direction of the inclusion. This can be accomplished by decoupling the normal
and shear stresses acting in the soil matrix (similar to the 'substitute single stringer' method
used by Kuhn, 1956). Decoupling subdivides the soil matrix into two zones (Fig. 2.2): 1)
an inner ‘shear spring' layer of lateral dimension m , adjacent to the inclusion, in which
only shear stresses occur; and 2) an outer layer, having the same lateral dimension as the

physical model (i.e., m), with normal stresses acting in the x and y directions. The

following assumptions are used to obtain average stresses in the inner and outer zones:

1. For the inner layer, the shear stresses are equated with the interface shear tractions (i.e.,
6{'} = G;Ey). The lateral dimension of the shear spring layer, m, is then determined by
equating the elastic shear strain energy in the physical (real) and decoupled models (after
Budiansky et al., 1986). For the plane strain geometry, Appendix 1.A shows that m
=m/3.

2. In the outer layer, the axial stress, oy, is the same for both real and decoupled
geometries (eqn. 2.2); while the average normal stress 5,',’} is obtained by considering

statically equivalent forces in the two systems (Appendix 1.A):

oM = % oy + % Gy (2.7)

Shear stresses in the inner layer relate the interface tractions to axial displacements in the
soil matrix, uy, as follows:

og‘),:E,{T;:Gm%:-Gm%(uxﬁ-uix} (2.8)
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where ui, uf are the axial displacements at the inclusion-soil and inner-outer zone
interfaces, respectively (Fig. 2.2). Equation 2.8 expresses the shear lag approximation for
the proposed analysis (cf. eqn, 2.1). The axial strains at the same two locations can be

estimated directly from the assumed elastic properties of the soil and reinforcement:

— m
eXx = ddu; 1 E:m [( 1 - vpy) 0% - Vmoyy] (2.9a)
el =£l“_i"=1+Vf[-(l-vf)6‘r - Vf O ] (2.9b)
XX dX Ef XX Yy

By combining equations 2.2, 2.6, 2.7 and 2.9, the axial stress in the inclusion can

be expressed by the following ordinary differential equation:

2l
d0xx Kioky+Koo=0 (2.10)
dx?
where:
Koo =K} o1+ K3 03 (2.10a)

and K1, K}, K% are constants defined in terms of the mraterial properties and geometry:

[(l-vm)a+2 (1+ve) ( -vf)]

K]= (2.113)
m f [l+}1vm 3 Gm(l'i'Vf)Vf]
[vm-z%l(uvf)vf]
Kj= 0 f (2.11b)
m f [l+1—v 3 'g—']l(l'l'Vf)Vf]
4 ™ 2 E
K3=_ 6 (1 Vm)(1+a) (2110)
’ mf[1+1v 3 Gm(l‘l'Vf)Vf] '
4™ 2 Er

The axial stress reaches a maximum value at the center of the inclusion, due to

symmetry, and hence the boundary conditions can be written:
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x=0,L ; of,=0
(2.12)

f
x=LR , -y
dx

Hence, the general solution for the axial stress in the reinforcement can be obtained

directly from equations 2.10 and 2.12:

coshW/K—l(% -x)ﬂ

f _Koo
Gxx = 1 (2.13)
YUK cosh YK; %
The maximum axial stress at the center of the inclusion is then:
ofx (L12) =0l =K2—G[ 1 - sech V/_KTL] (2.13a)
K, 2
for a very long inclusion (L—eo) this becomes:
ol () = oL =529 (2.13b)
1
Similar expressions can then be derived for the interface tractions (eqn. 2.6):
_ sinh VK (L -x
Oly = %’%‘—’VK—] (2L | (2.14a)
« K cosh YK 5
_ cosh YK (L - x)
oly=0) - BfK, 0 2 (2.14b)

8 cosh YKy %-

2.3 Comparison with Finite Element Solutions

One method for evaluating the proposed analysis is to compare the closed form
expressions for axial inclusion stresses (eqn. 2.13) with numerical results from finite
element analyses. Finite element calculations have been performed (using the ABAQUS
code) assuming that the inclusion is fully bonded to the soil matrix. In this case, differences

between the analytical and the numerical solutions should only be significant in the

26



vicinity of the tip of the inclusion (i.e., x—0). In the shear lag analysis, the tip of the
inclusion is not physically attz}shed to the matrix and hence, the axial stress is always zero
at this point. This boundary condition represents realistically the behavior for a thin planar
reinforcement. In contrast, the tip stress is always non-zero in elastic finite element
calculations as the inclusion is completely bonded to the matrix. Separation at the tip of the
inclusion can be achieved using special interface or gap elements. However, these elements

introduce non-linearities in the finite element solution, and hence generate additional

uncertainties in comparing results at the tip of the inclusion.

Table 2.1 compares predictions of the maximum axial stress at the center of the
inclusion, of,., (= of,(L/2); eqn. 2.134) with values computed from finite element
analyses. The resuits show that, for a wide range of material properties, geometry and
external stresses, the proposed shear lag analyses match the finite element solutions within
5%. These results support the use of the shear lag analysis as a method of estimating load
transfer for the sirmple problzm geometry described above (Fig. 2.1). Chapter 3 presents
results of experimental verification through comparisons with well controlled laboratory

tests (APSR cell).

2.4. Results

2.4.1. Stresses Along Inclusion

The proposed shear lag aralysis derives the axial inclusion stress (cky) and
interface tractions (Gky, Oly) as linear functions of the exterior soil stresses (01, 63). The
load-transfer is affected by both material properties (E/Gm, Vr, Vm) and geometry (f, m, L).
Figure 2.3 presents distributions of o, Oixy, and Giyy (normalized by the major principal
stress, 1), for inclusions with half lengths, L/2=0.25, 0.5 and 1.5 m, at an external stress

ratio, 01/03=6. The calculations assume typical/representative values for the material

27



properties, spacing and thickness of reinforcement (Fig. 2.3). The results show the

following;

1. There are two distinct regions which characterize the soil-reinforcement interaction; I) the
zone close to the tip of the inclusion, in which the axial stress (Gﬁx) accumulates ('builds
up'), due to the development of interface shear stresses (Cixy); and II) the zone of
constant axial inclusion stress (i.e., of ,— of.) where there are no shear tractions at the
soil-reinforcement interface. These two regions are fully developed for 'long' inclusions
(e.g., L/2=1.5m; Fig. 2.3). However, for short inclusions (L/2=0.25, 0.5m; Fig. 2.3),
maximum load transfer is not achieved, and there are gradients of the interface shear

tractions occuring at the center of the inclusion (i.e., doixy/dx<0 at 2x/L=1).

2. The shear lag parameter, K; (eqn. 2.11a) controls the distribution of axial stress in the

inclusion (Fig. 2.3a) in zone I, while the ratio, K,0/K; determines the maximum load

transfer in zone II (eqn. 2.13b).

3. Maximum interface shear tractions occur at the tip of the inclusion (Fig. 2.3b), while
Oky=0 at 2x/L=1 due to0 symmetry. The proposed analysis also relates the normal
traction, O}y , to the gradient of interface shear stress (eqn. 2.6). Figure 2.3c shows that
Giyy/01<l throughout zone I and reaches a minimum value at the tip of the inclusion. The
ratio oixy/oiyy corresponds to the mobilized friction and is discussed in more length in the

next section. In zone II, Oky=0 and ciyy = 01, hence no rotations of principal stresses

take place in the surrounding soil matrix.
2.4.2. "Pickup" Curves

The 'maximum load transfer ratio', of,,/0. (eqns. 2.13a, b) is a convenient
parameter for characterizing the length of reinforcement which mobilizes maximum axial

stresses in the inclusion Lj (i.e., the length of zone I), The principal factors affecting
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ofnax/O'.. are the stiffness ratio, E/Gpm, spacing and thickness of reinforcement (m, f).
Figure 2.4 shows the maximum load transfer ratio as a function of the inclusion length and
stiffness ratio of typical soil reinforcements, 102 < E¢/G, < 103. The pickup length ranges
from L= 0.8m for a soft inclusion (E¢/G,=102) up to 3.2m for stiff reinforcements. The
stiffness ratio also affects significantly the load transfer for short inclusions (L<Lj, zone I
behavior only). These results have important practical implications for the design and

interpretation of small scale laboratory tests on reinforced soils (e.g., Whittle et al., 1992),
2.4.3. Definition of Short Reinforcements

Figures 2.5a,b summarizes reference values of L, defined at of,,/01..=0.95, for
combinations of material properties and geometry. The pick-up length increases with
stiffness ratio, E¢/G, , Poisson's ratio in the soil, vy, inclusion thickness, f, and spacing,
m. For closely spaced reinforcements (m=0.2m; Fig. 2.5a), full load transfer can develop
for L1 < 0.6m, while widely spaced, stiff reinforcements (m=2.0m, E¢/G,>10%; Fig, 2.5b)
accumulate axial stress for lengths, Lj > 6m. The inclusion thickness affects load transfer
mainly for low stiffness ratios (E/G,<103), while v, is only significant for stiff

reinforcements (E¢/Gp, = 104).
2.4.4. Stress Distribution due to Shearing of Soil Mass

Figure 2.6 shows the development of axial inclusion stress and interface tractions
due to shearing of the soil matrix, for a short inclusion with L=1.0m. The external stress
ratio, 01/03, represents the level of shear stress existing in the soil matrix. For a soil matrix
with linear, isotropic properties, the ratio G1/03 = (1-vy)/vm = 1/Kg = 2.33 corresponds to
one-dimensional deformation of the unreinforced soil matrix (i.e., €, = 0). In this case,
there is no load transfer to the reinforcement and hence, 6kx=0%,=0, 0},,=0. For external
stress ratios, 01/03 <1/Kp, lateral compression of the soil matrix generates compressive

stresses in the inclusion, which are not of practical interest for thin planar reinforcements.
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However, as the level of external shear stress increases (either due to an increase in the
vertical stress G or a reduction in the lateral stress 03), significant tensile stresses develop
in the reinforcement (cf., Fig. 2.3). There are two important limitations on the

interpretation of results in figure 2.6:

1. For drained shearing of cohesionless soils (e.g. good quality granular fills), the shear
strength is most commonly described by a Mohr-Coulomb failure criterion with friction
angle sing=(0;-03)/(0,+03). Ladd et al. (1977) report '35‘S¢S57° (i.e.,
3.7<0,/03<11.7) for typical sands sheared in plane strain compression. Thus, local
failure will initiate in the matrix (at locations close to the tip of the inclnsion) when the

stress ratio mobilizes the frictional strength of the soil.

2. The linear, isotropic model of soil behavior does not describe accurately the volumetric
response of cohesionless soils in drained shearing. Extensive observations show that
sands dilate when the mobilized friction exceeds a threshold value, ¢, = 359 to 459
(01/03=13.7 to 5.8) (Bolton, 1986; Larson, 1992). The practical implication of this
behavior is that the proposed analysis will tend to underestimate both the lateral strains
occuring in the soil matrix (especially for 6,/0326) and the tensile stresses in the

reinforcement at a given stress ratio 6;/03.

2.4.5. Maximum Tensile Stresses in Long Inclusions

These aspects of soil behavior do not affect significantly the interpretation of load
transfer for long inclusions (zone II behavior). Figure 2.7 summarizes maximum tensile

stresses, 6f../03, as a function of the external stress ratio for ranges of material properties

E¢/Gm, Vm, and the reinforcement volume ratio, f/m. The results show the following:

1. The reinforcement stress increases significantly with the stiffness ratio, Ei/Gy,.

However, close snacing of reinforcing layers (high f/m; Fig, 2.7b) reduces the benefits
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of high stiffness ratios. For example, calculations for a volume ratio, a=0.02 (Fig.

2.7b), show similar load transfer behavior for reinforcements with E/G,=103, 104,

2. As v, increases from 0.3 to 0.5 (constant volume shearing), the reinforcement stress
increases by a factor of 2 to 3 (Fig. 2.7a). This behavior confirms the underlying
mechanism whereby tensile stresses in the reinforcement counteract lateral straining of

the soil matrix.
2.4.6. The Reinforcing Effect

The results in figure 2.7 also provide a basis for quantifying the reinforcing effect
of the inclusion on the soil matrix. Equation 2.2 relates the average lateral stress,o% , in
the soil matrix, to the external lateral stress, 3, and the reinforcement stress, cﬁx—mf,,.
Thus, the mobilized stress ratio within the reinforced soil matrix, 6,/c% , can be written:

£\]-1
_G—'=(G—‘[l+a(l +E)] (2.15)

oxx ‘03 03
where values of of../o3 are given in figure 2.7, and a=f/m.

Table 2.2 compares the effectiveness of the reinforcement for five examples at an

external stress ratio, 61/03=6 (Fig. 2.7):

1. In all cases, the reinforcement redu-ccs the mobilized stress ratio in the soil (i.e.,
01/05x<6); and is highly effective in three cases (2, 3, 4; Fig. 2.7) for which

c1/ol—1/K,.

2. A comparison of the results in Table 2.2 shows that reinforcement effectiveness: a)

increases with the stiffness ratio, Ei/Gp,,; b) is unaffected by v,;,; and c) increases with the

volume ratio of the reinforcement, f/m.
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2.5 Extension of Solution for Slipping Frictional
Interface

2.5.1. Frictional Sliding along Interface

The preceding shear lag analysis assumes that there is no slip between the soil
matrix and the reinforcing inclusion. However, the results (e.g., Figs. 2.4, 2.6) indicate
that frictional sliding is possible at locations close to the tip where maximum values of
Cixy/oiyy occur, The analysis can be readily modified to account for interface sliding by
imposing the following constraint:

Oky <=
—~<p=tand (2.16a)
Oy
where [ is the interface friction coefficient, and & is the angle of interface friction.
Extensive experimental data for interface friction between sands and various construction

materials in direct shear box (e.g., Potyondy, 1961) and simple shear tests (e.g., Uesugi &

Kishida, 1986) show typical values, p=0.2 to 0.7 (6=10° to 35°).

The minimum friction coefficient, [crj;, necessary to prevent slippage at the

interface can be determined imposing ok,/04y=l1¢ri; at x=0. From equations 2.14a, b:

tanh VK, L/2 (2.16b)

VK285 . m
l(f Ko 4

Herit =

For combinations of soil and reinforcement with pt2u, interface friction has no
effect on the load-transfer analysis described above, M ximum values of [, arise for

long, stiff inclusions (L/2—ee, Ef/G,—e0) for which equation 2.16b can be simplified to;

L[4+ va) 13 [(4+ V) 1 iR
Herl 24(1'Vm)]2|: 12 vm-(l-vm)(l+a)g—? 4} (2:16¢)



Figure 2.8 shows that magnitudes of P for long, stiff inclusions depend
primarily on the Poisson's ratio, vy, and on the external stress ratio, 01/03 (i.€., Heric

depends on lateral strains in the soil matrix). The results suggest that for many practical

situations of interest (vi,>0.3, 6,/G325), Ui Wili exceed the frictional resistance which
can be mobilized at the soil-reinforcement interface. In this case, inteiface sliding must be

included in the shear lag analysis.

2.5.2. Modified Formulation for Slipping Interface
Interface sliding cccurs when oi‘y/ciyy = W. In this case, the equilibrium conditions
(eqns. 2.3c, 2.6) can be combined directly to estimate the axial stress in the inclusion:

2 ~fd
d 0'“ _ 4 doxx + 8 G] =O (2.17)
dx2 Hum dx mf

where o, is the axial stress in the 'debonded’ region. Equation 2.17 can be solved directly
by defining the debonded length, x4 (where 0<x4<L/2), at which the 'transition' axial stress

is 0, (i.e., at x=x4). The axial stress and interface tractions in the debonded region

(0<x<xgq) are:
2”01
G-
ol = 2p’%x+ : [exp(——x) ] (2.18a)
cxp(—xd)
2uc
i " (2.18b)
Oxy =l Oy + p( ’ .
Xy cxp(——xd, 1 ap. mpl
id
old, = %"-’- (2.18¢)
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Modified solutions for the axial stress and interface tractions in the bonded (no slip)

region, xq<x<L/2, are obtained by re-solving equation 2.10, with boundary conditions

of =0, at x=x4 and dof,/dx=0 at x=L/2:

+ K2 g (2.19a)

K, 0) coshw/K—l(—-x)

ofy = (cl -
Xx Ki /| cosh \(K_l( L?: - xd)

. -IL ]
Lt Ky o smhw/TCg,(E-x) )
ny—-i G[-K_ L ( lgb)
1 cosh YK, ‘—-xd)
1277
) cosh VKi (L -x
Oyy = O} +”§f‘cl-Kéc)K| ( 2 (2.19c¢)

[cosh\(K—l [%-xd)

Finally, the transition stress, ¢, and debonded length, x4, must be computed by
matching the axial stresses and interface tractions at x=xq (i.e., okx=0%=0, ; ck,=0l ;

oly=0l3, ). The transition stress is given by:

o, =X20 _ o1 (2.20)

K mf f L.
o K|+2HV_K1 tanh*l_Kl(z xd)

while x4 is obtained numerically (by Newton's method) from the following non-linear

equation:
ch 2u01 H xp( xd,
m2u2K1 ) my [m]J.VK_ 2].10'1
hYK; (L/2- =0 (2.21
l-—f?— exp(ixd) 3 +tanh VK (L/2-xg)[+ K (2.21)
m2|.12K| my

2.5.3. Effects of Frictional Sliding on Load Transfer

Figure 2.9 illustrates the effects of interface slippage on the axial stress and

interface tractions for the case of an inclusion with L=1.0m, at an external stress, 6/03=6:



1. Although p;,=0.55 for the selected material properties and geometry (eqn. 2.16b),
interface slippage has very little influence on axial stress in the reinforcement for p20.3
(82179). There are significant reductions in load transfer when the friction ratio is

artificially low (1=0.1, 8=70), and in the limiting condition, %, — 0 for p—0.

2. At the boundary of the zone of slippage (xq; Fig. 2.9), the proposed analysis describes

continuous variations in of,, Gixy and also in the gradients of these stresses dof,/dx,
doixy/dx. However, the normal interface traction achieves a minimum value at x4, and the

stress gradient is discontinuous at this location.

3. Throughout the slip zone (x<xa), Oky/Gyy=p. The slip zone is 'fully developed' for low
friction coefficients (u<0.2; Fig. 2.9b,c), when O'ify/(f]:l and Gify/61=u. In contrast,

for 1>0.3, the normal interface traction, 0'5,/01<1 at the tip of the inclusiin.

Figure 2.10 illustrates the effects of slippage on the maximum load transfer as a
function of the inclusion length for a smooth interface (8=109). For short reinforcements,
interface slippage causes a reduction of up to 10% in the maximum stress in the
reinforceraent, but has little influence on the inclusion length required to achieve full load

transfer.

Overall, figures 2.8, 2.9 and 2.10 show that slippage has relatively little effect on
analytical predictions of load transfer for plane strain compression of the reinforced soil

composite.
2.6 Conclusions

The underlying mechanism of soil reinforcement, using planar inclusions, relies on
the development of tensile stresses within the reinforcing material. This chapter considers
the load transfer for a single reinforcement, due to plane strain compression shearing of the

surrounding soil matrix. Closed form expressions for the reinforcement stresses are then
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derived using shear lag approximations and assuming elastic properties for the soil matrix
and reinforcing material. Comparisons with finite element analyses show that these

solutions are accurate for a wide range of geometric and material properties.

The shear lag solutions relate the accumulation and magnitude of axial stresses in
the reinforcement to a) the length of the inclusion, b) the relative stiffness of the
reinforcement and soil, ¢) reinforcement spacing, d) volume changes in the soil and ¢) the
external level of shear stress in the soil matrix. Modifications of the analysis have also
shown that frictional sliding at the soil-reinforcement interface can reduce the load transfer,
However, for practical ranges of the input parameters these effects are not expected to be
significant. The results enabie comparisons of the effectiveness of different reinforcements
and provide important practical guidance for the design and interpretation of small scale
experiments on reinforced soil (e.g., Whittle et al., 1992, 1993; Larson, 1992), as
described in Chapter 3. Chapter 4 describes generalizations of the shear-lag solutions
which account for inclusion orientation and rotation of external principal stress directions in

the soil matrix.
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Property Symbol Reference Value
Matrix height m 0.57m
Inclusion thickness f 1.0mm
Inclusion length L 1.0m
Soil Poisson's ratio Vm 0.3
Inclusion Poisson's ratio 7 0.2
Young's modulus of soil En 104 kPa
Stiffness ratio Ei/Gn, 103
External stress ratio 01/03 10
a) Reference Properties.
L/2=(),5m L/2 -> o0
E¢/Gn vm=0.3 Vin=0.5 vin=0.3 Vin=0.5
F. E. Shear F. E. Shear F. E. Shear F. E. Shear
Lag Lag Lag Lag
10 0.93 0.94 2.07 2.08 0.93 0.94 2.07 2.08
102 109 | 11.0 | 21.8 22.2 10.9 11.0 21.8 22.2
103 63.6 64.0 135 136 74.4 73.4 163 161
104 115 109 264 255 168 165 438 427
b) Effect of L/2, vy and E¢/G.
Analysis | 01/03 f (mm) \Ji
2.33 5 10 5 1 0.2 0.5
F. E. 0 44,1 63.6 21.1 63.6 62.4 63.6 71.2
Shear Lag 0 44.4 64.0 21.1 64.0 62.8 64.0 71.3

c) Effect of 61/03, {, and vy.

Table 2.1: Comparison of Maximum Inclusion Stress 6f;0x/01 from Shear Lag and Finite
Element Methods.
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Case Stiffness Soil Matrix Property Volume 01/0xx
Ratio Ratio
Ei/Gm Vm 1/Ko a=f/m
1 102 0.3 2.33 0.002 5.4
2 104 0.3 2.33 0.002 2.5
3 10% 0.5 1.0 0.002 1.1
4 104 0.3 2.33 0.02 2,3
5 104 0.3 2.33 0.0001 4.0

Table 2.2: Reinforcement Effectiveness of Long Inclusions at 01/03=6.
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Figure 2.1: Plane Strain Geometry for an Element of Reinforced Soil.
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Appendix 2.A: Stress Averaging in the
Decoupled Model

In the 'substitute single stringer' approach proposed by Kuhn (1956), the matrix
stresses in the real/physical model (Fig. 2.1; eqns. 2.2, 2.5a, 2.5b) can b¢; decoupled into
two zones (Fig. 2.2): 1) an inner zone of lateral dimension, m/2, carrying shear stresses
only; and 2) an outer zone, of dimension m/2, which deforms under normal and axial
stresses. For the inner zone, equilibrium conditions impose constant shear stresses,
oXy = Gixy. Following Budiansky et al (1986), the dimension m can be estimated by

equating the elastic shear strain energy per unit length, E, in the real and decoupled models:

m,f m,f
! 294 — 1 zz{i[(z)’ H}z =1 22(i2
E=—~~ ol dA = chyll-a -1 dy = oyl dy (A.l
G"‘L( xy) G"‘L_ Y £ g Gm ‘xy) v ()

=l

Solving equation A.1, m=a1/3, independent of material properties and geometry.

In comparison, Budiansky et al (1986) present solutions for a cylindrical
(axisymm.tric) geomefry in which 0.33S(§-a/ R-a)<0.47, where a is the fiber radius, R, R
are the radius of the surrounding matrix and radial shear spring layer, respectively. For the
axisymmetric geometry, the ratio (R-a)/(R-a) is a function of the volume fractions of the

composite.

For the outer layer, average axial stresses oy are given by equation 2.2, while

statically equivalent average stresses in the y-direction, Oyy, can be obtained as follows:

LE

i
=3[ [orlovonl| 2l vtisa- S8 oy -Toveily 2

2
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Appendix 2.C: Notation

The following symbols are used in Chapter 1:

a = inclusion ratio (f/m)

E = elastié shear strain energy per unit length

E¢ = inclusion elastic modulus

Em = soil matrix elastic modulus

f = inclusion thickness

Gm = soil matrix shear modulus

Ko = coefficient of lateral stress at rest

K, = shear lag parameter

Koo = expression defined by eqn. 2.11b, c

L = inclusion length

L = length of zone I

m = soil matrix height

m = | shear spring layer height

u, v = displacements with and without reinforcement in shear-lag
equation 2.1

u = displacement in x direction

uk = interface displacement in x direction

ufp = far field (outer layer) displacement in x direction

X = distance along inclusion

Xd = debonded length

y = distance along soil matrix

o = coefficient in shear-lag equation 2.1

= interface friction angle
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Becrit = minimum friction angle to prevent slippage

Exx = strain in x direction

Elx = interface strain

el = ' far field (outer layer) strain

¢ = mobilized soil friction angle

Qcv = threshold soil friction angle

T = interface friction coefficient

ilerit = minimum friction coefficient to prevent slippage
\: = inclusion Poisson's ratio

Vi = soil matrix Poisson's ratio

o1, 03 = major and minor external principal stresses

O = transition stress bonded-debonded region in inclusion
ofw = maximum axial stress carried by long inclusions
Ofmax = maximur axial stress at inclusion centerline

0‘;‘; = equivalent normal stress for outer layer

thx = axial stress along inclusion (positive in tension)
Gixy, oy = interface shear and normal stresses

O%x, OXy, OYy = soil matrix axial, shear and normal stresses

-m —-m m
Oxx, Oxy, Oyy

average soil matrix axial, shear and normal stresses
fd ~id id . . .
Oxx, 0'79y, Oyy = axial, shear and normal stresses at interface under debonding

conditions
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Chapter 3: Interpretation of APSR Cell
Test Results using the Shear-Lag
Analysis

3.1. Introduction

Larson (1992) has developed a new laboratory device, referred to as the Automated
Plane Strain Reinforcement (APSR) cell, which is capable of measuring directly the tensile
force transferred to a planar reinforcing inclusion due to plane strain shearing of the
surrounding soil matrix. The initial test program in the APSR cell (Larson, 1992) has
focused on measurements of load transfer for elastic, steel sheet inclusions of various
lengths, embedded in dry sand at two relative densities. These unique data provide the first
reliable experimental results for evaluating the proposed shear-lag analysis of load-transfer

described in Chapter 2.

This chapter summarizes the principal features of the APSR cell, test procedures
and measurements for the steel sheet reinforcement. Constituent elastic material properties
for the shear-lag analysis are selected from plane strain shear tests on the unreinforced sand
and in-isolation, uniaxial tests on the steel sheet reinforcement. Shear-lag predictions are
then compared directly with APSR measurements of the development and distribution of

tensile stresses in tne steel sheet reinforcements.

3.2. Overview of the APSR Cell

3.2.1. Conceptual Design

Figure 3.1 shows the idealized geometry for a composite plane strain element of

soil reinforced by a planar inclusion of length L, which is oriented parallel to the direction
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of the external minor principal stress, 63. As the soil is sheared in a plane strain
compression mode (by increasing the major principal stress, 01), tensile stresses are
transferred to the inclusion. The plane of symmetry, x=0 (Fig. 3.1) has well defined,
mixed boundary conditions specified by: 1) no lateral displacement, ux=0, and 2) no shear
stress acting along the plane, 0xy=0. These conditions are simulated in the design of the
APSR cell, which corresponds to one-half cf the unit element containing an inclusion of
length L/2, as shown in Figure 3.2, The rear wall of the cell (x=0 plane) is rigid and
lubricated to minimize friction. The key design feature of the APSR cell is that the inclusion
is clamped externally to a load cell which measures the force in the reinforcement at a
location equivalent to the centerline of an inclusion with length L. Symmetry along the rear
wall is maintained by a hydraulic piston, which uses a feedback control to ensure that there

is no displacement of the inclusion at the reference entry point (X in Fig. 3.2).
3.2.2. Geometry

Figure 3.3 shows the actual cross section through the APSR cell. It contains a soil
specimen measuring 570mm high by 450mm wide by 152mm deep (plane strain direction)
enclosed in a thin rubber membrane. The inclusion passes through a slot in the rear wall of

the cell and is supported by jacking against an external support arch,
The principal factors affecting the overall cell dimensions were as follows:

a) Characteristic dimensions for typical reinforcing materials used in practice (polymer
grids, woven and non-woven fabrics): non-planar inclusions such as grids are of
particular concern, since the grid aperture is a characteristic dimensicn affecting the load
transfer. Ideally the inclusion specimen used in the APSR cell should have enough grid
‘cells’ to approximate the behavior of an infinite sheet. McGown et al. (1985) performed
a set of uniaxial tensile tests on uniaxially and biaxially drawn Tensar geogrids, at

constant rate of strain, to determine the necessary specimen size which approximates an
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infinite sheet. For the biaxial specimen (Tensar SS2, representative of many geogrids
commonly used in reinforced earth construction), the critical dimensions were 1lcm
wide by {8cm long. The width of the APSR cell (in the plane strain direction),

z=15.2cm was based on these findings.

b) Inclusion length necessary to achieve full load transfer: prior to the development of the
shear-lag analysis in Chapter 2, preliminary estimates of the inclusion length required to
achieve load transfer in the APSR cell were based on the original formulation (Cox,
1952) for a cylindrical fiber (axisymmertric case). The results showed that relatively large
dimensions (L/2>1m) were required to achieve the full load transfer expected at the

prototyre scale!,

c) Stress levels comparable to field situations: the structural design of the APSR cell was a
compromise between the requirements of applying stresses representative of in situ
conditions and having the strong box dimensions necessary to support the resulting
forces. The final design of the APSR cell assumes a maximum confining stress,

03<50kPa, which is roughly equivalent to 3m of overburden pressure,
3.2.3. Boundary Tractions

The cell applies air pressure to the outside of the specimen to control the confining

stress (03<50kPa), while the major principal stress is imposed by moving two end

platforms into the specimen (Fig. 3.3). Waterbags on top of these platforms provide

uniform boundary pressures (6,<400kPa). All of the water pressures in the APSR cell are

applied by custom-designed pressure-volume actuators, in which an electric motor controls

'The proposed shear-lag analysis is affected by the relative soil-reinforcement stiffness ratio E/Gm (Fig.
2.4). For very stiff reinforcements such as steel sheet, the pickup length for full load transfer is L/2=1.5m

(for f=1mm).
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the movement of a ball screw jack which drives the piston, The specimen can deform freely
in the lateral direction into the air void at the front face of the cell. The cell imposes axial
strains up to 10% on the specimen, necessary for investigating load transfer using relatively

extensible reinforcing materials (e.g., Palmeira and Milligan, 1989).

There are many plane strain laboratory devices described elsewhere in the literature
(Seah, 1990; Tatsuoka et al., 1986; McGown and Andrawes, 1977; Green and Reades,
1975). All of these devices rely on the high bending stiffness of the side platens to
approximate plane strain conditions. The large surface area of the APSR cell (As=0.26m?2)
and range of design pressures (6,,<215 kPa; Fig, 3.2) impose a serious constraint on the
size of the sidewalls. This is a particular limitation for using radiographic measurements to
computing deformations within the soil specimen, Therefore, the plane strain walls of the
APSR cell have a unique active control system which ensures that €;,<0.02% (plane strain
conditions) throughout the test. The design uses a three layer side wall, with a pressurized
water diaphragm sandwiched between two metal plates, Movements of the inner membrane
(in contact with the soil) are prevented by adjusting the pressure of the water diaphragm

through a feedback control, while the outer structural panel transfers the reaction forces.
3.2.4. Instrumentation
Figure 3.4 shows the external instrumentation used in the APSR cell:

1) Boundary Displacements: The APSR cell has eleven LVDTs (Linear Voltage
Displacement Transducers) to measure specimen boundary displacements, These
include the axial displacement of the specimen imposed by the waterbags (D8, D9), the
lateral deformation of the specimen against the confining air pressure (D5, D6, D7),
and the out-¢f-plane deformation in the plane strain sidewalls (D10, D11), Four LVDTs

(D1, D2, D3, D4) measure the displacements of the two load platforms.
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2) Boundary Stresses: Five pressure transducers measure the boundary stresses in the
APSR cell. They consist of a sealed chamber with a stainless steel diaphragm that

deforms under an external pressure. Two transducers measure the axial stress Gyy on

the soil specimen through the two waterbags (P1, P2).

3) Inclusion Load: A load cell mounted on top of the arch piston measures the force applied
by the piston on the inclusion. This force corresponds to the maximum force in the
reinforcement providing that the reference point (X; Fig. 3.2) does not displace during
the test. The reference point is marked by a metal flag attached directly to the reinforcing
inclusion and is monitored by a proximity sensor (D12; Fig. 3.4). Feedback control is

then used to fix the reference point by adjusting the hydraulic pressure in the arch piston.

Internal soil deformations in the APSR cell can be measured using radiography.
During a typical test, five X-rays are taken to record successive displacements of a grid of

tungsten carbide markers located at the midplane of the specimen.
3.2.5. Hardware

Overall, the APSR control hardware includes: 1) seven pressure actuators with
seven corresponding motor control panels, feeding the four platform jacks, the arch piston,
and the two plane strain walls; 2) one voltage-pneumatic air pressure regulator; 3) a
personal microcomputer to control the feedback loops and reduce the test data; 4) three
junction boxes to send power to and read the signals from all of the transducers; and 5) a

set of power supplies and voltmeters.

The APSR cell is fully automated with eight closed feedback control loops for the
displacements of the platform and arch jacks, the positions of the plane strain walls, and the
confining air pressure. These are controlled by the microcomputer (containing two analog-
to-digital (A/D) converter cards that enable it to read transducer signals coming from the

APSR cell), and three custom-built analog feedback circuits.
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3.2.6. Sand Deposition

Uniform specimens of dry sand are prepared using a custom-built raining
apparatus. The sand can be deposited along either the z or y axes (Fig. 3.2). Sand
specimens deposited in the z direction initially exhibit isotropic properties for plane strain
shearing in the x-y plane, while those formed in the y-direction will have cross-anisotropic
properties (Arthur and Menzies, 1972). Deposition in the z-direction permits load-transfer

behavior to be examined independent of the effects of soil anisotropy.

Specimens are prepared in the APSR cell by means of multiple sieve dry pluviation,
a method in which the sand is dropped from a controlled height through a set of sieves
configured to achieve a desired density (Miura and Toki, 1983; Rad and Tumay, 1987).
Figure 3.5 shows the raining configuration for preparing dense APSR specimens. It
consists of a sand hopper (with a perforated floor, and shutter porosity of 6.7%) perched
on top of a 1.4m high chimney. A sliding plate covers the holes in the floor so the hopper
can be filled with sand. Inside the chimney are two wire mesh screens with 6.3mm square
openings, mounted on a frame which can be removed as a unit. The two sieve patterns are
rotated at 45° with respect to each other at a distance 200mm apart. The lowest sieve is
430mm above the floor of the cell such that the fall height of the sand varies from 430mm
to 280mm as the specimen forms. The raining configuration for depositing a loose
specimen involves removing the diffuser screens from the chimney, so that the specimen is

deposited at a higher velocity with a reasonable uniformity (Larson, 1992).

The tests are all performed using dry Ticino sand as the reference soil. Ticino is a
clean (less than 0.3% fines content), relatively uniform, medium grained sand (G;=2.67,
dsp=0.5mm; C,=1.5) with maximum and minimum dry densities y4=1.70g/cm3 and
1.38g/cm3, respectively. The engineering properties of Ticino sand are typical of many

natural sands and have been extensively documented in the literature (e.g. Baldi et al.,
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1985). Test data reported by Larson (1992) s'iow that the APSR raining apparatus provides

uniform dense specimens of Ticino sand with dry density y4=1.62+0.01g/cm3
(corresponding to D;=79+3%) and loose specimens with yg4=1.47+0.04g/cm3

(D;=36t10%).

Further details of specimen preparation are presented in Chapter 6 in conjunction

with pullout tests performed by the author,
3.2.7. Instrumentation for Steel Sheet Reinforcements

The primary method for characterizing load-transfer in the APSR cell is through the
measurements of tensile stress at the reference point X (Fig. 3.2), corresponding to the
maximum stress at the center of an inclusion of length L (cf. Fig. 3.1). For the steel sheet
reinforcements, additional instrumentation is used to measure the distribution of strains
within the inclusion. The instrumented reintorcements comprise two sheets, made from
0.127mm thick steel shim stock, which are bonded together using flexible adhesive, Strain
gauges are mounted on the inside face of one of the sheets, such that the gauges and

electrical leads are protected from abrasion by the surrounding sand.
3.2.8. Proof Tests

The APSR cell represents a major departure from pre-existing laboratory equipment
‘used in evaluating soil-reinforcement interactions. Thus, proof testing of the new device
was an essential component of the development process in order to: a) evaluate the control
and data acquisition systems; b) establish if the design parameters can be achieved in
practice; and ¢) compare measured data for unreinforced sand with behavior reported
previously from other shear devices, to determine the reliability of material properties
measured in the APSR cell, Table 3.1 summarizes the performance characteristics of the
APSR cell established from the extensive program of proof tests performed by Larson

(1992),
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3.3. APSR Measurements

3.3.1. Shear Behavior of Ticino Sand

A series of five plane strain shear tests (Table 3.2) were perfonmed on unreinforced
specimens of Ticino sand at a constant confining pressure, o3=31kPa. Figure 3.6
compares the stress-strain behavior of three tests (APSR 36, 38 and 45) on dense Ticino
sand (D,=79%) interpreted from external (i.e. boundary) measurements of displacements
and tractions. These results demonstrate capabilities of the APSR for obtaining repeatable
measurements of soil properties. In all three cases, the peak shear strength, R=8.2 to 9.1
(corresponding to ¢'=52° to 53°) is mobilized at axial strains €;=1.7 to 1.9%. Larson
(1992) has made careful comparisons between soil strains interpreted from boundary
deformations and those obtained from radiographic measurements locally within the soil
specimen. Figure 3.7 summarizes the comparisons for test APSR 45 which show that: a)
the shear stress-axial strain response (R vs. €yy) can be estimated reliably from the external
boundary measurements; b) there are large differences between lateral strains interpreted
from external and internal deformation measurements; and c) radiographic measurements of
deformations within the soil specimen are essential for estimating the 'true' volumetric

response (€yy-Evop) Of the material.
P yy Evol

Figure 3.8 summarizes the plane strain shear behavior for dense and loose
(Dy=42%) specimens of Ticino sand measured in the APSR cell. The loose specimen is
characterized by a peak shear strength R=5.6 (¢'=44°) which is mobilized at an axial strain
€r=3.5%. There is negligible net volume change measured at the peak shear resistance for

both dense and loose specimens (€yq)=-0.5%).
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3.3.2. Tensile Stress in Steel Reinforcement

Table 3.2 suminarizes the program of APSR tests performed by Larson (1992) to
measute load transfer for steel sheet reinforcements. The most co:nprehensive
measurements were obtained for a ‘base case geometry' with an .nclusion half length
L/2=36¢cm, sheared in dense Ticino sand, instrumented with 4 strair gauges to measure the
tensile stress distribution. The subsequent test program focuses on :he effects of inclusion
length (L/2=9 18, 27, 36cm) and formation density (loose/dense D;=36 and 79%) for

specimens sheared at constant confining pressure 63=31kPa.

Figure 3.9 shows the measurements of 'centerline' tensile load and load distribution
for the base case tests (APSR 35, 41, 60), as functions of the external stress ratio,
R=0,/03 (Fig. 3.1). The results are generally very consistent? and show the following; 1)
during the initial phase of the test (R<1.4; Fig. 3.9a) the inclusion is in compression; and
2) for intermediate levels of shearing (1.4<R<8), significant tensile stresses are measured
throughout the inclusion; changes in the centerline loads are approximately proportional to

changes in external stress ratio AR.

Tensile stresses interpreted from strain gauge measurements in two tests (APSR 35,
41; Fig. 3.9b) differ by less than 15% and show 1 smooth distribution of load within the
inclusion, with maximum values measured by the centerline (by the external load cell).
Further details of load-transfer measurements are described in the next section through

comparisons with predictions of the proposed shear-lag analysis.

2Larson (1992) describes the refinement of control systems used 1o achicve reliable measurements of
centerline loads. Subsequent developments by Chauhan (1993) have greatly improved the robustness of

these original cystems.
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3.4. Comparison of APSR Test Results and Shear Lag
Predictions

3.4.1. Selection of Input Parameters

Input parameters for shear-lag analyses of the APSR tests include the elastic
properties of the constituent materials (soil and reinforcement) and specified geomet.y (L,
f, m), The interface friction & was shown to have very listle effect on predictions of load-
transfer when the inclusion is oriented parallel to the direction of 63 (Chapter 2). The steel
sheet reinforcement is well characterized as an elastic material with properties
E{=2.07x108kPa and v=0.2, determined from in-isolation, uniaxial tensile tests (Larson,

1992). However, the selection of elastic properties (Gy,, vq,) for representing sand

behavior is only approximate and requires careful documentation.

Figure 3.10 illustrates the elastic approximations for the unreinforced dense Ticino

sand (D,=79%) sheared at a confining stress 63=31kPa. The parameters a and B in the

figure were derived from the elastic stress-strain relations in plane strain compression:

xx = EV"‘ [(1 - Vin) Oxx - VmOyy) (3.1a)
m
Byy = l -E:m [(1 - Vm) Oyy - VmOxx) (3.1b)

From equation 3.1a, the axial stress Oyy is a linear function of &yy for a constant confining

stress (Oxx=03):

EmEyy Vin O
Oyy = + XX 3.2
P v V) 2

The secant slope of the stress-strain response at 50% of the failure stress (Fig. 3.10a) can

then be obtained as:
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0 =20 "% 5 Gu __ 199 Mmpa (3.3)
Ay (1-Vm)

where G, is the elastic shear modulus.

For an elastic material in plane strain compression, the lateral strain €y is a linear function
of eyy. The slope of the idealized relationship between exx and eyy is the derivative of
equation 3.1a with respect to €yy:

= AE’XX = - Vm (3 4)
AE 1 - Vm '
Yy

Predictions of load transfer are sensitive to the value of vy, and hence two values are used
to make predictions of the APSR tests: a) the initial slope of the lateral strain curve; and b)
the value based on a line passing from the origin through the point of zero dilation rate on
the lateral strain curve. For the data in figure 3.10, the corresponding values are f=-0.486
and -0.729 (Fig. 3.10b), which lead to estimated Poisson's ratios vin=0.33 and 0.42,
respectively. Substituting in equation 3.3, Gn=5600 to 6400 kPa. Small variations in the
soil modulus have little effect on the predictions of load transfer, especially for a relatively
stiff reinforcement (Ef/Gpp=3.5x104 for the steel sheet; cf. Fig. 2.4). Therefore, the
following comparisons assume Gn=6000 kPa, Table 3.3 summarizes the input parameters

and APSR test geometry used in the shear-lag analysis.

Figures 3.11 and Table 3.4 show similar procedures for estimating elastic
properties of unrcin‘forced loose Ticino sand (D;=36%; APSR 37). The selection of vy,
from this test involves greater uncertainty due to the larger variation in B, between the initial
and zero dilatio‘l‘l rate conditions. Equation 3.4 gives corresponding Poissor;'s ratios
ranging from vy, %0.16 to 0.37 (for initial and zero dilation rates, respectively). The straight
line through the stress-strain curve at the point halfway to failure has slope 0=8334 kPa
and hence Gr,;‘=2600 to 3500 kPa. The shear-lag analyses for loose sand assume G,,=3000
kPa (E¢/Gp==69000; Table 3.4).
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3.4.2. Inclusion Loads - Dense Sand

Figure 3.12a compares shear lag predictions with the centerline tensile loads
measured for the base case geometry (L/2=36cm, f=0.25mm) as a function of the external
stress ratio R, The plot shows that the parameter vy, has two important effects on the shear-
lag predictions: 1) the offset stress ratio Rg (i.e., 1/Kp) increases as v, decreases; and 2)
the load transfer rate (AFR/AR) increases with v,,. The value v,=0.42 (based on the zero
dilation condition) substantially overpredicts the tensile force at the centerline of the
inclusion at all R values. The measured centerline stresses are in excellent agreement with

shear-lag predictions using v,=0.32-0.353 for stress ratios R<8 (¢'<51°).

Figure 3.12b shows that there is very good agreement between the predicted tensile
force distribution along the length of the inclusion and the measured loads from APSR 35
at two stress ratios, R=3 and 6, using the best estimate, v,=0.35. The predictions and
measurements agree within 10% for most gauges, with a maximum difference of 18% for

gauge 3 at R=3.
3.4.3. Inclusion Loads - Loose Sand

Figure 3.13 compares the predicted and measured centerline loads in a inclusion
with L/2=36cm (base case geometry) sheared in loose Ticino sand. In this case, shear-lag
predictions using the initial value of v, (=0.16) greatly underestimate the measured
centerline load, while very good agreement is obtained for an average value, v,=0.32. This
result implies that it is more reliable to estimate vy, indirectly from estimates of Kq> than to
use the lateral strains during shearing of the unreinforced soil. For v,=0.32, the predicted

offset stress ratio Ro is slightly higher than the observed value (Rg=1.8), while the load

3Note that for an elastic soil, Kq = ] VT . Thus, for vy=0.32 10 0.35, Kg = 0.47 10 0.54.
Tvm
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transfer rate is in good overall agreement with the measured behavior, The plot of predicted
vs. measured inclusion load distribution in Figure 3.13b again demonstrates that shear-lag
analysis predicts accurately the form of the distribution. The largest discrepancy occurs at
R=35.5 for the centerline load. Larson (1992) suggests that further refinemenis of the
reinforcement positioning mechanism at the exit point (X, Fig. 3.2) are necessary in order
to improve the reliability of the centerline loads. Therefore, the results in Figures 3.12 and

3.13 should be viewed as preliminary.
3.4.4. Influence of Inclusion Length on Centerline Loads

Figure 3.14 compares the shear-lag predictions with APSR measurements of
centerline stresses for inclusions with half-lengths, L/2=9 to 36cm. The predictions assume
the elastic parameters listed in Tables 3.3 and 3.4 for dense and loose sand, respectively.
The results for dense sand (Fig. 3.14a) show that the shear-lag analysis is in better
agreement with the data for long inclusions (L/2=36cm); however, the overall framework is
in reasonable agreement with the APSR data. The most significant discrepancy is the non-
linearity measured in short inclusions for R<4 (particularly in the test with L/2=18cm).
There is generally better agreement between the predicted and measured inclusion loads at
R=8 than at R=4. Differences between the predicted and measured results may be due to
several factors, including the following: a) soil behavior is not well represented as a linear
elastic material; b) soil stresses are not perfectly uniform within the APSR specimen due to

boundary friction.

There is a better correlation between the predicted and measured load transfer for
the loose sand than for the dense sand. For the two tests shown in Figure 3.14b, the shear-
lag analysis is in good agreement with measured loads at all R values. The analysis
describes accurately the effect of inclusion length on the load transfer measured in the loose

Ticino sand.
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Figure 3.15 replots the comparison of predicted and measured centerline tensile
loads at a stress ratio R=6, as a function of the inclusion length. These results demonstrate
the role of the shear lag analysis for predicting loads in a very long inclusion (i.e. field
scale situation) based on APSR test data. Measurements of load transfer in the APSR cell
provide essential data for evaluating the predictive capabilities and limitations of the
proposed shear-lag analysis. Shear-lag predictions for long reinforcements can then be
obtained by extrapolation of the load pickup curve (Fig. 3.15). For the relatively
inextensible elastic steel sheet reinforcements described in this thesis, the shear lag analysis
shows that the tensile load measured in the APSR cell (L/2=36cm) corresponds to
approximately 50% of the load that would occur in a long inclusion in the field. Full load
transfer occurs for inclusions of half-length L/2>1.50m for both loose and dense Ticino

sand at 63 = 31 kPa.
3.4. Conclusions

This chapter describes the interpretation of tests results performed on steel-
reinforced Ticino sand using a new laboratory device, referred to as the Automated Plane
Strain Reinforcement (APSR) cell (Larson, 1992). Elastic input properties (G, V) were
obtained for dense and loose Ticino sand from unreinforced tests in the APSR cell. Using
these properties and known elastic constants for the steel sheet reinforcement, shear-lag

predictions were made of the inclusion loads measured in the APSR tests.

Predictions made for tests with a 36cm steel inclusion show that the analysis is
sensitive to the value of Poisson’s ratio of the soil, v,,. For dense sand, predictions of the
maximum inclusion load made using Ei/Gp,=35,000 and v;=0.35 match closely the
externally measured inclusion loads in the APSR cell at all R-values, For loose sand, the
measured relationship between the inclusion tensile load and external stress ratio is closely

approximated by thie shear lag analysis with E¢/G,,=69,000 aid v;,=0.32. The analysis also
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predicts accqgatcly the measured load distribution along the length of the inclusion for both

dense and loose sands.

The centerline tensile loads for short inclusions in dense sand (i.e., for L/2<36cm)
are slightly higher than those predicted by the shear-lag analysis. However, there is beiter
agreement betwecn ihie predicted and measured load transfer for tests in loose sand. The
shear-lag analysis predicts reliably the gradient of the linear load transfer function for both

the 18 and 36¢cm steel inclusions in loose sand.

The shear-lag analysis shows that the tensile force measured in APSR tests with
L/2=36cm steel sheet reinforcements represents approximately half the load transferred to a

long inclusion (L/221.5m) for both dense and loose Ticino sand.

The comparisons described in this chapter demonsirate the use of shear-lag analysis
for predicting and interpreting load transfer in the APSR tests. The analysis provides
physical insight into the constituent properties controlling load transfer, and gives good

agreement with measured data for elastic steel sheet inclusions,
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- Design Parameter _Tolerance/Response*
Confining air pressure, 03 + 0.15 kPa
Position of loading plataforms £ 0.005 mm
Major principal stress, G, +1kPa
Plane strain control, €, + 0.02%
(due ?ooglga?cycfgt?:s?g:, Cg) Ce=1.4 kPa

* Measured by translation test.

Table 3.1: Performance Characteristics of the APSR Cell.
(after Larson, 1992)
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Relative Inclusion Length! (cm)

Density (%) # Strain
Test No. Loose || Full | 3/4 12 | 1/4 Gauges? Comments
APSR 36 M 79 ] Seléction
APSR 38 | 79 of
APSR 45 79 unreinforced - soil
AP3R 34 33 properties
APSR 37 | 4
APSR 35 79 36 4 -
APSR 39 78 36 4 Test
APSR 41 79 36 3 repeatability
APSR60 || 79 36 - -
APSR 62 || 79 27 ' - -
APSR 43 78 18 <| Test repeatab.
APSR 64 [ 79 18 - -
APSR 44 42 18 - -
APSR 46 33 35 2 -
APSR 47 32 9 - Not reliable
APSRG5 || 79 9 - -
APSR48 || 78 10 - Not reliable

Note: !'All inclusions were 0.25mm thick steel sheet, 13.3cm wide.
2Bonded resistance strain gauges (BLH SR-4) of length 12.7mm with nominal

resistance of 350Q2.

Table 3.2: Summary of APSR Tests with Steel Sheet Reinforcements.
(after Larson, 1992)
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Elastic Properties for the Sand and Reinforcement

Property Sand Reinforcement
Modulus Gm = 6000 kPa Ef=2.07 x 108 kPa
Poisson’s ratio Vm =0.33 10 0.42 vi=0.2
Lateral dimension m=0.57 m f=2.54x 104 m
Length L/2=0.36m
Resulting Shear Lag Parameters
vm = 0.33 vin = 0.35 vm = 0.42
K, 13.561 13.159 11.781
Kj 12,633 13,337 15,751
K3 -25,662 -24,781 -21,762

Table 3.3: Input Parameters for Shear Lag Predictions of Load Pickup in Dense Ticino

Sand.

Elastic Properties for the Sand and Reinforcement

Property Sand Reinforcement
Modulus Gm = 3000 kPa Ef =2.07 x 108 kPa
Poisson’s ratio Vm = 0.16 t0 0.37 vi=0.2
Lateral dimension m=0.57m f=254x104m
Length L/2=0.35m
Resulting Shear Lag Parameters
Vm = 0.16 Vm = 0.32 Vm = 0.37
K, 16.025 12,695 11.705
K3 6375.5 12,279 14,035
K3 -33,488 -26,105 -23,909

Table 3.4: Input Parameters for Shear Lag Predictions of Load Pickup in Loose Ticino

Sand.
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Figure 3.5: The APSR Cell Raining Apparatus.
(after Larson, 1992)
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Figure 3.12: Comparison of Shear-Lag Predictions of Inclusion Tensile Loads to Measured
Data for a Base-Case Test.
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Figure 3.13: Comparison of Shear L.ag Predictions of Inclusion Tensile Loads to Measured
Data for Loose Sand.
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Figure 3.14: Shear Lag Predictions vs. Measured Inclusion Tensile Loads for Inclusions of
Different Lengths.
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Appendix 3.B: Notation

The following symbols are used in Chapter 3;

D, = relative density

Ef = inclusion elastic modulus

Em = soil matrix elastic modulus

f = inclusion thickness

Fr = force at reinforcement centerline
Gm = soil matrix shear modulus

Ko = coefficient of lateral stress at rest
L = inclusion length

= soil matrix height

R = ratio 0,/03

Ro = offset stress ratio

X = distance along inclusion

y = distance along soil matrix

o, B = »  parameter described by 3.3, 3.4

Exx» Eyy, €z =  Strainsin x, y and z directions

€vol = volumetric strain

&f = mobilized axial strain at peak stress ratio R
o' = mobilized friction

Yd = dry density

\ = inclusion Poisson's ratio

Vm = soil matrix Poisson's ratio

O}, 03 = major and minor external principal stresses
Oxx» Oyy, Ozz =  stresses in x, y and z directions

89



Chapter 4: Effects of Inclusion Qrientation

4.1 Introduction

In the previous analyses (Chapeer 2), the planar reinforcement is oriented in the
direction of maximum tensile strain in the soil. Tensile stresses develop in the
reinforcement as the soil mass is sheared, with increasing values of ¢1/63. The
experimental results (Chapter 3) confirm that this is an efficient mode of interaction for
achieving load transfer with tensile reinforcements. Mechanisms of interaction become
more complex when the reinforcement is not coaxial with the maximum tensile strain
directions in the soil. These conditions can occur when a) the inclusion is positioned at an
angle 0 to the minor, external principal stress directions (03=0y, when t=0, Fig. 4.2);
and/or b) there is roration of the external principal stress directions due to shear stresses
acting on vertical planes (i.e., T#0, Fig. 4.2). These s. uations are common in practical
field situations (slopes, embankments, walls and foundations) and have important
implications for effective positioning of tensile reinforcements within the soil mass (e.g.

Bassett and Last, 1978; McGown et al., 1978).

Many of the existing laboratory studies of soil-reinforcement interactioin have
focused on the effects of inclusion orientation as shown in Table 4.1. For example,
McGown et al. (1978) report measurements of boundary tractions and displaceincnts for
plane strain compression tests on sand specimens in a 'unit cell', with single planar
reinforcements oriented at angle 0 to the external, minor principal stress. The experiments

erformed at 6=0° correspond to the same base case geometry used in the design of the
P P g .

APSR cell.
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In contrast to the unit cell, there is continuous rotation of principal stress directions
in direct simple shear and shear box tests. In these experiments, the specimen is loaded by
applying a shear force T at constant normal load N (Fig. 4.1). Direct shear box tests
simulate soil-reinforcement interactions for inclusions bisecting the imposed horizontal
tailure plaué (at various angles 6 or i) in the soil specimen, and positioned to preserve the
symmeltry between the top and bottom halves of the shear box. More uniform deformation
conditions are achieved in direct simple shear tests such as those reported by Hayashi et al.
(1988) (Table 4.1). Direct shear box test data are reported by several authors (Gray and
Ohashi, 1983; Jewell and Wroth, 1987; Palmeira and Milligan, 1989; Shewbridge and
Sitar, 1989) using a wide range of reinforcing materials and specimen dimensions. In these
experiments the primary méasuremcms are the boundary displacements and forces. The
effects of reinforcement are interpreted almost exclusively from the limit equilibrium
analyses of peak strength conditions. However, photogrammetric and radiographic
techniques (Palmeira, 1987; Jewell, 1980) have also Leen used to observe deformations of
the inclusions. The importance of orientation on mechanisms of soil-reinforcement
interaction can be appreciated most readily from photo-elastic measurements reported by
Dyer and Milligan (1984), using a model granular material (crushed glass). Figure 4.1
shows their results for planar reinforcements (perforated brass) at three different
orientations (i=40°, 0° and -45°). The light stripes indicaie the major principal stress
trajectory in the soil, while their intensity indicates the magnitude of the stress. For the
inclusion oriented at 40°, there is a large concentration of compressive stress in the
surrounding soil, which is indirect evidence of tensile stresses transferred to the
reanforcement. In contrast, at i=-45°, the inclusion has practically no effect on the soil
stresses and, hence, is ineffective as reinforcement. For i=0°, compressive stress
concentration occurs mainly at the center of the specimen where there is significant
distortion of the planar reintorcement. In this case, the shear and bending of the inclusion

are important mechanisms of load transfer.
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This chapter proposes a simple generalization of the original shear-lag analysis
presented previously (Chapter 2) in order to predict tensile stresses in planar reinforcements
at arbitrary orientation, The analysis applies to working stress conditions where there are
small deformations within the soil mass and assumes that thin planar reinforcements have
negligible bending stiffness. Sections 4.2 and 4.3 give full details of the formulation and
typical results, while section 4.4 applies the analysis to interpret some of the data reported

in the literature (Table 4.1).

4.2 Formulation

Figure 4.2 shows the idealized geometry of a plane strain soil specimen of height m
and width w, which contains a single planar reinforcement of length L, oriented at an angle

0 to the horizontal. The inclusion is placed symmetrically within the soil specimen
{centerline at 0, Fig. 4.2) with local coordinate axes (x, y) rotated relative to the global

reference frame, (x*, y*). Initially, the formulation focuses on inclusions at relatively

shallow orientations, 10!<16,1, where 0, is defined by:
sin 0y =[] { 20 nofaep - (] (1) @y

This condition restricts the orientation such that sections normal to the reinforcement and

passing through the tips of the inclusion (i.e., x=tL/2; Fig. 4.2) bisect the top and bottom

boundaries of the soil specimen. Generalizations for arbitrary 9 are described in section

4.2.1.

Uniform normal and shear tractions (oy,t) and (op,T) act on the horizontal and vertical
boundaries. Stress components in the lucal reference frame (x, y) of the unreinforced soil

element are given by:
a%,= o, cos26 + o, sin?0 - T <in20 (4.2a)
oy= Oy, sin%0 + o, cos26 + T sin20 (4.2b)
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1
2

and the major principal stress is oriented at an angle &* to the vertical direction y*:

5
tan 2&* = —¥— (4.2d)
&

The proposed analysis of the reinforced soil composite assumes the following:

1. The soil and reinforcement behave as linear, isotropic and elastic materials (with

properties G, Vm: Ef, vy, respectively).

2. The inclusion is very thin (f<<w, m, L) and, hence, has negligible bending stiffness.

There is no load transfer at the ends of the inclusion (i.e., of =0 at x=tL/2).

3. There is no slippage between soil and reinforcement. This assumption is only valid
while the ratio of the local shear to normal tractions are less than the interface friction
between the soil and reinforcing materials (i.e., Icixyloiyykp, where p=tand, and 6 is the

interface friction angle).

4. The 'axial’ stress component in the soil matrix o%x is a function of x only, which is the
generalization of the condition in equation 2.2 in Chapter 2. For an inclined
reinforcement (00), it is essential to separate stress conditions above and below the
plane of the reinforcement, as indicated in Figure 4.3. The stress components o%¥ and
o refer to average stresses acting in an arbitrary plane x=x; (where -L/2<x<L/2; Fig.
4.3) above and below the reinforcement, respectively. The axial stress components can
be related to the tensile stress in the reinforcement by considering the equilibrium for an
arbitrary cross-section such as A-A in Figure 4.3. Equilibrium forces in the x-direction

and moments about (' for the free body (shaded region, Fig. 4.3) give, respectively:
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o2 (yc+xtan6) + oTP (yc—xtane) -ol, f= 0‘,)(,‘ m secO (4.3a)
ona (yc+x tane)2 - omp (yc-x tane)2 -2 0%, m x secO tand =0 (4.3b)

where y.=(m/2cos - f/2) is the lateral dimension of the soil matrix in the plane x=0.
Geometric limitations on 6 given m, w and L are discussed in section 4.2.1. Equations

4.3a, b can be re-arranged to obtain the components 6% (assuming f<<m):

ogp = o Do) o o (4.42)
2ye (yc + X tane)
b_ £ (ye+xtand) o
oXx = Oxx + 090( (4'4b)

2Ye ()’c - X [ane)

Hence, stresses along the centerline of the element (x=0) can be found:

OXx = Oxx = d:}]xb = '2'5" O't;(x + ng (4'5)
C

Neglecting body forces, equilibrium equations in the soil matrix (above and below the

plane of the reinforcement) and inclusion can be written:

ao‘)?x + aG‘Py =

S 3y 0 (4.6a)
do%y , 9%y _ |
W + W =0 (4.6b)
ol3, - olf = fdf;% (4.6¢)

where 013, 0\3 are the shear tractions acting on either side of the soil-reinforcement

interface.

Assuming that 6% is constant along any section normal to the reinforcement, the

shear stresses in the soil matrix are given by!:

IThe normal stress distribution in the soil matrix 6y was not determined due to algebraic difficulties.
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of, = oy - [ (y - ~) } -[t+ (0% - ) tan6]) (4.7)
(yc+xtan9)

where of} is a linear function of y, which satisfy interface and specimen boundary
conditions (cf. Fig. 4.3). The interface tractions above and below the plane of

reinforcement can be obtained from equations 4.3 to 4.7:

cxy— —(Yc X tane) do“ - % tan® ol + o‘,’(y (4.8a)
Cc
. dof
od=- %c—(yc + x tanb) —af‘- - i tanf Ok + O%y (4.8b)

and

2 dzot;(x_
o) dx2 Ye

olf = #(yg-xztan £ tang (ye- xtan0) 22 do§ 3 s 1an?9 of+ofy (4.92)
C

)dc"" + £ tan29 of (+09, (4.9b)

io_ £ (v2 x2an20)4°Ohe 4 £
Oyy dye (yc x‘tan 6) 02 +yc tan® (yc+xtan9 2%

Average axial stresses in soil matrix and interface tractions at the center of the inclusion

(x=0) are given by:

oly =1L d(‘i’:’:x + oy (4.10a)

Oly = - l:o.i.e dzzg" + 250 tan?0 of+0)y (4.10b)
Foliowing same strategy described in Chapter 2, the shear-lag formulation relates stresses
and strains in the direction of the inclusion by decoupling normal and shear stress
components in the soil matrix (section 2.2). The decoupled model introduces a fictitious
shear spring layer of lateral dimension y, in which the matrix shear stress is constant and
equal to the interface traction, i.e., Oxy (/2 < |y | Sy) = oky. The dimension ¥ is obtained

by equating the elastic shear strain energy in the physical (real) and decoupled models (after
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Budiansky et al. 1986). For thin planar inclusions at shallow orientation (6<0,;; eqn. 4.1),

the dimension of the shear spring layer is given by:

y=—m (4.11)

3 cusb
The remaining derivation of strains and displacements in the decoupled model follows the
original formulation, By combining equations 2.9, 4.5, 4.10 and 4.11 the tensile stress in
the reinforcement can be expressed in the form of a second order ordinary differential

equation:

%OEL K;(6) ofx +K2 (0, oh, T, 0) =0 (4.12)
X

where K;, K5 are constant coefficients defined in terms of constituent material properties,

orientation 6 and boundary tractions (Gy, O, T):

Koo, on, 1, 8) = K36) o, + Ki(6) on + KY6) (4.13)

a ‘cosG - —VL) +28m (1+vg) [( 1-vg Havg tanzecose]
cosf Er

[1+}‘:vm-% %‘:1 (1 +Vf)Vf]

(4.13a)

= 2
Kl(e)'— ;;f

5 [vm - sin%0 - 2%—’"( 1+ vg) Vfcos26]
K30) = = f — (4.13b)

y f [1+l—vm-%%:l(l+vf)vf}

[c0320 -vm+2-gﬂ( 1+ ve) vrsinze]
Kh(e)_:_ 2 L Ef
2 yf

(4.13¢c)

[1+}1—Vm-% %fll(l+vf)vf]

[ 1- 29m( 1+ vg) Vf] sin20
Er

KYe)= yzf [ (4.13d)

1, .3 Sm ]
1+4Vm > B (1+vg)vs

Due to symmetry, the boundary conditions for equation 4.12 are:
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x=i% ; oly=0

(4.14)
_ . dofy _
x=0 VT 0
Hence, the general solution for the tensile stress in the reinforcement is given by:
ol = Kg( Oy, Oh, T, 6) 1 - cosh Kl(e) X (4.15)

Ki\6) cosh VK, 6)%

The complete expressions for the interface tractions are given by substituting 4.15 in 4.8

and 4.9, and are presented in Appendix 4.A.
4.2.1. Generalization for Arbitrary 6

In the preceding analysis, the tensile stresses and interface tractions (6%, Gky, Gly)
for reinforcements at shallow inclinations 6<0; (eqn. 4.1) are affected by the heigtt of the
soil specimen m, but not by its overall width w. For overlength inclusions, the possible
configurations are limited by the maximum orientation 6,,x, where: 1) for w>L>m,
sinBmax=m/L; or b) m>L>w, in which case cos®,ax=w/L. For inclusions of length
L<m,w, further generalizations of the shear-lag analysis are needed to describe load
transfer at arbitrary orientation, 0<101<90°. Two key assumptions are used in this analysis:
1) equilibrium equations are formulated in the centerline section (x=0) of the sample with
characteristic dimension y.; and 2) the size of the shear spring layer y is obtained from the
lateral dimension of the specimen (y2+yb, Fig. 4.3) averaged over the length of the
inclusion (-L/2<x<L/2). Figure 4.4 illustrates the effects of inclusion orientation 0 on the

dimensions y. and y:

1. For 8)<6<0, where tan =w/m (Figs. 4.4c), the width of the soil specimen causes a
reduction in the apparent lateral dimension of the shear spring layer y, which is related to

the area A,:
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YLH m_._1 L -ﬂ+m5tan9)2] (4.16)
cos® L tan6 \2cosO

2. For 0.<0<0; (Fig. 4.4e), the centerline equilibrium equations are written in terms of the

specimen width w, while y depends on both m and w as shown in Table 4.2.
3. For 6>0, Y is controlled only by the width of the specimen.

Figure 4.5 illustrates variations in the thickness of the shear spring layer y/L as a function

of orientation 6, for practical values of the aspect ratios w/L and m/L.

Thus, complete solutions for the tensile stress and interface tractions are obtained by

substituting the results from Table 4.2 in equations 4.8, 4.9, 4.16, A.]1 and A.2.
4.3. Results

The proposed shear lag analysis derives the axial inclusion stress o4 and interface
tractions Oy, Gly as functions of the external stresses (Gy, O, T). The behavior is affected
by the constituent material properties (E(/Gm, Vm, Vf) and specimen geometry (L, m, w, 6

and f).
4.3.1. Plane Strain Compression of Soil Specimen

Figure 4.6 presents distributions of c&y, ok, and o', for an inclusion of length
L=1m, embedded at different orientations 8, within a soil specimen of dimensions m=0.8m
and w=1.6m. All results are normalized by the vertical stress ¢,. For this particular
geometry (w>L>m) 05,,,=53° while shallow orientations correspond to 6<6,, where
01=29.5°. The composite is sheared in plane strain compression (i.e. T=0, £¥=0°) at a
stress ratio 0y/0h=01/03=6. The calculations assume typical/representative values of the

constituent material properties. The results show the following:
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1. The tensile stress distribution (Fig. 4.6a) is symmetric, of(x)=0% ,(-x), with maximum
values at the centerline (x=0). Maximum load transfer occurs when the inclusion is
oriented at 6=0° (base case geometry considered in Chapter 2), which corresponds to the
direction of maximum tensile strains in the unreinforced soil element, There is no load
transfer (of,=0) when the inclusion is oriented in the zero extension direction of the
unreinforced element2, 8=28°, For 6>28°, inclusion is loaded in compression (of,<0)

and, hence, achieves no effective reinforcement of the soil composite.

2. For inclined reinforcements, there is reflective symmetry in the interface shear tractions
acting along the top and bottom surfaces of the inclusion, such that 6}3,(x)=0i3(-x) (Fig.
4.6b). The interface shear traction (on either side of the inclusion) increases as the
proximity to the lateral boundary reduces, with maximum and minimum values at either
end of the inclusion. The gradient dcixy/dx is non-zero at the centerline and confirms
previous observations (section 2.4.1) that full load-transfer is not achieved for the
selected material properties and inclusion geometry. At 6=28°, oi,‘“y/cv=oi,“;./ov=0.35
corresponding to the shear stress in the unreinforced soil element

(03y/oy = 0.5 sin 20[ 1-ap/0y ] ).

3. The normal interface traction (Fig. 4.6c¢) also exhibits reflective symmetry between top
and bottom faces of the inclusion. In all cases, ciyy/ov<1 as the inclusion is too short to
achieve full load transfer (cf. Fig. 2.3). Minimum values of ciyy occur at the ends of
inclusion where Gy is a maximum, At 8=28°, 6},,/6,=09,/6,=0.82 is uniform at all

locarions along the inclusion.

The principal factors affecting the maximum load transfer at the center of the

inclusion, of./0y (i.€., 64«(0)/0,) are: 1) the relative soil reinforcement stiffness E¢/Gn;

2For an elastic soil element in plane strain compression, the zero extension direction, VY, is given by:
cos2y=(1-2v)(R+1)/(R-1).

99



2) inclusion length L and orientation 8; and 3) the magnitude and directions of principal
strains in the soil, described by ¢,/0y, and vy, (for an isotropic, elastic soil). Figure 4.7
shows predictions of the maximum load transfer ratio as functions of the orientation,
181<45°, for practical ranges of these parameters. The inclusion length and stiffness ratio (L,
Ef/Gp,) affect the magnitude of the tensile stresses in the reinforcement (previously
characterized by the 'pickup’ length for the base case analysis, 8=0°, section 2.4.2), but do
not alter the relative performance at different orientations (Fig. 4.7b, c). Figure 4.7a shows
that the stress ratio 6,/0}, affects both the maximum load transfer ofax/Ov, and also the
orientation range over which the inclusion is in tension. For an incompressible soil matrix
(vm=0.5), the zero extension directions in the soil are independent of the shear stress level
and, hence, the range for which the inclusion is in tension is 0°<I0|<45°. Oriented

inclusions (i.e., 60°) consolidated under Ky stress conditions carry compressive siresses.

4.3.2. Direct Shear

Direct shear constitutes a second independent mode of interaction for the reinforced
soil composite. In this hypothetical case, the specimen is loaded with boundary shear
tractions T only (i.e., oy=0h=0 hence, £*=45°). For an unreinforced, elastic isotropic soil
matrix, the zero extension directions are y=0° and 90°, while principal compressive and
tensile strains are oriented at -45° and +45°, respectively. Figure 4.8 shows analytical
solutions for the distribution of tensile stress, Gkx/t, and interface tractions, ky/t, G}/t, in
simple shear of a composite element with the inclusion oriented at 6=0° to 45°. This
example uses the same specimen geometry and constituent material properties presented in

the previous sections:

1. The tensile stress distribution is symmetric, with maximum load transfer at the centerline
(x=0), while the interface tractions exhibit reflective symmetry between the top and

bottom surfaces of the inclusion (e.g. Gi,(x)=018(-x)).
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2. There is no load transfer when the reinforcement is oriented at 6=0°. Tensile stresses
develop when 6>0° (<6,,,,=53°, in this case), with maximum load transfer for 6=45°
where of ,,/t=280. The analytical solutions describe load transfer in direct shear as an
odd function of inclusion orientation such that o%(-08)=-0%,(8). Thus, for 6<0° the
inclusion is loaded in compression and, hence, is not effective in reinforcing the soil.
The analyses are not considered reliable in compression, where mechanisms of buckling

have not been considered in the formulation.

The principal factors affecting the maximum load transfer in direct shear are the
inclusion length L, relative stiffness ratio E/Gp and orientation 6. Figure 4.9 shows
predictions of of,,,/t as function of the orientation -45°<0<+45°, for practical range of
these parameters. Similarly to the plane strain compression mode, the inclusion length and
stiffness ratio (L, E¢/Gy,) affect the magnitude of the tensile stresses in the reinforcement,

but do not alter the relative performance at different orientations.
4.3.3. Direct Simple Shear Tests

Direct simple shear tests can be simulated in the proposed analysis by combining
the linear solutions from the plane strain and direct shear modes. The composite soil
element is initially consolidated to a prescribed confining pressure oy, usually under Ko-
conditions such that op,=K0oy. Shear stresses T are then imposed on the horizontal
boundaries of the specimen at constant confining pressure, Figure 4.10 illustrates the
distribution of the tensile stress and interface tractions for a 1.0m long inclusion oriented at
0=30° at prescribed stress ratios, T/cy (using the reference geometry and material
properties). Initial Ky-consolidation (Kg=0/0,=0.43) induces compressive stresses in the
inclusion. The tensile reinforcement cnly becomes effective when t/0,20.17,

corresponding to a mobilized friction angle $=28° in the unreinforced soil element.
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Figure 4.11 shows the analytical solutions for maximum load transfer of 2x/Oy, in
simple shear tests as a functions of the inclusion orientation 6 (for -45°<0<+45°) and shear
stress, T/0y. The results can be obrained by direct superposition of the plane strain

compression and direct shear modes (also shown). The results show the following:

1. There are residual compressive stresses in the reinforcement due to Kg-consolidation of

the composite element for 60°.

2. As the specimen is sheared, the tensile reinforcement becomes effective for inclinations

0<60<0p, where 8¢ is a function of the external shear stress 1/0y. The orientation of

maximum tensile load transfer is also a function of shear stress level. For example, at

1/0y=0.5 (¢=>54° in the unreinforced element) maximum reinforcement benefit occurs

when 6=30°,
3. There is no load transfer predicted in simple shear tests with 6=0°.

4.3.4. Behavior of Long Inclusions

The preceding examples have presented results of the analysis for inclined
reinforcements using typical material properties, and specimen geometry typical of a large
scale laboratory test (m=0.8m, w=1.6m). For very long inclusions, the proposed shear-lag

analysis predicts the there is a maximum tensile stress in the reinforcement, ci, which is

obtained as a linear function of oy/0y, T/0, from equation 4.13:

é _Ka(ow/s., /o4, 6)

o, Kl(e) (4.17)

where the coefficients K;, K7 are given by 4.13a to d and Table 4.2.

Figures 4.12a, b suinmarize the behavior of these very long inclusion at various

orientations (0°<8<45°) in both plane strain compression and simple shear tests. These
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results confirm the critical importance of inclusion orientation and external principal stress

directions on the effectiveness of tensile soil reinforcements.

In practical field situations, the length of horizontal reinforcements (8=0°) is usually

sufficient to achieve the full load transfer predicted in equation 4.17. However, for inclined
reinforcements (620°) the vertical spacing between layers m imposes a constraint on the
inclusion length. Figure 4.13 shows the maximum load transfer ratio, G{nnx/O{. (which is
independent of the shearing mode) as a function of the inclusion half length L/2. The
results confirm previous findings (Fig. 2.4) that inclusions of 'pickup’ length L;>3.0m
(defined as length for which 0{,13,(/6{,020.95) are required to achieve the maximum possible
load transfer for relatively inextensible reinforcing materials (Ef/Gn=105). For short
inclusions (L<Ly), there is a reduction in the load transfer ratio with inclusion orientation,
which becomes significant with inextensible reinforcements. For example, when

Ef/Gn=103% and L=1m, the load transfer ratio anax/ci=0.35 at 6=0°, but is only 0.13 at

8=45°.
4.3.5. Comparison with Finite Element Results

One method for evaluating the proposed shear-lag analysis is to compare the results
with finite element computations. In the numerical calculations, the reinforcement is fully
bonded to the soil matrix and, hence, there is load transfer at the tips of the inclusion.
Alternative solutions using gap and frictional interface elements introduce non-linearities in
the solution, creating other problems of numerical accuracy. The difference in boundary
conditions at the tips can become important when either a) the inclusion is short (i.e., L<Ly)
or b) the tips of the inclusion are in close proximity to the boundary of the soil specimen.
This latter problem is particularly significant for the simple shear interaction mode with
0=145°, where there are very large shear stresses acting near the end of the inclusion.
Overall, it is not possible to make comprehensive evaluations of the shear-lag analysis

using the finite element method. Instead, this section illustrates calculations which show
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that the trends in the centerline load transfer are well described as functions of the inclusion
orientation. Figure 4.14 shows a typical finite element mesh3 used in the evaluations. The
model describes the full geometry of the composite reinforced soil specimen (i.e., there are
no convenient planes of symmetry) and comprises 864 plane strain, 8-noded isoparametric
elements which describe both the soil matrix and the reinforcement. Uniform shear and

normal boundary tractions are imposed along the surfaces OABC.

Figure 4.15 summarizes comparisons of the centerline tensile stress for inclined
reinforcements in plane strain compression tests. The results show the stress reduction
ofmx(e)/o{mx(O) as a function of the inclination and external stress ratio, ¢,/0},. The
material properties and specimen geometry differ slightly from previous examples and are
listed in the figure. There is excellent agreement (within 3% in most cases) between the
finite element solutions and the shear-lag analyses. Figure 4,16 compares the numerical and
analytical solutions of Ofhax/Oy for simple shear tests on Ko-consolidated soil specimens
reinforced with a relatively extensible material, E/GL=102. In this case, the material
properties and test geometry were selected to ensure that the tensile stress at the inclusion
tip did not exceed 30% of the expecied centerline stress. Again there is excellent agreement
with the finite element calculations, which confirms the general pattern of load-transfer

behavior described by the shear-lag analysis for inclined reinforcements.

4.4. Interpretation of Tests Results Available in the
Literature

4.4.1. Plane Strain Tests

McGown et al. (1978) present results of boundary tractions and deformations from
a plane strain shear device containing a single planar inclusion oriented in various directions

to the horizontal (6, Fig. 4.17). The test device contains a soil specimen of dimensions

3All calculations were performed using the ABAQUS code.
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152x102x102mm which is confined by a constant vacuum pressure, 63=70kPa. The major
principal stress is obtained through rigid top and bottom platens, with test performed at a
constant displacement rate. The side walls are lubricated and incorporate a thick glass plate
to permit photographic measurements of internal deformations during the test and provide
nominal plane strain conditions. Tests were performed using dry Leighton Buzzard Sand
(LBS) deposited at three densities (Table 4.1, figure 4.20) and reinforced with three
different materials (aluminum foil, aluminum mesh and a melt-bonded, non-woven fabric-

T140), positioned at 6=0°, 30°, 60° and 90°.

Figure 4.19a, b shows typical stress ratio-axial strain measurements for tests with
horizontal inclusions (6=0°) on medium dense (D,=58 to 65%) and loose (D,=11 to 18%)
LBS, respectively. The unreinforced, dense sand reaches a peak stress ratio, Rpax=8.1, at
an axial strain, £,=2.3%, followed by post-peak strain softening associated with shear
planes formed within the specimen. The addition of horizontal inclusions, particularly the
aluminum mesh and T-140 fabric, cause large changes in the externally measured
composite behavior, while the behavior for the thin aluminum foil is similar to the
unreinforced sand. Although there are relatively large increases in the shear resistance (e.g.
Rnax=17.0, 10.5 for the aluminum mesh and T-140, respectively, the reinforcements have
little influence on the strain mobilized at peak conditions, McGown et al. (1978) summarize
their measurements of Ry, as functions of the inclusion orientation and specimen density

(Fig. 4.21).

The boundary conditions in the unit cell do not correspond exactly to conditions
assumed in the proposed analysis. In the laboratory tests, the major principal stress is
obtained through rigid plattens which force uniform displacements along the top and
bottom of the device. As a result, the vertical stresses acting on the soil specimen are not

uniform across these boundaries. The principal effect of this boundary condition is to force
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failure to occur through the center of the unit cell. This behavior can be seen most clearly
from contours of volumetric and shear strains (obtained from photogrametric measurements
of the displacement field) as shown in Figure 4.18. In the proposed shear-lag analysis,
uniform boundary tractions ensure that local failure will initiate at the edges of the soil

specimen.

The proposed shear-lag analysis can be applied to predict and interpret failure
conditions within the unit cell by considering the local distribution of stresses within the
soil matrix. In general, failure will occur when the peak friction is mobilized in the soil
matrix such that sin¢=(Rm-1)/(Rm+l), where R is the ratio of principal stresses within the
soil matrix (Rm=c0]/03), and § depends on the initial density and external confining sess.
In the shear-lag analysis, the average stress component OFx(X) only varies axially along the
length of the reinforcement, while OXy and ofy vary both laterally and axially. Average
stress conditions within the reinforced soil matrix can be obtained from stresses at the

interface and at the specimen boundary as follows:

L2
o = % J oy dx (4.182)
-LI2
L/2 fYa L2
on, = 1L ofy dy dx = ilf (ol + oB) dx (4.18b)
Yel )i -Ln
Yb
L/2 rya L/2
o, = 1L J o, dy dx = —11: j %oly,»r%-og‘;) dx (4.18c)
Yebo ) ;
LR J-yp LR

where analytical expressions for o, oixy , Oyy in equations 4.5 and 4.10 and Gy, OFy in
Figure 4.3 are related to the tensile stress in the reinforcement chy (eqn. 4.15). The average

stresses in the soil matrix can be written as follows:

4 1f tractions were truly uniform, local failures would initiate at the edges of the specimen and the external
stress ratio would be liule affected by the presence of the inclusion. This behavior occurs in the APSR cell

(Larson, 1992).
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O'Tx =L chx + 0'(,)“ (4.193)

2yc
om, = é_[ ifl_caﬁx + 0, - 0.,) tan® + 02,] (4.19b)
op = % m__|. % Ko{oy.01,2.0) tanhV KI{GS L/2 - 6% 5 £ tan?0 of+0d [+
2Lcos6 v Kl(e) Ye

+ %[5‘,{‘,( +6,( 1-tan20 )] (4.19¢)

where 5{,‘ is the average inclusion stresses:

L2
=L J TR TKeI L2 (194

Hence, the stress ratio within the soil matrix, R™, can be related to the boundary tractions
Oy, Oh and external stress ratio, R (=6,/0y,). It should be noted that this interpretation of the
shear-lag analysis does not consider the "edge effects" for x<-L/2 and x>L/2. Therefore,

the predictions are expected 10 overestimate the measured values of R.

Input parameters for the proposed shear-lag analysis are listed in Table 4.3, The
behavior of unreinforced Leighton Buzzard sand (LBS) in plane strain compression has

been reported by Deterling (1984), Figure 4.20a.

The elastic properties of the aluminum foil reinforcement are obtained from the
uniaxial tension tests reported in Figure 4.20b. The T-140 non-woven fabric =xhibits a
highly non-linear stress-strain response in unconfined uniaxial tension. Data for similar
heat bonded non-woven fabrics (e.g. Ling et al., 1992) show that soil confinement (at
03=70kPa) can increase the secant modulus by up to 30%. Elastic parameters for the
proposed shear-lag analysis are based on the initial tangent modulus (from the unconfined,
uniaxial test). This parameter selection is subsequently justified from the predictions of

tensile stress levels in the reinforcement,

107



Figures 4.21a and b compare the shear-lag predictions and measured peak stress

ratios Rpax (=(0v/Op)max) for the unit cell tests with aluminum foil and T-140

reinforcement, respectively:

1. The analytical predictions and measured data show similar trends in the variation of Rppax
with orientation 0, for both reinforcing materials and at all three sand densities. The
stress ratio of the composite is maximum when 8=0° (horizontal inclusions) and is larger
than the unreinforced soil for 0<0<45°. For 8260°, there is a small net loss of strength

in the composite and minor difference in the maximum stress ratios measured at 6=60°,

90°.

2. The aluminum foil is extremely thin (f=0.02mm) and, hence, gives very small changes
in Rpax compared to the T-140 fabric (f=0.55mm), even though the relative stiffness is

larger (Ef/G,=120 and 35 for aluminum foil3 and T-140 in dense LBS, respectively).

3. The shear-lag analysis tends to overestimate the measured strength for 6<30° and
underestimate for 6260°, especially for T-140 reinforcement on loose LBS. This
behavior is qualitatively in accordance with the "edge" effects which are not included in
the analysis. At higher inclination angles, the analysis predicts axial compression of the
inclusion which causes local amplification of shear stresses mobilized in the soil matrix
and, hence, reduces the overall strength of the composite. McGown et al. (1978)
attribute the measured reduction in Ry« at 0=60°, 90° to local slippage at the soil-
reinforcement interface. Interface slippage effects are not considered in the analysis of
inclined reinforcements. Although this mechanism is plausible for smooth aluminum

sheet, it is unlikely for the T-140 non-woven fabric.

5This stiffness is quoted by Andrawes ct al, (1978), and is much lower than the Young's modulus of

aluminum,
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Figure 4.22 illustrates the shear-lag predictions of axial stresses in the
reinforcements at peak stress ratio conditions in the composite. The results are shown for
dense Leighion Buzzard Sand at the four inclusion orientations used in the unit cell tests.
These results demonstrate that the full load transfer is achieved due to the low stiffness of

the particular reinforcements.
4.4.2. Direct Shear Box Tests

Several authors have described measurements of boundary tractions and
displacements from direct shear box tests on specimens of dry sand reinforced by inclusion
which bisect the imposed horizontal failure plane at various orientations (Table 4.1), This
section describes the application of the proposed shear-lag analysis for interpreting one set
of direct shear tests performed on dense Leighton Buzzard Sand reinforced by a steel grid
(Jewell, 1908). Figure 4.23 summarizes the test geometry and mcasured data. These
particular experiments were conducted in a relatively small direct shear apparatus (DSA), of
height m=0.15m, width w=0.25m and depth B=0.15m. The inclusions are made from a
square grid of steel bars (diameter 0.82mm) with length L=0.13m, and were positioned
centrally within the DSA in order to preserve the symmetry between the upper and lower
halves of the box. All tests were performed using very dense LBS (with initial D,=90%) at

a constant average vertical pressure 6,=29kPa.

The principal measurements during the test are the external shear force T, the lateral
displacement X (which describes the non-uniform shear strain) and the vertical displacement

y, which indicates the volume change within the specimen. Figure 4.23 show the results

for inclusions oriented at -30°<0<60° together with data for the unreinforced sand:

1. For inclusions oriented at 6>0°, there is a significant increase in the peak shear
resistance, with maximum improvement 1,/t,,=1.55, measured for an inclusion rotated at

6=60°. In contrast, there is a 10% reduction in peak shear resistance when 6=-30°.
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2. Peak strength conditions are mobilized at horizontal displacements x=1 to 2mm, at

which the specimen exhibits significant dilation.

3. The reinforcement has little influence on the initial response of the composite element for
x<0.2mm. However, there is a significant change in shear resistance for horizontal
displacements in the range x=0.4 to 0.7mm, with no volume change in the sample

(y=0mm).

The existing interpretations of reinforced direct shear tests apply limit equilibrium
methods to evaluate the peak shear resistance. For example, Jewell (1980) considers
equilibrium in the upper half of the DSA (Fig. 4.24a) in which a tensile force at the center
of the inclusion PR reinforces the failure plane with two mechanisms: 1) the horizontal
component, Prcos9, reduces the shear force acting in the sand; and 2) the vertical

component, Pgsin6, increases the confining stress acting at the centerplane. The net change

in shear resistance is then given by:

Text - PR (g
o o0 (smG tand + cosO) (4.20)

where Ty, is the additional shear resistance and ¢ is the peak friction angle or plane strain
shearing of the soil specimen (at the appropriate confining stress and density). In practice,

PR is not usually measured in the tests and, hence, equation 4.20 provides only a

conceptual model of the reinforced soil behavior, Jewell and Wroth (1987) estimate Tey /Oy

using limiting values for PR based on pullout bond resistance of the inclusion and obtain
good agreement with the measured data. For a planar inclusion, Pri;m=0pLtand, where o,

is the average normal interface traction along the inclusion and 9§ is the interface friction

angle.

Palmeira and Milligan (1989) have recently proposed a refined limit equilibrium

calculation (Fig. 4.24b) which includes more realistic calculation of stress conditions in the
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central shear zone, In this calculation, the centerline axial stress in the reinforcement Pg can
be computed from the measured direct shear behavior of the unreinforced sand, ¢qs
(tan"!t/oy) and the distortion of the inclusion within the shear zone (measured by

photogrammetry).

There are two principal difficulties in developing more refined interpretations of the
reinforced direct shear tests: 1) the stress and strain fields are highly non-uniform within
the soil specimen; and 2) the stress state within the shear zone is not known and is difficult
to estimate due to principal stress rotations. Figure 4.25 offers one plausible interpretation
of the behavior of dense LBS in direct shear box test. Initiaily, the soil is consolidated
under Ky conditions (typically 6,0=0.4 to 0.5 6,0 during 1-D compression of sand). The
initial measured response (O-A) can be assumed to be approximately linear. If the soil is
treated as isotropic, then Acy,=0, and the Mohr circle can be defined at state A. In this
condition, failure initiates in the sample along planes of maximum stress obliquities which
are controlled by the friction angle measured in plane strzin shearing ¢ps=54° (after Jewell
and Wroth, 1987). Subsequent shearing from A to B generates irrecoverable (plastic)
deformations, non-linear stress-strain behavior and principal stress rotations (Ac,>0).
Dilation begins for loading beyond B, where o,>0, (and, hence, y>0). Thus, the stress
state at B (o=0,, 1/0,=0.82) represents the maximum deformation, x=0.5mm, for which
elastic soil properties can represent the unreinforced behavior of the sand. For peak
strength conditions C, Jewell and Wroth (1987) relate ¢ps and ¢gs through the dilation rate

n=dy/dx through assumptions of co-axiality, tandgs=(sin¢pscosn)/(1-sin¢pssinm).

The proposed shear-lag analysis can be applied to interpret the reinforced direct
shear tests of Jewell (1985) when x<0.5mm. The analysis predicts the axial stress at the
centerline of the inclusion for the specified geometry, material properiies and boundary

tractions (Gy, Oy, T, assumed uniform). It is apparent from equilibrium of the upper half of
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the box that tensile forces in the reinforcement reduce the shear tress acting in a horizontal

plane. The change in shear stress due to the reinforcement is given by:

ol
Text — f Omax .
= . cosH (4.21)

where of .x=0% ((x=0) and is given by equations 4.13 and 4.15. This analysis makes no
assessment of the potential improvement in shear strength due to changes in confining

pressure along the centerplane.

Figure 4.26 summarizes the comparison between the predicted and measured values
of at x=0.5mm. Small error bands in the measured data reflects variations in the behavior
of the unreinforced sand. Input parameters for the sand are obhtained from the measured
data at state B using the assumptions described in Figure 4.25. Although the properties of
the grid are not known precisely, uncertainties in E¢ and f have little effect on the

predictions of T.x/Oy. In this case, the reinforcements are effectively inextensible as

Ef/Gn>104. The results show the following:

1. The measured data for inclusions oriented at 0=15°, 30°, 45° and 60° all show increased
shear resistance, with maximum reinforcing benefit Te,,/0,=0.20, at 6=60°. There is a
reduction in shear resistance in the test with 0= -60°. The shear-lag analysis is in good
overall agreement with these data but tend to underestimate T.x/G, for 6=60° and 90°.
The analyses show maximum reinforcing benefit (1.x/0,=0.17) for 6=40°, which
corresponds approximately to the direction of maximum tensile strains (45°) for an

elastic soil matrix with uniform boundary tractions (oy, Oy, 7).

2. The analysis predicts no reinforcing effects for inclusions at 8=0° or 90°. Although the
measurements also show 1.,,/0,=0 at 6=0°, there is 10% increase in shear resistance at
0=90°. This behavior can be attributed to the onset of dilation, y, which has a

particularly pronounced affect on the mobilization of tensile stress for reinforcements
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oriented at 6=90°+30°, Figure 4.26 also presents the measurements at peak strength
conditions, where the maximum improvement in shear resistance, Tx/0y=0.55, occurs
at 6=60°. Although the shear-lag analysis cannot describe this behavior, it is particularly
interesting to note the dramatic improvement in shear resistance at 8=90° relative to
conditions at X=0.5mm. The results suggest that most of the reinforcing action at 6=90°

can be attributed to dilation,

This result is evaluated more closely using data from a very large cubic shear box
(1m3) reported by Palmeira (1987). Figure 4,27 summarizes the dilation and additional
shear resistance as functions of X, for a 0.6m long aluminum sheet reinforcement at 6=90°,
Dilation in the large shear box begins at x=10mm, corresponding to an average shear strain
Y=X/m=1.0%. In comparison, ?—:—0.3% at state B in the small shear box tests, showing an
important scale effect associated with these devices. The close correlation between y and

Tex/Ov, with small reinforcing effect for x<10mm, supports the assumptions of elastic

response for the shear-lag analysis in working load conditions.

4.5. Conclusions

This chapter has -proposed an approximate shear-lag analysis for a single, thin
planar reinforcement inclined at arbitrary orientation within a soil specimen which is loaded
by uniform normal and shear boundary tractions (i.e., arbitrary direction and magnitude of
principal stresses). The analysis generalizes the basic formulation described in Chapter 2
assuming 1) linear, isotropic and elastic properties of the constituent materials; 2) no
slippage at the soil-reinforcement interface; and 3) negligible bending resistance for thin
reinforcing inclusions. The formulation also proposes a simple method for estimating the

dimensions of the shear spring layer used in the shear-lag approximation.

The analyses provide closed form expressions for the axial stress and interface

tractions as functions of the specimen geometry, material properties and boundary loads.
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The results show the effects of inclusion orientation in two fundamental modes of
interaction, plane strain compression (oy, 0y) and direct shear (t). The behavior of
reinforcements in simple shear tests can then be interpreted from superposition of the linear
solutions, In all cases, the reinforcement is most effective (i.e., highest tensile stress) when

it is oriented in the direction of maximum tensile strains in the (unreinforced) soil.

Partial evaluation of the shear-lag analyses is achieved through comparisons with
linear, finite element calculations. The numerical analyses show good agreement with
reductions of the effects of orientation on stresses at the centerline of the inclusion for a
limited range of material properties and specimen geometries. Complete comparisons are
not possible as the shear-lag analysis assumes no load transfer at the tips of the inclusion.
Differences between the two analyses arise when the finite element calculations predict

large axial stresses at the tips of the inclusion.

The shear-lag analyses have been used to interpret the effects of inclusion
orientation measured in laboratory plane strain compression and direct shear box tests. In
the plane strain unit cell tests of McGown et al. (1978), the improvement in shear resistance
of the soil composite was interpreted consistently from shear-lag predictions of the average
stress state within the soil mass. There is excellent agreement with the measured data
obtained at three different soil densities using aluminum foil and non-woven reinforcing
materials. Changes in the shear resistance for reinforced direct shear box tests (e.g. Jewell,
1989; Jewell and Wroth, 1987) are due, in large part, to the dilation of the soil within the
central failure zone of the specimen. This behavior cannot be modeled by the proposed
analysis. However, there are also improvements in the shear resistance which occur at

small strain levels. This behavior is well described by the proposed shear-lag analysis.
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Centerline Thicknnss, yc

0 Thickness of Shear Spring Layer, y
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b) Shear-Lag Coefficients for 6245° (eqn. 4.13)

Table 4.2; Parameters for Proposed Shear-Lag Analysis.

116




a) Reinforcement at i=40°

b) Reinforcement at i=-45° ¢) Reinforcement at i=0°

Figure 4.1: Effects of Inclusion Orientation on Reinforced Direct Shear Tests.
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Figure 4.2 Plane Strain Geometry for Composite Reinforced Soil Element with General

Inclusion Orientation and Principal Stress Directions.
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Selected Location State of Stress
1. Generic location, (x1,y1) (o (x1), OF§ (x1,¥1), OXy(X1,¥1))
(superscript ‘a’ for y>0)
-L/2<x1€L/2

2. Equivalent location below reinforcement, | {0, o7, 0%P)
(x1,- y1) (superscript 'b' for y<0)

oW~ X1, Y1)=0T(x1,y1)

3. Reflective symmetry (- x1,- y1) oTP(- x1,- y1)=05(x1,y1)
OTP(- X1,- Y1)=0F(X1,y1)
4. Interface with reinforcement, (x, f/2) (o2, 08, oif)

okyOly: interface traction components

oma

XX

o= of?tan?0+0, (l- tan26)+21 tand
o= ( o - oy ) tan6 + 1

5. Boundary of specimen,
(x1, m/2cosB+xtanB)

Figure 4.3: Soil Stress Conditions Assumed in Proposed Analysis.
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Figure 4.4: Effect of Inclusion Orientation on Shear-Lag Approximations.
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Figure 4.5: Influence of Geometric Parameters on Shear Spring Layer.
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Figure 4.14: Typical Finite Element Model for Computing Axial Stress in a Thin Inclined
-Reinforcement,
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Figure 4.17: Unit Cell for Plane Strain Tests on Leighton Buzzard Sand
(McGown et al., 1978).
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Horizontal Reinforcement (McGown et al., 1678).
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+ o, Dimensions:
e — m=0.10m
O Op, w=0.15m
—> = L+*=0.10m
*Not given in texts; estimate is maximum length
# o-v for full rotation (L<m,w).
a) Specimen Geometry and Test Conditions
State | Relative | Void | on(kPa) [ +G tvim Peak Peak
Density | Ratio (MPa) Friction | R=0,/0p
Dr, (%) ¢°
Dense 65 0.63 70 4.0 0.5 51 8.1
Medium 51 0.67 70 3.0 0.5 48 6.9
Loose 27 0.74 70 1.7 0.5 44 5.5
+Ref. Figure 4,20a,
b) Properties of Leighton Buzzard Sand.
Thickness, f(mm) Ef (MPa) i
0.02 440* 0.3
* Provided in Andrawes et al. (1978).
¢) Properties of Aluminum Foil Reinforcement.
Thickness (mm) ef (%) op(kPa) *Ef (MPa) i
3.3 130
0.55 5.5 70 115 0.3
8.0 100

*+ Secant modulus based on unconfined uniaxial tests, Figure 4.20b,

d) Properties of Non-Woven T-140 Fabric.

Table 4.3: Input Parameters for Shear-lag Analysis of Plane Strain Unit Cell Tests
Reported by McGown et al. (1978).
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Figure 4.21: Comparison of Shear-Lag Predictions and Measured Peak Stress Ratio for
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Figure 4.23: Typical Results of Direct Shear Tests on Leighton Buzzard Sand Reinforced
by a Single Steel Grid at Different Orientations (Jewell, 1980).

140



. 0
P,sin®

Prcos 6

Text - PR (g
. “ Aoy (smO tang + cose)
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* O=0ps

a) Interpretation of Additional Shear Resistance

(after Jewell, 1980).

! Fg=Pg tand

=1c + PR cos(0 - B)
Nc=N+W+Pg sin( - B) + Fs
TcA=Nc tan ¢gs
OycA=N+W+Fg
=T/A

X _tan
l:’R — Ovc q)ds

Acy cos(O - B) + sin(6 - B) tands
d: sidewall interface friction

B: measured by photogrammetry

b) Interpretation of Force at Center of Reinforcement

(after Palmeira, 1987),

Figure 4.24; Limit Equilibrium Interpretation of Direct Shear Tests.
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Appendix 4.A: Complete Expressions for
the Interface Tractions

The expressions for interface tractions are given by substituting oly from 4.18 in 4.7 and

4.9. The interface shear tractions are:

olxay = -

fw-x tand) K, [ sinhVKy x |_fang Ka[, cosh VKy x ol Ala
20 VK] cosn/Kr L | 20 K1l cosh /K7L
L . L

oib = f((o+ X tane) K, [ sinhVYK7 x| fran0 K2 '1 coshYK; x
ib _ ] Ba
’ 20 VK, | coshVK; % 20 Ki| coshvK, L

L

+0%y A.lb

And the interface normal tractions are:

°§,“y=-4L(yc2-x2tan2e)K coshYK; x x[anze Ko sinhVK”i .
Ye cosh\(_L VK, COShVK_IE
A.2a
2y Ki|  cosh \(K_1 cosh VT L[
Gyy ‘-—(yc x2tan20) K| SOSMVKL X | £\ an29 K2 I'emhv_x
COShVK_1-12= Ye YK | Costhl%
A.2b
£ an20 K2[; . cosh VK x] + ol
2y K cosh YK L-J
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Appendix 4.C: Notation

The following symbols are usced in Chapter 4:

a = inclusion ratio (f/m)

Dr = relative density

Er = inclusion elastic modulus

Em = soil matrix elastic modulus

f = inclusion thickness

Gm = soil matrix shear modulus

i = inclusion inclination with vertical

Ko = coefficient of lateral stress at rest

K = shear lag parameter (eqn. 4.13a)

Ky, KB, K3 =  expressions defined in eqns. 4.13b, ¢, d

L = inclusion length

L = length of zone I (pickup length)

m = soil matrix height

N = consolidation load in direct shear tests

Pr = reinforcement load in direct shear tests
Rmax = maximum ©1/03 in plane strain tests

Rm = ratio of principal stresses within soil matrix
T = external shear load in direct shear tests

X,y = distance along inclusion and soil matrix (x, y local coordinate system)
x*, y* = global coordinate system

ya,yb = lateral dimensions of soil specimen (Fig. 4.3)
y = dimension of shear spring layer

Ye = lateral dimension of soil matrix at x=0

w = soil matrix width
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5 =
) =
Ops; Gas =
n =
m =

V¢ =

C)1, 03 =
m —
o7, 03 =

Gv, C'h =

Cho,> Ovo

Q,
3
I

OXx, O%y, O%y

om &b, O'Ty“'b, c';,‘ya'b = soil matrix axial, shear and normal stresses in upper/lower regions

0 =
oL =
Omax =
01,6 =
T =

TCXI -

soil-inclusion interface friction

mobilized soil friction angle

friction angle measured in plane strain and direct shear, respectively

dilation rate

soil-inclusion interface friction coefficient
inclusion Poisson's ratio

soil matrix Poisson's raiio

shear strain

major and minor external principal stresses
major and minor principal stresses in soil matrix
vertical and horizontal external stresses
consolidation stresses in direct shear tests
maximum axial stress carried by long inclusions
maximum axial stress at inclusion centerline
axial stress along inclusion (positive in tension)
unreinforced soil matrix axial, shear and normal stresses
average stresses (eqn. 4.19)

average interface shear and normal stresses

upper/lower interface shear and normal stress

soil matrix axial, shear and normal stresses

inclusion inclination to horizontal

limit orientation defined as tan-lw/m

maximum orientation for long inclusions (=sin-!m/L or cos-!w/L)

defined in equation 4.1 and Figure 4.4, respectively
external shear stress

Tr-Tur
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reinforced external shear
unreinforced external shear
orientation of principal stresses with y*

zero extension direction
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Chapter 5: Analysis of Pullout Tests for
Planar Soil Reinforcement

5.1. Introduction

Pullout tests simuiate the action of a reinforcing inclusion as a tensile anchorage
embedded in the soil mass. The test data are widely used to estimate the soil-reinforcement
bond capacity for design calculations based on limit equilibrium analyses (e.g. Jewell,
1990). In practice, pullout measurements have been reported from a variety of experimental
configurations, ranging from full scale field tests (e.g., Chang et al., 1977; Schlosser and
Elias, 1978) to laboratory models (walls and embankments) and pullout boxes (e.g. Shen
et al, 1979; Ingold, 1984; Delmas ¢t al, 1979; Rowe et al, 1985). Figure 5.1 shows some
of the typical geometries used in laboratory pullout tests and demonstrates the wide range
of boundary conditions which are possible. The principal variations in test geometry are

associated with three design considerations;
1. The uniformity of vertical stresses imposed externally on the soil;
2. The boundary conditions at the front face of the cell where pullout loads are applied;
3. The control of the embedded length of the inclusion.

Recent data from test devices using rigid top platens and flexible pressure bags
(e.g. Palmeira, 1987; Fig. 5.1b) suggest that the vertical boundary condition does not
affect significantly the pullout measurements (for pullout boxes with height to length aspect
ratios h/L20.6). Similarly, the control of embedment length is expected to influence the
bond resistarce only at large displacements and has little effect on the peak bond capacity

for reinforcing materials of practical interest.
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The boundary condition at the front wall, however, can affect significantly the
measured data. In conventional puilout experiments, there are large shear stresses acting at
the soil-reirforcement interface, close to the front wall of the cell, Palmeira and Milligan
(1989} found that wall roughness could increase the apparent bond resistance by 100% for
pullout tests on steel grid reinforcements in dense sand. As a result, they recommended
either lubricating the front face or increasing the scale of the test to minimize the effects of
the boundary conditions. These authors assumed that the wall friction causes
overestimation of the bond capacity for design. An alternative strategy to ameliorate the
effects of wall friction is to use an intruded slot (e.g. Juran and Christopher, 1989; Figs.
5.1d, e, f), which separates the inclusion from the front face. To date there have been no
systematic studies to compare pullout measurements from different shear boxes. However,
it is apparent that much of the scatter reported in the literature for similar constituent
material properties (soil and reinforcement) may be attributed to differences in boundary

conditions.

For reinforcements with planar surfaces, the mechanism of interaction in pullout
tests is controlled by the skin friction mobilized between the soil and reinforcement. In the
standard interpretation of these tests, the apparent friction coefficient, tan d, is reported at

the maximum pullout load, Pp:

— P -

(5.1)

where A is the surface area of the embedded inclusion, o, = N/Ag (Fig. 5.1) is the external
vertical stress at the boundary of the specimen, Ag is the cross-sectional area of the cell,

and 7 is the average shear resistance acting along the interface.

There is much discussion in the literature regarding the correct interpretation of 3. If
the inclusion is rigid (inextensible), it can be assumed that the shear resistance is mobilized

uniformly over the embedded surface area at the pullout load. In this case, the apparent
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friction 5 should be comparable to the interface friction measured in a direct shear box
apparatus. However, for extensible reinforcements (including most geosynthetics), the
deformations of the inclusion can introduce a progressive failure mechanism, in which the
shear resistance varies with position. Hence g will be affected by the length of the
inclusion, constituent material properties (deformation and strength of the soil and

reinforcement) as well as the interface friction.

Measurements of the apparent friction coefficient are often compared with the
frictional shear strength of the soil ' through the bond ratio, f=tan g/tan ¢'. Pullout data
compiled by Palmeira (1987) for planar reinforcements (metal strips and geosynthetics) in
dry, cohesionless materials how bond ratios ranging from a minimum {=0.3-0.4 up to
values f22. Schlosser and Elias (1978) report f values in excess of 5 from field pullout
tests on steel strips. This wide variation in f reflects differences in test geometry and
boundary conditions as well as differences in the intrinsic material properties (shear
strength of the soil, interface friction, etc.). The interpretation of bond ratio is further

complicated by two mechanistic factors:

1. Most authors do not provide specific information regarding the selection of the reference
friction ¢'. In conventional practice, ¢' refers to the friction angle mobilized at peak
shear resistance (i.e., ¢'=¢"y). It is well known that ¢y is a function of the confining
effective stress and density (e.g. Bolton, 1986), and is also affected by the mode of
shearing!, compaction procedures, etc. In contrast, the constant volume friction angle,

¢'cv, corresponding to shear resistance at large shear strains, is a more reliable material

I'The friction angle is usually measured in triaxial compression, ¢',c, or direct shear box tests, 0'ds.
Marachi et al. (1981) report consistent differences between the plane strain ¢'ps and triaxial compression

friction §'yc, while Rowe (1209) explains the difference between @' s and @'y in terms of the dilation rate

in the soil.
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property which is largely independent of the initial state of the material (typically

¢ 'c v=300i3°).

2. The normal tractions oy acting locally at the soil-reinforcement interface during pullout
are generally not known. Experimental measurements of local normal stresses have been
obtained from pullout tests on instrumented model piles (e.g. Wernick, 1977; Plumelle,
1987; Lehane et al., 1993); however. there is currently no data for thin planar
inclusions. Schlosser and Elias (1978) postulated that measurements of bond ratio in
excess of unity (f>1) could be attributed to increases in the normal stresses oy through a
loosely defined mechanism of 'restrained dilatancy' within the soil, Similar mechanisms
were proposed by Hettler (1982) and Boulon and Foray (1986) for tensile loading of
axisymmetric piles. Schlcsser and DeBuhan (1990) then suggest that the pullout bond
resistance (tan g) should be compared with the interface frictior measured in shear box
tests at constant noninal stiffness (e.g. Boulon et al, 1990), k=Acyn/Au, where Au is the
lateral displacement in the soil during pullout. The case when k=0 corresponds to a
standard shear box teat at constant confining stress, while k=co corresponds to a
constant volume direct shear box text (Au=0). For axisymmeitric piles or nails, Boulon
and Foray (1986) propose E=Ep/R, where Ep, R are the Young's modulus and radius of

the pile, respectively. For thin, planar reinforcements, k—0 (i.e., R—e0) and hence this

model predicts Aon=0 during pullout.

The widespread application of polymeric geogrid reinforcements (e.g. ICE, 1985)
has spurred considerable research efforts to evaluate the load capacity of these materials in
pullout tests. The grid geometry generates a complex set of interactions, including surface
friction, particle interlocking within the apertures, and passive thrust (bearing resistance)

against the transverse elements. These mechanisms can be appreciated most readily from
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photo-elastic measurements of stress fields in the surrounding 'soil'2 during pullout, as
shown in Figure 5.2 (Dyer, 1985; Milligan et al, 1990), The orientation of thie white lines
in these figures corresponds approximately to the trajectory of the major compressive
stress, while their brightness is an indication of the maximum shear stress intensity
(Allersma, 1982). The results show that highly non-uniform stress fields develop around
the transverse elements of the grid and hence the bond resistance is not directly comparable
to that of a rough sheet inclusion (Fig. 5.2a). Jewell et al. (1985) and Palmeira and
Milligan (1989) have proposed semi-empirical expressions for estimating the bond capacity
of grids based on the interference between successive bearing members. In this analysis,
the bond capacity is a function of the grid geometry, particle size (d50) and peak friction
angle of the soil. However, the analysis does not consider the progressive failure

mechanisms for long, extensible reinforcements.

Overall, it is apparent from the preceding discussions that pullout tests have several
major limitations: 1) the results are significantly affected by the boundary conditions; 2)
deformation of extensible reinforcements introduces a progressive failure mechanism,
which complicates the evaluation of bond capacity even for planar, frictional
reinforcements; and 3) mechanisms of interaction are highly complex for grid

reinforcements which are widely used in practice.

This chapter presents a new analysis which is capable of describing the complete
load-transfer behavior for pullout tests with extensible, planar reinforcements. The
proposed formulation uses the shear-lag approximations described in Chapter 2

(Abramento and Whittle, 1993; Budiansky et al, 1986), in order to predict the development

2These measurements were obtained using # model granular material comprised of crushed glass saturated
with paraffin (same refractive index) and viewed through a polariscope using circularly polarized light, The
photo-elastic method measures the forces at individual grain contacts from the bi-refringent effect of

optically sensitive material in polarized light.
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and distribution of tensile stresses and intertace tractions along the inclusion as functions of
the constituent material properties and test geometry, The principal advantage of the
proposed analysis is its simplicity, which enables clear physical interpretation of the effects
of individual parameters and avoids the complexities associated with non-linear numerical
analyses using frictional interface elements (e.g. Gens et al, 1988; Schellekens and
DeBorst, 1993). The analytical predictions are evaluated in Chapter 6 through direct

comparison with pullout tests performed on instrumented inclusions in the APSR cell.

5.2. Shear-Lag Formulation

5.2.1. Governing Equations

Figure 5.3 shows the idealized geometry and boundary conditions considered in the
propoScd analysis of pullout tests for planar soil reinforcements. The reinforcing inclusion
has thickness f and length L, and is embedded in the soil matrix in a box of overall vertical
dimensions m+f. The soil specimen is initially subjected to uniform boundary tractions ¢,
and o3. In conventional pullout tests, 63/0; corresponds to the Kg-stress condition
associated with 1-D compression of the specimen?. Pullout loads G, [FL-2] are applied at
the active end of the inclusion (x=0) and generate tensile stresses within the reinforcement,
olx(x), which reflect the distribution of normal and shear tractions along the interface ((5‘,‘y
and Giyy, respectively). Figure 5.3 also shows the positive sign convention for stresses

within the soil matrix (%%, 0%y, O%)). The proposed analysis assumes the following:

1. The soil matrix and reinforcing material behave as linear, isotropic and elastic materials

with properties G, vip and Ey, vy, respectively (Fig. 5.3).

3The results in Chapter 2 show that no tensile stresses develop in the inclusion due to Ko-consolidation of

the soil specimen. Compaction of the sand or other modifications of the stress ratio 61/63 can induce

residual stresses in the inclusion, as discussed in section 5.3.1.2,
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2. The soil-reinforcement interface is frictional and described by a constant angle of friction

3, such that 'oixyl / oyy<tan 8.

3. There is no axial stress acting at the 'passive end' of the inclusion (i.e., okx=0 at x= L),

as the inclusion is thin and is not physically bonded to the soil matrix.

4, The axial stresses in the soil matrix and in the inclusion are functions of x only (i.e.,
ol (x), okx(x)). Thus, the horizontal stresses in the inclusion and the soil can be related
by:

om=0fk=ack+03(1+a) (5.2)
where a=f/m is the 'inclusion ratio’' and 6} is the 'average' horizontal stress in the soil

matrix.

Based on these assumptions, the complete traction boundary conditions in the soil

for the pullout analyses can be defined as follows:

x=0 ; |y-fR|<mp ; of=0o% (5.3a)

xy=0ixy[l‘a 2%1” (5.3b)
x=L ; |y-fRlsm2 : ofx=03 (5.3¢)
0<x<L ; |y-fR2|=0 : o =0k and ofy =0y (5.3d)
0<x<L ; |y-f|=mp2 : of{,=0 and o}y =0 (5.3¢)

The analytical boundary conditions at the active face of the specimen (x=0)
correspond to an average normal traction (of; eqn. 5.3a after eqn. 5.2) and a shear
traction which varies linearly from the interface to the upper and lower boundary of the soil
specimen (eqn. 5.3b). These idealized conditions are not achieved in practical pullout box
designs (cf. Fig. 5.1), but are most closely related to box designs with intruded slots

(Figs. 5.1d, e, f).
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Following the general shear-lag derivation based on the substitute-single-stringer
method (Kuhn, 1956; section 2.2), tensile stresses in a planar reinforcement are obtained

from the solution of the following ordinary differential equation:

251
d°0ux . K, ol + Koo =0 (5.4)
dx?
where:
Ky =K} 01+ K3 03 (5.4a)

and K, K{, K% are constants defined in terms of the material properties and geometry:

e [(l-vm)a+2%—';‘(l+vf)(l-vf)]

K= (5.5a)
m f 1y -3 Gm
[l+4vm 5 E’f“ (l+Vf)V[]
[vm-’l%—"‘(lwf)vf]
Ki=-0 { (5.5b)
mf[l+lv "igm‘(l'i'\’f)Vf]
4 ™ 2 E
36 (1-vm) (1+a)
2= m £ [1+l Vi - ng(lw )v] 559
4 '™ 2 Eg f)Vvef

The distribution of shear and normal stresses in the soil matrix are selected in order to

satisfy the quasi-static equilibrium and boundary conditions:

Linear: ofy = Gixy[l -a ( Z_fy__ l” (5.6a)

Parabolic: ~ of}, = o}y + (o1 - oly) [ 2 (-&)+y(t+a)-Lir+ :';_1-)] (5.6b)
Hence, the interface tracticns can then be related to the tensile stress distribution in the

reinforcement;
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: s dot,
Gy =% e (5.7a)
P mf d?cly
oyy -_ Gl + 8‘ ""d_x'z"' (5.7b)

Tensile stresses in the reinforcement are given by the g=neral solution of equation 5.4;

ok, = C) cosh YK; x + Cy sinh YK} x +K (5.8a)
where K=K,0/K}, and Cy, C; are constants to be determined from appropriate boundary

conditions and subject to the constraints imposed by the local frictional resistance at the

inclusion-soil interface (9, Fig. 5.3). Finally, general solutions for the interface tractions

are obtained from equations 5.7 and 5.8a:

Cky = 2£ YK ( C; sinh YK x + C cosh YK x ) (5.8b)
oly =0y + mTf K, ( C; cosh YK x + C, sinh YK x ) (5.8¢)

5.2.2. Particular Solutions

Figure 5.4 illustrates schematically the sequence of events predicted during a
pullout test, based on particular solutions of the general equations described in the previous
section. The analysis identifies four successive phases in the response of the inclusion

during pullout:

1. No interface slippage: Initially, the pullout stress op, is resisted by shear tractions at the
soil-reinforcement interface. No slippage occurs until the ratio of local shear to normal
traction mobilizes the interface frictional resistance. Sliding initiates from the active end
of the inclusion (i.e., - Gky/Gyy=tan & at x=0) at a first 'yield' stress, ob. The yield

stress marks the onset of non-linearity in the load-elongation response (Fig. 5.4b).

2. Active slipping front (one-way debonding): As the pullout stress increases (0p>0},), the

zone of sliding progresses along the inclusion and is characterized by a length x4;. A

second or upper yield load GE is identified when the interface friction is mobilized at the
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passive end of the inclusion (i.e., - Gky/oly=tan & at x=L). The length of the active

slipping front at o} is given by xl.

3. Active and passive slipping fronts: For pullout stresses 0‘p>og, the analysis describe a
two-way slipping mechanism (two-way debonding), with a passive sliding front of
length x42 moving to connect with the active slipping front (with maximum pullout force

Opp)-

4. Full slippage occurs when the local interface friction angle 8 is mobilized at all points

along the inclusion (i.e., xg1-X42—0), corresponding to a residual pullout load, G
This does not imply necessarily that the interface shear traction oixy is uniform along the

length of the inclusion.

For situations (combinations of geometric and material properties) where xJ; —L,
the active slip front reaches the passive end of the inclusion and hence Ggsopp=cpr. The
following paragraphs summarize the particular analytical solutions during each phase of the

pullout test.
5.2.2.1 No Slippage

The particular solut.on for equation 5.4 is obtained with boundary conditions

okx = 6 for x=0 and ot = 0 for x=L, for which the integration constants are given by:

K + (op - K)cosh YK; L
sinh YK; L

The constant K (=K20/K;; cf. eqns. 5.4, 5.5) represents the tensile stresses within

C=0,-K ; C)=- (5.9)

the inclusion due to the consolidation stresses (07, 03). For samples consolidated under
Kp-conditions (K¢=013/0,), K=0; however, high compaction stresses can induce

significant residual stresses prior to pullout (section 5.3.1.2).
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5.2.2.2 One-Way Debonding

As the pullout stress o, increases, frictional sliding starts to occur at the active end.

The first yield stress o}, is determined by imposing the constraint - oixy/ oly = H=tan § at

x=0:

Bcl-Kcsch\(_L+K

7 (5.10a)
cothYKj L - o172
where the dimensionless constants o. and B are expressed by:
a=—16 . p=2H (5.10b, c)

m2u?K,

For conditions where 6,>0}, the inclusion can be subdivided into two regions

(Fig. 5.4c): A) a no-slide 'anchor length' of reinforcement, x41<x<L; and B) a zone of
sliding at constant friction ratio p, defined by 0<x<xq;. Tensile stresses in zone A satisfy
the governing equation 5.4 and are described by the general solution, equation 5.8a, with

boundary conditions 1) ol = 6,1 at x=x41, and 2) ok, = 0 at x=L. The constants C; and

C, become:
Cl- _(ou - K)sinhVK; L + KsinhVK x4 (5.11a)
sinh YK (xq1-L) )
_ (ou - K)coshYK L + KcoshYK xa1 (5.11b)

sinh VK] (Xd1 -L)
where 0, is the transition stress acting at the sliding front. The governing equation for the
sliding zone B is determined by imposing the frictional resistance directly in the governing

equilibrium equations:

d%of, 4 dofy 8
C OSSR ar" XX, _ XX _ —
Zone B: 0<x<xq;: w2 am dx _omf 1=0 (5.12)

With boundary conditions a) 65x=0, at x=0, and b) okx=0,; at x=xq, the particular

solution for the tensile stress in zone B becomes:
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Op- B o1 YKixq1 -K
[(1+ o) exp (Yo K xq1)] -1

and the corresponding interface tractions are obtained from equations 5.7a, b:

[exp(Ya Ky x) -1] (5.13a)

ol =0,-BYK o) x -

IB__ Op - ﬂGli 1Xa1 - K 2 Yo K
=oHO V(1 o) exp (VA K xa1 )] - 1 a“exp( oKix)  (5.13b)
g = O 5.13

The solution for zones A and B (equations 5.11/5.8 and 5.13, respectively) is completed

by determining the transition stress, 61, and debond length, x41, through matching of the

axial stresses and interface tractions:

At X=xy;: oy = oA = off (5.14a)
oy = o',g, (5.14b)
oy = ol (5.14c)

The transition stress is obtained as follows:

op - B o1 YKixq -

[(1+a)exp(w/__xd1)]-l % exp (V0 By xar ) + K (5.15)

Oy =

while xgq; is solved numerically from the following non-linear equation:

[ o + & cothVK] (xa1 - L)) exp (Yo Ky xa1) [(op K)- B o1 VK7 xai]+

[(1+0o)exp (Yo Ky xq1)]- 1
(5.16)

+ K cschYK; (xd1 - L) + B O =
Equation 5.16 was solved numerically using the commercially available software

MATLABA.

4AMATLAB™ is a trademark of "The Math Works, Inc.". The solution is based on the subroutine "fsolve",
and is based on Newton's method, including a line search to ensure global convergence when the initial

estimate is poor.
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5.2.2.3. Two-Way Debonding

Slippage initiates at the passive end of the inclusion when the interface friction is

mobilized such that -6%,/GYy =t at x=L. The upper yield stress o} is then determined by
imposing the frictional constraint in the equations describing the distribution of interface

tractions for one-way debonding (i.e., equations 5.8, 5.11, 5.13b, ¢ and 5.15):

o,‘}:[( Bo-a 12 K)sinh VK7 (L -xY,) - K cosh VK7 (L'Xgl)]
(5.17)

I
[(1+a) exp (K] xdﬂ-‘}mwclmx&
aexp (Ya K Xgl)

where xJ, describes the length of the slip zone from the active end at the initiation of two-

way debonding, which can be computed analytically as follows:

’ 2(L . K o- 1) l
Yo o
x=L- v}z_l\drcsmh 1 Bgl T

__+___-_) ’

(5.18)
Vo Boy ©
Solutions for the tensile stress distributions for the two-way debonding mechanism
are obtained by defining the length of the passive slipping front, x4z, as shown in Figure
5.4c. The tensile stresses and interface tractions in zone B (slipping zone from active end)
are given in equations 5.13. In the no-slip zone (zone A), the integration constants Cy, C,
(eqn. 5.8) are obtained as follows:

( 0w - K)sinh YKy xq1 - ( 0y - K ) sinh YK x40

ol -
: sinh YK ( Xq2 - Xa1 )

(5.19)
C“ (0w - K)cosh YKixq1 - ( ou - K )cosh YK xa2
sinh VK ( x42 - Xa1 )

where Oy, is the transition stress at the passive end slipping front xq2.

Tensile stresses and boundary tractions in zone C (sliding zone at the passive end of the

inclusion) must satisfy the following general equation (cf. eqn. 5.12 in active slip zone):
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2
dct;()(*_ 4 do-‘)‘(l_'_ 8 0‘l=0 (5.20)

. <x<L.:
Zone C: xgpsx<L. dx2 mp dx mf

subject to boundary conditions: a) 6%y = Gy2 at x=xg42; and b) o = 0 at x=L:

Boi1 VK (L-xg2)-K _
[(1-o)exp (- Vo Ky xa2) ] -exp(-Ya K L)
(5.21a)

o= Bo1 YKy (L-x)-

[exp(-Ya Kix ) - exp(-Yaa K; L))

Boi VKy (L-xa2)-K 2

iC __
O = O O Y exp (& K xq2)] -exp (Vo K; L) 2t

exp(-Ya K;x) (5.21b)

o oS
ol = - o (5.21c)

Finally, the transition stresses oy1, 0y and slip zone lengths x41, x42 must be computed by

matching simultaneously the axial stresses and interface tractions at x4; and xq4z:

At X=X4q1: At X=Xq72:

Oy = 0% = o o = 6% = of (5.22a)
oy = oiB ol = 6§ (5.22b)
oy = oif oif = ol (5.22¢)

The transition stress G at x=xq4; is given by equation 5.15, while Gy is obtained as:

s =[K-BGU/KT(L-xd2)] a exp (- Yo Ky xg2)
2T (- o )exp (- Y Ky xaz) J-exp(-Va Ky L)

The two slip zone lengths (x4;, X42) are determined numerically from the simultaneous

+K (5.23)

solution of the following non-linear equations:
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[(05-K)-BoiVKy xa)) o exp (V& K7 xa1) 1 1

[(1+0a)exp (VoK xa1)]- 1 Vo tanhVKy (ka2 - Xat)]
[K+Bolm(L xdz)]acxp( Yo K xdz)[ 1
[(1-0)exp (- Vo Ky xa2)] - exp (-Yo Ky L) |sinh YK (xg2 - Xdl)J

+B G =0 (5.24a)
[(GP-K)-Bclwa_lxdl]aexp(\(aK, Xd) [ 1
[(1+0a)exp(Va Ky xq1)]- 1 [ sinh YK {x¢2 - Xd1)

[-K+B(511/_I(—1(L-xd2)]occxp(-VaKl Xd2) 1
[(l'a)CXP(-mxdz)]-CXP(-WL)[ e

1 +
tanhyK; (x42 - xdl)]

+Bo;=0 (5.24b)

Convergence of solution is always achieved for 6,<0pp. In these cases, x4 and xq2
are calculated directly from equations 5.16 or 5.24 for a given pullout stress op. However,
the peak pullout stress Gpp ((7,,‘,=c5{,I in Ko-consolidation) corresponds to a bifurcation point
in the analysis, marking the initiation of the snap-through process. Therefore, the solution
for the range 0,p>0,>0, is achieved by combining expressions 5.24a and b and
eliminating op:

[K-ﬁonv/??(L-xdz)](l-a)eXP(-VaKl Xa2)
[(1-a)exp(- VoK) xa2)]-exp (-Yo Ky L)

(5.25)

*ho [ sinh ml(x& -xa1) tanh\(K—lzxdz - X41) i VH )
In this case (Opp>0p>0py), X4z is Obtained for a given value of x4; in equation 5.25 (using
the MATLAB library 'fsolve', as in one-way debonding). These values of slipped lengths
are subsequently substituted in 5.24a or b in order to obtain the corresponding pullout

stress Gp.
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5.2.2.4. Representation of Pullout Response

The conventional method for presenting the results of pullout tests is to report the
load-displacement response, Gp-up, where up is the displacement measured at the active
end of the inclusion. However, this approach cannot be used reliably in the proposed
analysis as there is no fixed reference frame; Figure 5.3 shows that all boundaries have
specified shear and normal tractions and hence the displacements are undefined, Figure 5.4
illustrates two methods for describing the pullout response, in terms of a) the slip length
ratio, and b) the elongation of the inclusion. The slip length ratio, LJ/L (=1-[xg2-x41]/L) is a
method for representing the physical pullout mechanisms described in previous
paragraphs, but cannot be used for practical comparisons with measured data. The
elongation, Au, can be obtained by integrating the elastic strains in the inclusion based on

the distributions of tensile stresses and interface tractions:

- -{1-v?
AU§ = f {1 Ervr[ -( 1- V[) Gf‘,‘ -Vr dyy]} dx Ef '(—'Ef—f) C&x dx (526)
X X

Appendix 5.A gives complete expressions for the inclusion elongation at successive
stages of pullout. Experimental measurements of elongation can be achieved by measuring
the relative displacements between the active and passive ends of the inclusion (e.g.

Johnston and Romstad, 1989).

5.3. Interpretation of Pullout Behavior

5.3.1. Typical Results

The analytical solutions in the preceding section relate the pullout response
(cp-Aui), tensile stress and interface traction distributions (o%y, oky, 6},) to the material
properties (Er, vi; Gm, Vm), geometry (L, m, f), interface friction (8) and external
consolidation stress state (G, 03). Figure 5.5 presents typical results of the development

of tensile stress and interface tractions for pullout of a planar reinforcement of length L=1m
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and thickness f=1mm, embedded in a Kg-consolidated soil specimen (v;,=0.3, then
Ko=vm/(1-vy)=0.429 and hence 0,/03=2.33) of overall depth m=0.5m. Reinforcing
materials used in practice have stiffness ratios ranging from E/G,=100 (low stiffness non-
woven geotextiles) to Ef/G,,=103 (steel or other metallic reinforcements). This example
simulates a relatively large laboratory experiment (cf. Fig. 5.1), with an average
reinforcement-soil stiffness ratio (Ef/Gp,=103) and a relatively smooth interface (§=20°,

u=0.35). The results show the following:

1. At the start of the test (GP=O) there are no residual stresses in the inclusion due to the
assumed Kg-consolidation conditions in the soil and, hence c[(x:oixy:O while the normal

interface traction 6},,=0.

2. Interface slippage initiates at a first yield stress, 0},/01=156. At this load level, there is a
non-linear distribution of tensile stress within the reinforcement and a corresponding
build up in both the shear and normal interface tractions at the active end of the inclusion
(x=0). Sliding initiates at the active end of the inclusion when u=-oixy/0iyy=tan 6=0.35.
The resu'ts show that the maximum shear traction at yield, cixy/cl =0.47, occurs at x=0

and is due to the local amplification of the normal stress, oiyy/0'1= 1.35.

3. At subsequent stages of the test (0p=300, 500; Fig. 5.5), the mechanism of pullout is
characterized by the progress of the sliding front (x=x4;, Fig. 5.4) along the inclusion
(‘one-way debonding'). The results show a local concentration of shear and normal
interface tractions at the sliding front, with maximum values and discontinuous gradients
of both components at x=x4;. In contrast, the analysis describes a continuous, smooth
distribution of tensile stress along the inclusion. Stress conditions ahead of the sliding
front (x>x4;, no slip zone) are qualitatively similar to the pre-yield behavior described
above (Gp<o},). For x<xq), sliding occurs at a constant stress ratio, p=0.35, while the

normal interface traction approaches its initial value, Siyy—)ol vand, hence,
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oky—0.350)). For this particular example, the tensile stresses (0%y/01) are distributed

approximately linearly within the slip zone,

4. Sliding initiates from the passive end of the inclusion (x=L=1m) at the upper yield stress,
oh/01=708, with the active sliding front located at x}};=0.91m. In this particular example,
cg corresponds to the peak pullout load (opp) and the subsequent two-way debonding
mechanism is associated with a reduction in pullout resistance ("snap-through", as
discussed in section 5.3.1.3). The upper yield stress is slightly larger than the limit
pullout stress (i.e., corresponding to limit equilibrium for a rigid planar inclusion),
op/o=2uL/f=700 (o}}/oL=l .01). The tensile stress distribution is almost exactly linear at

the peak pullout load, while small non-uniformities in the interface tractions are limited to

the vicinity of the two sliding fronts (x=0.9£0.1m).

Overall, the analytical solutions described in Figure 5.5 show a number of
characteristic features which have not been identified in previous studies of pullout, Local
increases in the normal interface traction oiyy are associated with the formation and position
of the sliding front and must be carefully distinguished from the effects of soil dilation
speculated upon by previous authors (e.g. Schlosser and Elias, 1978). Mobilization of the
peak shear resistance along the interface is controlled by the predicted normal interface
tractions, while the true interface friction can be interpreted locally from the residual

resistance (i.e., where oi,y—1).
5.3.1.1. Effect of Reinforcement-Soil Stiffness Ratio

Figure 5.6 shows further analytical predictions of pullout behavior for a more
‘extensible’ reinforcement with stiffness ratio E/G,=100 (close to the lower limit for
practical soil reinforcements), using the same reference geometry, consolidation stresses

and interface friction selected previously (cf. Fig. 5.5). Although the resul.s in Figure 5.6
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are qualitatively similar to those described previously, more detailed comparisons show the

following:

1. Local amplification of the interface normal and shear tractions at the sliding front are
accentuated for the analysis using more extensible reinforcement. The results in Figure

5.6 show maximum tractions o},/5,=3.0 and o},/0,=-1.10 at the sliding front.

2, Differences in the tensile stress distributions within the reinforcement can be explained
using the concept of a ‘characteristic anchor length' L. This dimension corresponds to
the length of reinforcement in the no-slip zone which is required to achieve full transfer

of the tensile load acting at the sliding front (i.e., all tensile load is transferred into the

soil). Figure 5.6 shows that the characteristic anchor length is L=0.25m for the
extensible reinforcement, at a pullout stress 6,/01=500, while L~0.70m for the base
case analysis (Fig. 5.5). For relatively extensible reinforcements, L is small and the
sliding front corresponds to an inflexion point in the tensile stress distribution (Fig.
5.6a). The net effect of these observations is that higher stresses are required to achieve

pullout of the more extensible reinforcement. The results in Figure 5.6a show the peak
pullout stress opp/01(=o{,‘/01)=784, which is significantly larger than the limit stress

(opp/0L=1.12). There is a large post-peak reduction in pullout resistance associated with

energy release in the two-way debonding mechanism.,
5.3.1.2. Effect of Residual Stresses

When the soil is compacted, or consolidated under non-Kg conditions, residual
tensile stresses may exist in the reinforcement prior to pullout. These effects can be
examined in the proposed analysis through the external stress ratio, /03, Figure 5.7
shows the predicted pullout behavior following consolidation under an external stress ratio

01/63=6 (corresponding to a mobilized friction angle ¢pmob=45.6°), using the reference

material properties and geometry:
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1. At 6,=0, the maximum tensile stress occurs at the center of the reinforcement (i.e., at
x=0.5m), where o},/0,=50. The interface shear traction is anti-symmetric about the
centerline with maximum stresses mobilized at either end of the inclusion (loix,l [01=0.17
at x=0, L), where the local normal traction is a minimum (oiyy/01=0.88); the mobilized

interface friction at x=0, L is p=0).19.

2. The residual stress does not affect the peak pullout resistance Gpp/01=708, but does alter
the yield stresses 0'p ana G'p'. Additional pullout loads are required in order to overcome
the residual stress and, hence, initiate sliding at the active end of the reinforcement
(o{,/01=2] 1=156+55; cf. Figs. 5.5a, 5.7a). In contrast, the residual stresses promote

slippage at the passive end of the reinforcement and, hence, there is a reduction in og

(0{,1/01=680) and the subsequent two-way debonding mechanism is stable,
5.3.1.3. Pullout-Elongation Response

Figures 5.8a and b summarize the load-elongation behavior for the pullout tests
described above. The pullout loads are normalized with respect to the limit stress o,
obtained from limit equilibrium, while the elongation is presented in a dimensionless
format, (Auf a Eg)/(o,L). Although the elongation can be normalized by o) and Ey, it is
affected independently by all three geometric parameters (m, f, L; cf. Appendix 5.A). In all
cases, the pullout response is linear until first yield (}), when sliding initiates at the active
end of the inclusion. Figure 5.8a confirms the effects of the reinforcement-soil stiffness
ratio (E¢/Gp) on the peak pullout stress observed previously. For the more extensible
reinforcement (Ef/Gn=102; Fig. 5.6), the post-peak response is characterized by a
reduction in the elongation as sliding propagates from the passive end of the inclusion.
This "snap-through" mechanism corresponds to a recovery of elastic strain energy

associated with the local concentration of interface tractions at the sliding front,

170



Figure 5.8b5 confirms that residual tensile stresses associated with sample
compaction (characterized by 0/03) do have a small effect on the initial yield and

subsequent response, but do not influence the peak pullout stress.
5.3.2. Yield, Peak and Residual Pullout Stresses

The discussion of typical results has identified basic mechanisms of pullout in the
proposed analysis and related this behavior to concentrations of the interface tractions at the
sliding front. In principle, these results can be evaluated through comparison with
numerical analysis using finite element methods. In practice, it is difficult to achieve
accurate non-linear numerical analysis for sliding along a frictional interface between two
materials with a large contrast in stiffness (e.g. Griffiths, 1985; Gens et al., 1988;
Schellekens and DeBorst, 1993). As a result of these difficulties, more reliable evaluations
can be achieved through comparisons with experimental data in well controlled laboratory
tests, described in Chapter 6. This section considers the factors affecting the analytical

predictions of yield (ol, cg), peak and residual (Gpp, Opy) pullout stresses.
5.3.2.1. Factors Affecting Pullout Response

Figures 5.9a, b summarize the effects of test geometry on the pullout load-
elongation behavior. The inclusion thickness f and height of the soil specimen m have little
influence on the normalized pre-peak pullout load-elongation response (Gp/OL Vs,
AuiaEf/Lo,; Fig 5.9a). However, very low volume fractions (a<0.05%) generate higher
peak resistance (i.e., Opp/oL>1), with associated snap-through in two-way debonding. The
length of the reinforcement L has little influence on the peak pullout stress ratio (Gpp/0OL),
but does affect significantly both the elongation required to mobilize this resistance as well

as the first yield stress.

5Figurc 5.8 shows only the clongations generated during pullout, i.c., does not include elongations due to

residual stresses.
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This behavior is most clearly illustrated in Figure 5.10 which compares the tensile

stress and interface tractions at a reference pullout load, op/0.=0.5, for inclusions with
lengths L=1.0, 2.0 and 4.0m. The characteristic dimensions of the traction concentration
(amplification factor, Aciyy/cy], and anchor length, L) are not affected by the length of the
inclusion. Hence, the load-elongation response is controlled by the relative position of the

sliding front, xq4y/L (Fig. 5.10b).

The principal material properties affecting load-elongation response are the
reinforcement-soil stiffness ratio E¢/G,, (Fig. 5.8a), Poisson's ratio in the soil v, {(Fig.
5.11a), and interface friction angle & (or friction ratio, pt=tan 8, Fig. 5.11b). The parameter
Vm primarily affects the initial yield suess 0{, and causes an offset in the subsequent load-
elongation response (Fig. 5.11a) due to residual stresses in the inclusion prior to pullout
(as 0,/03=2.33 in all cases). However, if the external stress ratio corresponds to a Kg-
consolidation (i.e., 01/03=(1-vm)/Vm), then the Poisson's ratio has neglibible effect on the
pullout-elongation response. In contrast, E¢/Gy, and p (Figs. 5.8a, 5.11b) affect the initial
(pre-yield) behavior, the peak pullout ratio (0p,/GL) and post-peak response. The interface
friction is the most important parameter controlling the load-elongation response during

one-way debonding.

5.3.2.2. Initial Yield

The preceding results confirm that the initial yield stress o{, is affected by specimen
geometry, constituent material and interface properties (cf. eqn.5.10). Yield occurs when
the interface friction ratio p is mobilized at the active end of the inclusion. For certain
combinations of properties, it is possible to achieve a condition where o (0)/0,y(0)<tand
at any applied load oy, In these cases, there is no interface slippage (o{,—)oo) and failure
occurs in the soil, as discussed in section 5.3.3. This limiting condition (for the case where

there are no residual stresses in the reinforcement) occurs when:
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mTPVK—,=1 (5.27)
where K (E¢/Gm, Vi, V1, a) is the shear-lag parameter, and tanhVK,; L=1 for all practical

pullout test geometries.

For a given specimen geometry a=f/m and material properties E{/G, (other
properties v, V¢ have minor influence), equation 5.27 gives an estimate of the maximum
interface friction Uyax(=tan dmax) for which sliding will take place at the soil-reinforcement
interface. Figure 5.12 summarizes relations between the limiting interface friction dpmayx,
soil-reinforcement stiffness ratio Ef/G,, and inclusion ratio a (=f/m). Values of 8pax are
only of practical importance for combinations of small inclusion ratio (a<0.1%) and
relatively low stiffness ratio (E¢/G,,<103). For example, when 2=0.01% and E¢/G,=103,
interface sliding will not occur for friction angles 8,ax>20° (=0.36; marked X in Figure

5.12). If 3>3pmax, then the pullout resistance will be controlled either by shear failure of the

soil (section 5.3.3) or tensile yield of the reinforcement itself,
5.3.2.3. Comparison with Limit Equilibrium Solutions

The peak pulloui stress Gpp, obtained from the proposed analysis, is affected by
non-uniformities in the interface shear (and normal) traction mobilized along the interface
and, hence, is generally not equal to the limit stress 6/0; (=2uL/f). Previcus results show
that the ratio opp/0L is a function of inclusion geometry (L, f, m), material properties and

interface friction (E¢/Gp, 9).

The limit equilibrium calculation of o assumes that the reinforcement is
inextensible and that the soil is a frictional material with no pre-failure deformations. In
contrast, the shear-lag analysis describe pre-slip deformations, post-yield hardening of the
load-elongation response during one-way debonding, and post-peak snap-through

associated with two-way mechanism.,

~J
w



The shear-lag solutions can be compared with o for the limit case when G,/E=0
(inextensible reinforcement), Figure 5.13a summarizes values of GH/GL for this situation as
a function of the key parameters in equation 5.17 (L, m, ). The results show clearly that
oh/oL—1 as L/m—ee (or tand—0, as expected), but o}/ ~1.0 to 1.1 for most values of

L/m and tané.

Further matching with the limit equilibrium calculations can be made by evaluating
the conditions for which 0},—)01_. This corresponds to the situation where the interface
friction is mobilized simultaneously at both ends of the inclusion (and, hence, there is no

post-yield hardening of the load-elongation response). Figure 5.13b shows that this

limiting condition, 0L/0L=l, is achieved only for very small values of L/m (L/m=0.2 to

0.6, depending on the interface friction considered).
5.3.2.4. Residual Pullout Stress

In the shear-lag analysis, the 'residual’ pullout stress op, corresponds to the

'idealized’ equilibrium condition where the interface friction is mobilized equally at all

points along the inclusion, i.e., Ioix,l/c‘_\,y=tan8 for 0<x<L. The values obtained for Gp, are

slightly higher than the limit stress o, due to residual non-uniformities in interface shear
and normal tractions at the limiting condition (e.g. Fig. 5.6, 0p/01=746). In laboratory
pullout tests, however, once this condition is reached the inclusion is extracted from the
box and any residual non-uniformities in interface tractions are expected to vanish, The
input parameter used as interface friction in the shear-lag formulation corresponds therefore

to this residual ‘kinetic' friction angle (lowest energy state possible,.
5.3.3. Soil Failure

The preceding discussions have focused exclusively on conditions for sliding along

the soil-reinforcement interface. Stress conditions in the soil can also be estimated from the
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shear-lag analysis. Equations 5.6a, b relate the shear and vertical stresses in the soil matrix
(o%,, of) to the boundary conditions and interface tractions (o1, 03 and Gly, Oky,
respectively). Figures 5.14a and b show contours which describe the development of these
stresses at various stages of the pullout tesi (using reference properties originally in Fig,
5.5). The results show clearly the concentration of interface tractions as the sliding front

progresses along the inclusion.

The analysis assumes that horizontal stresses in the soil are functions of position x
only (i.e., o%x(x), eqn. 5.2). As a result, the complete stress state at a given point in the
soil is not known. However, as a first approximation the average horizontal stress on
(given by eqn. 5.2) can be combined with the distributions of 6}, and of), in order to
estimate the friction mobilized in the soil, Figure 5.14c presents contours of the mobilized
‘pseudo-friction’ '(; (where sin 5 =(R -1)/(R +1), and R ='c‘51m/'53m is the pseudo-stress ratio
in the soil) generated during the pullout tests. The results again show a concentration of 5
at the sliding froni. It is important to note that the approximation for(; always leads to an
overestimation of the true friction mobilized in the soil, ¢, at points close to the inclusion,

and underestimates ¢ at points close to the specimen boundary. Thus, the contours of ¢

give a conservative estimate of failure conditions occuring within the soil.

Figures 5.15a, b and ¢ show analogous solutions for the more extensible
reinforcing material considered previously (Ei/G,=100; Fig. 5.6). In this example, stress
concentrations are much more pronounced and the mobilized pseudo-friction is in the range
20°S'qv) <55°. It is highly probable that these stress conditions will cause failure within the
soil mass (35°<$<57° for failure of typical sands in plane strain shearing; e.g. Ladd et al.,
1977), and may provide the basis for the 'restrained dilatancy' described by previous

researchers.

The proposed analysis assumes elastic behavior of the soil and hence, is less

reliable when there is a significant zone of failure around the inclusion. In order to evaluate
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the occurrence of failure within the soil, the maximum pseudo-friction angle 5.,,“ can be
related to the gcbmetry, material properties and interface friction (a, E¢/Gp, 8,
respectively). Figure 5.16 summarizes these results for four particular values of E,mx
(ﬁmax=4, 6, 8, 10), which can be cquated with the peak friction measured in plane strain
shear tests in the soil. For inextensible reinforcements (E/Gy,>103; Fig 5.16) and for all

cases where tanhYK | L=1 (practical pullout conditions), ®max is independent of the test

geometry (a, L) and is related uniquely to the interface friction as followsS:

~

Ef/Gm—>° : sin Qmax = 1an & (= - Gy/G)y) (5.28)

For more extensible reinforcements, much lower interface friction is required to
mobilize the shear strength of the soil. The data in Figure 5.16 provide a useful but
approximate basis for discriminating between pullout failure due to interface sliding and to

shear failure within the soil.

5.4 Conclusions

This chapter describes a new shear-lag analysis for interpreting pullout tests on
planar soil reinforcements, The formulation uses the shear-lag approximations described in
Chapter 2, together with idealized boundary conditions at the active end of the
reinforcement where pullout loads are applied. Closed-form analytical expressions are
presented for the tensile stress and interface tractions along the inclusion, as functions of
the pullout and consolidation stresses, test geometry, elastic material properties and

interface friction.

6in an ideal, drained simple shear test on a soil, the failure condition is given by
1/6v0=0.5[(1+Ko)?sin®0-(1-Ka)*]'%, where T/cvo is the stress ratio acting on horizontal planes in the

sample and Ko=0no/Gvo is the consolidation stress ratio. For Ke=1, T/ov0=sin¢. Equating 1/Gvo with 1and
in equation 5.28, the results in Figure 5.16 imply that Ko— 1 in pullout tests.
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The analysis provide new insights on the underlying mechanisms of pullout for
extensible reinforcements. The complete pullout response (lcad-elongation) comprises four
successive phases: 1) The initial linear behavior, characterized by a build up of interface
tractions at the active end of the inclusion. 2) The development of a sliding front from the
active end of the inclusion, generating a non-linear hardening response in pullout. The
results show that stress concentrations develop at the sliding front and are most significant
when reinforcements are relatively extensible. 3) The peak pullout resistance, associated
with a two-way failure mechanism, with sliding fronts progressing from both the active
and passive ends of the inclusion. The peak resistance coincides with the initiation of
sliding at the passive end of the reinforcement when there are no residual tensile stresses in
the inclusion. 4) The post-peak regime, when the sliding fronts coalesce causing a net
reduction in pullout resistance and elongation, which give rise to a 'snap-through'

mechanism of behavior.

Detailed interpretations of the analytical solutions have shown that the principal
parameters controlling the load-elongation response are the reinforcement-soil stiffness
ratio E¢/Gp,, inclusion length L, and interface friction 8. The peak pullout resistance in the
proposed analysis can be significantly larger (>10-20%) than that estimated from
conventional limit equilibrium. This effect is due to local concentrations of the interface
tractions and suggests an underlying source of error in the interpretation of interface
friction from peak pullout measurements. Approximate calculations of stress fields around
the inclusion show that pullout can induce shear failure in the soil. The chapter presents

solutions for estimating conditions for failure in a frictionai soil (¢), based on specified

material properties, geometry and interface friction.

The shear-lag solutions are evaluated in Chapter 6 through direct comparison with

experimental pullout tests performed in the APSR cell.
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Figure 5.1: Boundary Conditions in Laboratory Pullout Tests.

178



|
N 10nes of low
stresses

¢) Schematic illustration of the effect of interference between bearing members (grid inclusion).

Figure 5.2: Stresses around a Rough Sheet and a Grid in a Pullout Test (after Dyer, 1985 and
Palmeira, 1987).

179




Soil Matrix

(Gm V) Frictional Interface; Cky/cly<tan &
A
JIEATY A
Y Y \Y/] Y Y Y v ______. ‘-'
% Sy i

T T, /1

Planar remforcement

(Ef ’Vf )
”]
y 4 <« oy
—_— -
| O
.———>

— -

Positive Stress Convention

b

Figure 5.3: Geometry and Boundary Conditions used in Analysis of Pullout Tests for Planar
Soil Reinforcements.

180




A
Gpp
o
™ o
v Opr bu;‘
g g
Z &
5‘ L
A &
>
0 1
Sliding Length Ratio, Ly/L Inclusion Eloneation. AL
Note: LeoL-(Xap-Xu1) nclusion Elongation,
a) Load-Slip Length Response b) Load-Elongation Response
1. No Interface Slippage 2. Active Slipping Front
(‘one-way debond')
A e |1 B A
- H—_,—‘: e
k L 'l <l
I o .
O0p<0,<0p ; O<xqi<L
0<op<ch R

p-
Xd1 = xgl

3. Active and Passive Slipping Fronts
('two-way debond’)

B A C

Xd42 _I

Gp>Cp ; (Xa2-Xa1) >0
Opp=(Tp)max

Xd]l

I¢

4. Full Slippage

— No slippage
== = [nterface Slippage

c¢) Interface Conditions

Figure 5.4: Schematic Sequence of Events during Pullout of Planar Inclusions.

181




Axial Inclusion Stress, of /o,

o

1.2

1.0

0.8

Interface Normal Traction, &', /0, Interface Shear Traction, G', /o,
(o)

YO Properties: = v,,=0.3 m=0.5m

A <3 Dcl/ol v=0.2 f=1lmm
Il i S E/G,=10> ©,/0,=2.33 L=Im

tan 8=0.35 o /0,=2pL/f=700

.| - - -sliding zone
— nosliding |

...............................................

-----------------------------------------------

...............................................................................................................................

0.0

0.2 0.4 0.6 0.8 1.0
Distance Along inclusion, x/L

Figure 5.5: Axial Inclusion Stress and Interface Tractions During Pullout Test:

Base Case Analysis.

182



*51 Properties: =~ v,,=0.3 m=0.5m

(0]

G Lx (€3 | (oo v=02 f=1mm
5 800 : <> E/G,=10®> ©,/0,=2.33 L=Im
< ~ H :
,___bﬁ ~ :E & A tan 8=0.35 GL/01=2“.L/f=700
:‘3; L1010 I — -~ G :784— = - - - sliding zone
B S DTt 0770 /91 — 1o sliding
N ~ 7467 T N> 2
§ 400 (- ™ o ™~ g e cdn
g L R @
2 < : . £ PUOS S S i = o
3] ~«—300) ~ 500) NS
S 200 frm R
c .e ; X
e -
<

Interface Normal Traction, o' o, Interface Shear Traction, C'y/0)

Distance Along Inclusion, x/L

Figure 5.6: Tensile Stress and Interface Tractions During Pullout Tests:
Extensible Inclusion under Ko Compression.

183

0.2 0.4 0.6 0.8 1.0



*0', Properties: v =0.3 m=0.5m
S, | x |3 (:) 6/0; V=02 f=1lmm
S 800 Sl Ly E/G,=10® 0,/0,=6 L=lm
NSRS SO R M tan 8=0.35 0, /0,=2uL/f=700
¥ S~ E : - - - sliding zone
7] | xR S S I LI
g 600 R X o 680=c"/0, — no sliding
%) RN A g ] A
& 400 €5 [705 : 2
E
Q
= 200
=
<
<
0

~

—
[\

—
o

o
oo

Interface Normal Traction, oiyy/O‘] Interface Shear Traction, cix}/ol

0.4 0.6 0.8 1.0
Distance Along Inclusion, x/L

o
o
=)
o8]

Figure 5.7: Effects of Residual Stresses on Tensile Stress and Interface Tractions During
Pullout Tests.

184



1.2 §
/ (@)
Q: 1.0 o /N-
b (_
g 0.8 10%)). .
@ .
=] {
% O (10%=E
2 (10°=E4G,)
R ) e—— T
& Properties:
E [0 Y2 N S A/ A - m=0.5m V,=0.3 0,/6,=2.33 4 G[p
<
f=1 v=0.2 o,/c,=700 I
E IS 7 A N— mm- e L™ +t0,
“ L=Im  tan 8=0.35
0.0 i i i
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Elongation, (Aufx a Ef)/(()'l L)
1.2
(b)
1.0 o
0.8 //
~~(2.33=0,/0,
e (233=0//0)

H
b

Properties:

Normalized Pullout Stress, GP/O'L

0.4 [y m=0.5m V;=0.3  E/G,=10° ool
f=lmm v&=0.2 o, /o,=700 |
0.2 f‘ /9 +o,
L=Im  tan 8=0.35
0.0 i L i
0.0 0.2 0,4 0.6 0.8

1.0

Dimensionless Elongation, (Auf, a E)/(c, L)

Figures 5.8 a, b: Effects of Stiffness Ratio Ef/G, and Residual Stresses (01/03) on

Pullout Response.

185



1.5
(a) Spp/ OL m(m)
02 [ 05 1.0
5 0.2] 1.007] 1.046] 1.239
< 1.0 1.c03| 1.011] 1.037
© 5.0[ 1.002] 1.006] 1.014
2 o
Uh) /
é Properties:
=3
% v,=0.3 E/G_=10°
.% vi=0.2 0,/0,=2.33
E L=Im  tan §=0.35
2> __  f=0.2mm
...... f=1.0mm
---- f=5.0mm
0.0 0.4 0.8 1.2 1.6
Dimensionless Elongation, (Aufx aEp)/(o, L)
1.2 .
0.25) (0.50) 1.0 (b)
(175) (350) (700)
1.0 | formfofonny —
[y o~ =
0.8 / e (14D0)..,, —4.0m)-e
V/ (o o200
0.6

Normalized Pullout Stress, GP/O'L

]e[/ / / Propenes:
0.4 4 m=0.5m  v_=0.3 ©,/0,=2.33
/ f=Imm v=0.2 o ol
0.2 . ’
tan 8=0.35 E/G_=10
0.0 [ | |
0.0 0.5 1.0 1.5 2.0 2.5

Dimensionless Elongation, (Auf, a Ep)/(c, L)

Figures 5.9 a, b: Effects of Geometry on Load-Elongation Response.

186

2.0

3.0



Properties: vm=0,3 m=0.5m
o tan 6=0.35 Vr=0'2 f=1lmm

<3
Er/Gm=103 0,/c-=2.33
1400 - - - sliding zone
1200 == no sliding .
1000 (5,/6,=0,/20,=1400) (2)
800

(i
600 > /
400 NN

N RN

200 s L£.0)
D LNENL _

Axial Inclusion Stress, of, /o,

e
o

L(m) | *q1/L
10 [0.26

-0.2 .
— / ...... . / / i 2.0 |0.38
u-\—.(f-___\l 40 | 044

\ N
0.6 - (350) <>77)5\, 6,/0, =0, /20,=1400)
| (1 0) (20) ................................... (]_.,:4 Qm) ..... (b)
-0.8
1.6
(©

0.8 i
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distance Along Inclusion, x (m)

Interface Normal Traction, 6'y /o; Interface Shear Traction, 6%, /o,

Figure 5.10: Effects of Inclusion Length on Ax:al Inclusion Stress and Interface Tractions.

187



Normalized Pullout Stress, O'plcsL

Normalized Pullout Stress, 0, /0;_

1.2

Dimensionless Elongation, (Aufx a Ep)/(o, L)

" Figure 5.11 a, b: Effect of Material and Interface Properties on Load-
Elongation Response,

188

0.8
0.5
0.6 b ‘
/ Properties:
R —7- m=0.5m E/G,=10° ool
f=Ilmm v=0.2 o, /0,=700 n
0.2 ol — r L +0%
L=lm tan =035 0,/0;=2.33
0.0 j i 1 i
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Elongation, (Auf, a Ej)/(c, L)
1.2 ;,
5 (b)
P ML NSRRI CE (P
(400) \,> (700) /<
0.8 > // (tan 5=0.60)
/ (0, /0,=1200]
////
/// : Properties:
0.4 /// m=0.5m Vm=0.3 Ef/Gm=103 (o] Olp
f=lmm v=0.2 0,/0,=2.33 1
0.2 ~ 1/03 +o5,
L=Im
0.0 L
0.0 G.3 0.6 0.9 1.2 1.5



Maximum Friction Coefficient, i

45°

39°

Properties: v_=0.3

(Das=f/m v=02

I i

31°

| 22°

1110

102 103
Stiffness Ratio, E(/Gm

104

Figure 5.12; Limiting Friction for Sliding at Soil-Reinforcement Interface.

189

¥eQ “o18uy uonouy wnwmey



1.15 .
(a) . Properties:

S i ' V,=0.3 Gp/Eg=0
o :
= | 'v'/ AN v=02 ©,/0,=2.33
y 110 s e \\ ....... T -
5 ol <oll, hy N=tan=0.70
e 0.60)
:T,;.’ \\ 4 i N
> 1.05 ]
'g \\
> N
2 =4 -,-b:%_:\:‘Nsﬁ

1.00 i il —————

1.2 :

(b) »
1.0 |— -4&4‘:\2\%5‘ |
: . : H

s TN TSN
o 0.8 e TIMITROr Joion \\
" ol <ot | | \ ;
g 0.6 oL P i\
B :
) i
204 o I
2 ’ o P_rqpcmcs:
; 02 v =0.3 G /E=0
.h R pemeeerernaones
H v=0.2 0,/0,=2.33 KT

0.0 i R A -

0.1 1.0 10.0

Normalized Inclusion Length, L/m

Figure 5.13: Limit Values of Yield Stresses for Inextensible Reinforcements.

190




0p/01=156

.04

02  ——~ i
01=9%

ol __,_-—/\ 0z o | 0p/061=300 |

__,-/\.0.\3 \

-04/\

ITLLILLSISL LIS IILLIIISIL IS LS LILLL LS LT LALTTISS S LTS LS LSS LS LILIS SIS SIS LSS IIIIIIIS.

om
——~ 0120y -
O]
. 0,/07=500
0.1F 02 o :
— -03 -04

4_ SIS LLLLLSLLSISSTSSITSSSSTLISLL IS LLSSS LSS S ILL L SIS LS IS LSS LSS L LA LSS SLS T S ST ST,

0.2

Lateral Distance along Soil Matrix, y/L

0.2¢ -0.1 = ofy/0y ]
—f—'—"'-’\_
0.1F -02 i

<—WM////////////////////////////ﬂ////////////7/4//////////////1///////////

0 0.25 0.50 0.75 1.00

Distance Along Inclusion, x/L

_ Properties
01/03=2.33 | Vm=0.3 m=0.5m
Ei/Gn=103 |v=0.2 f=1mm
tan §=0.35 | 0/0;=700 |L=Im

Figure 5.14 a: Contours of Shear Stresses in the Soil Matrix During Pullout Test for Reference
Properties.

191




0.2 1

1.1 = 2L =
1.2 13

« FITITTITITITTIFTIIFITIIIIFIFIIFIIFIFIIFTIIFIFIIFIIFIFIIIFIIIIITIII TSI I I 7SI 77 ITs I 7

0.2 _

1.1 =YY =300
0.1f o Ce/O .
1.2 1.3

0.2 ]

op/01=500 li=—== l
1. 12

‘— VITIIS IS L TIISISS SIS ITIE SIS SIS IILI LS TIIS SIS I L II IS VSIS IS TSI IS IS IS IS LIS S SIS SIS IS

0.1-

Lateral Distance along Soil Matrix, y/L

0.2 ]

0p/01=708 Ll= 42
O] 1

0.1r1

‘-— ISIIILSIASTIIIISIITILSIITITI IS SIISSS I IATIISS IS II ST IS SIS IS AL AL IIITI TSI SIS ISS

0 0.25 0.50 0.75 1.00

Distance Along Inclusion, x/L

Properties
01/63=2.33 | vn=0.3 m=0.5m
Ei/Gn=103 |v=0.2 f=1mm
tan 8=0.35 |0/0;=700 |L=1m

Figure 5.14 b: Centours of Normal Stresses in the Soil Matrix During Pullout Test for
‘ Reference Properties.

192




[ ~
0.2 - 200=¢ .

0p/01=156

0.1 23°

s
\25\

‘/]l/ljljI/I/I/I[’I’/IIIIIr’l’l//’//[’/l[[/I/I[I/I/I[[/I/I/I/I/I/I/I/I[IL’[!L’/

0.2

op/01=300 i

0.1

4— ISLLLLLLTLLLTTTLL LSS L LSS SLL L LSS TEALLLLLEL LS LALLM SIS LITAT SIS ST SLTLTLT LS SETSLTSS

1
N
S
[}
I
-
1

0.2

250
0p/01=500 28°

0. ]. 30° o .
32°

4— WILISISIIIIITIIIITIIIIIIITIEITITITIIIII IS IIILIIITIT LTSI T I IIII TSIV TISISISIIIIIIIS

Lateral Distance along Soil Matrix, y/L

0.2

0p/01=708

0.1

4 VISTLISLIL IS LA LSSV ALA LS SIS LSS SIS I TILI TSI TSI S S I LSS TSNS TSSI SIS IAITSS

0 0.25 0.50 0.75 1.00

Distance Along Inclusion, x/L

Properties G1/03

¢
01/03=2.33 |v,=0.3 m=0.5m 20° 2.00
E¢f/Gn=103 v=0.2 f=1mm 23° 2.25

tan §=0.35 |Oy/0,=700 |L=Im 25° 2.50
28° 2.75
30° 3.00
3 3.25

Figure 5.14 c: Contours of Mobilized Pseudo-Friction Angle in the Soil Matrix During Pullout
Test for Reference Properties.

193



0.2]02=_= 1

- ofor=137

0p/01=300

op/cl=_500

‘- VA GGIL LAY LIS AL LIS I LIS L AL LSS AL LA LA AL TSI A I A S A LA A A TASTL AL AT MG AISISASS

Lateral Distance along Soil Matrix, y/L

0.2 G,/01=784 02=2%
0.1f
< IISTIIS IS LIS LTSS IIII SIS SMMLLTSITSILTLI IS LTI SIS SIS IS ITTLIISTTT SIS ITIT IS IS TSI
0 0.25 0.50 0.75 1.00

Distance Along Inclusion, x/L

Figure 5.15 a: Contours of Shear Stresses in the Soil Matrix During Pullout Test in Extensible

Properties
01/03=2.33 | v,=0.3 m=0.5m
Ei/Gn=10%2 |v=0.2 f=1mm
tan 6=0.35 |0/0;=700 |L=Im

Inclusion.

194



0.21 T
op/c1=137
0.1 .
‘_ P ISP IIITLI I I I IIITI PP P IS I IP I II I I I ISP TP I P IITI IS I T I i il el lel
i oy,
0.2 15= 2 |
S|
op/01=300
0.1F 2,0 1 -
.
2.5
‘— TISSTSLLL LSS TS TSI TS TS SIS SLEL ST IS LI TLTTL IS LSS SIS S SIS LSS TS STIT ST LT ITISSSISITS

©
N
T

S5y
=50 [opor=500
0.1F 2.0 ]
2.5

<—— M L e e et e e e e e el Lt ld Ln

Lateral Distance along Soil Matrix, y/L

0'2 i 1.5= ﬁ J
Oy
01} Op/01=784 2.0 i

25

‘— SIS IS IS SIS IS IS SSGISLSIL LS LSS S III TS IS IS IS IS SIS IS IS SIS IAS S TS IS TSI IS S

0 0.25 0.50 0.75 1.00
Distance Along Inclusion, x/L

Properties
01/03=2.33 | v,=0.3 m=0.5m
Ei/Gn=10%2 |v¢=0.2 f=1mm
tan §=0.35 | 0/0;=700 [L=Im

Figure 5.15 b: Contours of Normal Stresses in the Soil Matrix During Pullout Test in Extensible
Inclusion.

195



Lateral Distance along Soil Matrix, y/L

Figure 5.15 c: Contours of Mobilized Pseudo-Friction Angle in the Soil Matrix During Pullout

02f—0°

30°
37°

-0

46510
550

Gp/0'1 =137

P2 ITIITIIIIIIIIITIIIIIFIIFIIITITIIIFITIFIIIFIIFITIIIIIFI I 7 I e Tl L Ll Ll ol

op/01=300

0.1

op/01=500

<_ OLIT LIS IIITILI LI GI LI MG LS LG LLLL LIS A S LTS LA LI IIA SIS IS T IS S TL SIS LI TIAI LS AT A IS

0.2

0.1F

op/01=784

~

¢=20°

51°

KIN
30°.

4— el Ll D e e L e L L Ll L Ll Ll

0

0.25

0.50

0.75

Distance Along Inclusion, x/L

Properties

01/03=2.33

V=03

m=0.5m

E¢/Gp=102

vi=0.2

f=1mm

tan 0=0.35

0/0:=700

L=1lm

1.00

01/03

g 3 g g

51°

ocof OV A W N

55°

10

Test in Extensible Inclusion.

196




Interface Friction Angle, & Interface Friction Angle, &

m

Q o [o] o o
< & S| - =) = &
i
] o 1N
N !
S © oA S & b
Loouno =% 1
> 5 3 X 3
E E v E E
n! S & nU.~¢~¢
ﬂ .~ .07 _—mwn. /m.
E © > 0
> i [l 0 ] m
.. 3 3 QL ~D.\.m 1 AMU
LI lo !
E g
o, o
s ~
| =y 0
B :

1 qu9I01JJ90)) UONILL] IBHIAU]

Tl QUaIdIJ20)) UONILL] 0BHAU]

Stiffness Ratio, Ef/G

Figure 5.16: Evaluation of Conditions for Soil Failure in Pullout Tests.

197



Appendix 5.A: Complete Expressions for
Pullout Curves

This appendix summarizes analytical expressions for the inclusion elongation (equation

5.26) for specified dimensions of the slippage zone xq; and xq2 (zones B, C in figure 5.4):

1. Initial/residual elongation: For soil specimens consolidated under 1-D conditions
(Ko=01/03), the reinforcement is initially unstressed. However, for non-Kjy
consolidation there is potential for residual stresses to develop in the inclusion. The

initial elongation (at 6p=0) is computed as follows:

[(lcosh»/_L)
sinhYK,|L

2. No slippage: The elongation is computed from equations 5.8 and 5.9:

( 1+Vf)
Er

Auxfres=

(1-ve) ., mf ]
[ e g ﬂ<—1]+[(1 vi) K+Vr01]L’ (A.1)

Auf_(l+Vf) (2K- p)[(l-Sic::‘l}li_Il(_LL) [(\I(%r) +vf%fm]+[(1-vr) K+v[01]L}(A.2)

3. One-way debonding: In this case, the total elongation is obtained by integrating the
strains in the slipped and no-slip regions (zones A, B; Fig. 5.4) through equations

5.8/5.11 and 5.13, respectively:

1-cosh¥K; (L-x41)
sinhYK; (L-x41)

AU{ - (lgvf)

(2K- Gu){ l(:’T(va) +Vf%f'{l(—1} +

; ) xa12 _Op-B o1 VKixa - K
1 vr)[op"d' PorTK1 S~ [T+ exp (oK xan] -1

(A.3)
(exp{YoK | x41)-1-Ya Xdl)
Yo K

+K(L-

Op- P o1 YKixa -K  (exp(Ya ledl)'l)}}

+ V| O1X4d1 +
[ [(1+ o) exp (YO Ky xaq1 ) - ! BYKT
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4, Two-way debonding: The elorgation involves contributions from the three regions A,

B, C, as shown in Figure 5.4. The relevant equations are 5.8/5.19, 5.13 and 5.21:

_(1+vy) o 1-coshVKy (xd2-x41) |[ (1-vr) mf
Aug= Ef (2K - o 012)[ sinhVKy (xa2-xa1) L VK7 g+
(A.4)
. ] . xa12 _ Op-P o1 YKixa -K
+ (1 Vf)[K(de Xd1) + Opxa1-Bo1 VK 2 [(1+0) exp (VoK xan)] -1
explYaK xq1) -1-VoK xa1 + oK, (L-xa22) Boy1 VKi (L-xa)-K
Vo Ky 2 [(1-oexp(-VaK; xep))-expl-VaK L)
[YoK (x42-L) - 1] exp{-VaK L)+exp(-VaK; xdz)]
\/—aKl
op - P o YKy - exp(vo Ky xqp) -1
xa1-L) + p- -
+wl°'(2xd2 “ah) (T afexp (Vo K xa )] VKT

Boi VKi (L-x42)-K eXP('VaKlL)-CXP('VaKIXdz)-‘
[(1-ct)exp(- VoK xg2))-exp(- YK L) BYKT |

In these expressions, the terms multiplied by v¢ correspond to the inclusion elongations due
to increase in normal interface tractions. These elongations are expected to be very small,

and can therefore be neglected.
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Appendix 5.CC: Notation

The following symbols are used in Chapter 5:

a
C1,C2
c? 3
CL G
cl, ¢}
Er

f

Gm

TR

max
X

Xd1, Xd2
II

Xd:

y

a, B

inclusion ratio (f/m)

constants in equations 5.8

integration constants defined by eqn. 5.9 for no debonding
integration constants defined by eqn. 5.11 for one-way debonding
integration constants defined by 5.19 for two-way debonding
Young's modulus for reinforcement

inclusion thickness

soil matrix shear modulus

maximum axial stress carried by long inclusions ( = K20/K)
coefficient of earth pressure at rest

shear lag parameter (eqn. 5.5a)

expression defined by eqns. 5.4a and 5.5b, ¢

inclusion length

characteristic anchor length (Fig. 5.5)

slip length = L- (x42-X41)

soil matrix height

pseudo-stress ratio in soil matrix

maximum pseudo-stress ratio in soil matrix

distance along inclusion from active end

debonded length at active, passive ends of inclusion

slipped length at active end when 6, = o

distance along soil matrix

parameters defined by eqns.5.10b, ¢
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o = interface friction angle

Omax = maximum interface friction angle for first yield

Smob = mobilized interface friction angle

Aui = inclusion elongation (eqn. 5.26)

Au,f( res = residual inclusion elongation from non-Kg condition (eqn. A.1)
Aci,y/cl = amplification factor

¢ = true friction in soil matrix

®mob = mobilized friction in soil matrix

; = pseudo-mobilized friction in soil matrix

Emax = maximum pseudo-mobilized friction in soil matrix

vl = interface friction coefficient

Hmax = maximum interface friction coefficient for first yield

\V3 = inclusion Poisson's ratio

Vmn = soil matrix Poisson's ratio

o1, 03 = major and minor external principal stresses

o", 08" = pseudo-major and minor principal stresses in soil matrix

oL = limit stress 2uL.o,/f (based on limit equilibrium assumptions)
Op = pullout stress

oh = first yield initiation of sliding at active end (x=0)

0{,’ = upper/second yield initiation of sliding at passive end (x=L)
Opp = peak pullout stresss

Opr = residual pullout stress

Gy, G2 = transition stresses bonded-debonded region at active, passive ends
okx = axial stress along fiber

OiXY, Giyy = interface shear and normal tractions

on = average horizontal stress ir soil matrix

O7x, Oy, OYy = soil matrix axial, shear and normal stresses
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ofB, 6B, oif = axial, shear and normal stresses at interface in the active slipping zone

of% 015, ol = axial, shear and normal stresses at interface in the passive slipping zone



Chapter 6 : Pullout Tests of Planar
Inclusions in the APSR Cell

6.1. Introduction

The previous chapter has proposed &« new analysis for describing pullout tests on
planar soil reinforcements. The formulation uses shear-lag approximatrions, previously
applied for studying soil-reinforcement interactions in plane strain shear tests (Chapters 2
and 4), in order to develop analytical solutions for the tensile stresses and interface tractions
as functions of the pullout and consolidation stresses, test geometry, elastic material
properties and interface friction. The proposed analysis clarifies the underlying mechanisms
of pullout for extensible reinforcements and shows a number of characteristic features not
previously identified in the literature, including: a) local stress concentrations at the sliding
front, which affect the distribution of tensile stresses; b) peak pullout resistance, which can
be significantly larger than the bond capacity computed by limit equilibrium; and c) post-
peak 'snap-through' in the load-elongation response, associated with the coalescence of

sliding fronts progressing from the active and passive ends of the inclusion.

In principle, the proposed pullout analysis can be evaluated using either numerical
analysis (based on non-linear finite element methods) or experimental measurements with
instrumented inclusions. In practice, there are significant difficulties in achieving reliable
numerical analyses of pullout using non-linear, frictional interface elements (e.g. Griffiths,
1985; Gens et al., 1988; Schellekens and DeBorst, 1993), while experimental data are
often affected by the boundary conditions used in the tests (e.g. Fig. 5.1). A detailed
literature survey revealed that there are very few pullout tests performed with instrumented

inclusions. Most authors report only the pullout load-deformation response at the active end
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of the inclusion. Tell-tale measurements at the passive end are reported by Johnston and
Romstad (1989). Although Guilloux et al. (1979) did report tensile stress distributions for
instrumented steel strips, most of the recent experimental studies of pullout have focused

on grid or non-linear geosynthetic reinforcements (e.g. Palmeira and Milligan, 1989).

This chapter describes the results of a short program of pullout experiments for
instrumented planar reinforcements which are used to evaluate the proposed shear-lag
analysis. The experiments were performed in the APSR cell using steel and nylon 6/6 sheet
reinforcements embedded in dense Ticino sand. The selected reinforcing materials both
exhibit a linear, elastic stress-strain response and low interface friction; nylon 6/6 has an
axial stiffness which is approximately two orders of magnitude lower than that of steel. The
chapter gives full details of the test procedures, results and comparisons with the shear-lag

analysis.

6.2. Experimental Program

Table 6.1 presents a summary of the pullout experiments performed in the APSR
cell, which comprise one multi-stage (4 stage) test using steel sheet reinforcement, and four

separate tests on nylon 6/6 inclusions,

The tests on the steel sheet reinforcement (APSR 50-1 to 50-4), were performed in
multiple stages: 1) the sand was initially consolidated to the prescribed stress (G4, 03); 2)
pullout loads were applied at a constant displacement rate until a stable, limiting pullout
resistance was achieved; 3) the inclusion was then unloaded, the sand was reconsolidated
to a higher contining stress at which a further pullout test was performed. The first three
stages (APSR 50-1, 50-2 and 50-3) were performed using a consolidation stress ratio
03/01=1/2.33=1/R, which is approximately equal to the Kg-stress ratio for the soil (Baldi et
al., 1985) and were used to evaluate the effect of confining stress on the pullout behavior.

In the fourth stage of the test (APSR 50-4), residual tensile stresses were induced in the
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inclusion using a consolidation stress ratio R=0,/63=4. Premature failure in this test

occurred due to slippage at the grips.

The four tests on nylon 6/6 sheet were performed at a low confining pressure!
03=10.5 kPa (R=2.33) in order to ensure that the stress levels during pullout did not
exceed the linear range of the stress-strain response. Tests APSR 57 and 59 were
conducted at a lower displacement rate in order to evaluate the post-peak pullout response

of the nylon 6/6 sheet.
6.3. Test Procedure

The APSR cell (Larson ,1992; Whittle et al., 1992; 1993) was originally designed
to measure the tensile stresses which develop in a planar inclusion as the surrounding soil
is sheared in plane strain compression. Figure 6.1 compares the boundary conditions used
in the 'standard’ APSR tests with the pullout procedures. In the 'standard' APSR test, the
soil specimen is sheared by increasing the major principal stress ¢, at a fixed confining
pressure o3, while the tensile forces (F, Fig. 6.1) are applied to ensure that there is no
displacement of the inclusion relative to the rear wall of the cell at the reference point, X,
The vear wall of the cell (and plane strain surfaces) are lubricated to minimize friction. In
this mode of operation, the force F corresponds to the tensile stress at the center of a planar
inclusion of equivalent length 2L (Fig. 6.1). Chapter 3 compares results from standard
APSR tests with steel sheet reinforcements and shear-lag analyses developed in Chapter 2,
The APSR cell is fully automated and, hence, it is possible to simulate a wide variety of test

conditions using the same apparatus. In the simulation of pullout tests, the soil specimen is

UIn tests APSR 51, 53 and 57, u.2 specimens were preloaded (o a confining pressure 63=30 kPa (R=2.33),
in order Lo calibrate special strain gauges used Lo measurc normal stress. These gauges did not perform to an

acceplable standard, and arc not reported further in this chapter.

209



consolidated with prescribed stresses 6}, 63. The inclusion is then pulled out from the soil
matrix at a fixed displacement rate, u,(0), with a corresponding measured pullout stress oy,
This displacement control ensures that the post-peak response can be measured reliably.
The rear wall of the cell is lubricated and, hence, approximates a smooth interface (i.e.,
zero shear traction). Larson (1992) shows that the interface shear resistance: is very low and
is controlled by the cohesive srength of the silicon grease. Similar boundary conditions are
recommended by Palmeira and Milligan (1989), but are rarely achieved in practical pullout

tests.

The following paragraphs describe the procedures for performing pullout tests in
the APSR cell including: 1) preparation of instrumented inclusions; 2) APSR cell and

specimen preparation; and 3) consolidation and pullout,
6.3.1. Preparation of Instrumented Inclusions

The inclusions were made from a 15.2 cm wide roll of 0.127 mm thick steel shim
stock, and a 15.2 cm wide roll of 0.254 mm thick nylon 6/6 sheet. In each case, the
inclusions comprise two sheets of the material bonded together using a flexible adhesive,
with four BLH SR-4 bonded resistance strain gauges (gauge number FAE-50-35 S13 EL,
each 12.7mm long, or FAE-25-35 S13 EL, 6.35 mm long) with a nominal resistance of
350 Q, spaced as shown in Figure 6.2. The gauges are manufactured with an average
“Gauge Factor” (GF), expressing the change in resistance of the gauge for a given amount
of strain. The gauges used in this research have GF=2.0. A wheatstone bridge circuit is
used to provide a sensitive voltage response to the small changes in resistance across a
strain gauge. The strain gauges are mounted on the inside face of one of the sheets, such
that the gauges and electrical leads are protected trom abrasion by the surrounding sand.,
Any curvatures of the nylon 6/6 or steel sheet rolls are counteracted by bonding the sheets

back-to-back in order to produce a flat inclusion.
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Figure 6.2 shows the geometry and instrumeatation of the inclusions used in the
pullout tests. The length of the sheet includes the embedment L plus 5.7 cm at each end to
attach grips for the uniaxial tension test and an additional 2 cm corresponding to the
clearance between the grips and the rear wall of the APSR cell. After the uniaxial tension
test, the dummy end of each inclusion (Fig. 6,2) is trimmed and the inclusions are cut to a
width of 13.3 cm. The APSR cell is 15.2 cm wide so that t'he inclusion has a clearance of
approximately 1 cm to the sidewalls which prevents the sharp edge of the steel from

damaging the specimen membrane.
The preparation of the instrumented inclusion includes the following steps:

1. The inside surface of one of the sheets is cleaned with cloth and acetone to remove rust
or surface contaminaticen. Two perpendicular lines are drawn to mark the centerpoint
where the gauge will be mounted. The gauges are attached to the surface with BLH
EPY-150 strain gauge epoxy. The epoxy layer is as thin as possible to minimize its

effect on the strains transmitted to the gauge.

2. Each gauge has two short wires for connection to a voltage source. For the Stccl
inclusions, a piece of insulating tape is placed under the strain gauge leads to prevent
them from short-circuiting against the steel surface. Two insulated wires (30 gauge) are
soldered to the strain gauge and run along the length of the reinforcement to an amphenol
connector (Fig. 6.2). When the connections are completed, the exposed leads are
covered with insulatiné tape. The wires must be placed carefully near the end of the

inclusion so they are not damaged when drilling holes for the grips.

3. After the gauges and conaecting wires are in place and the epoxy has thoroughly cured,
the two sheets are bonded together with 3M Rubber and Vinyl Adhesive. The hole
pattern for the grips is then drilled with a 3/8” drill bit.
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In-isolation uniaxial tensile tests are performed on each inclusion in order to; a)
ensure that all strain gauges respond accurately to an applied load; and b) determine the
actual elastic modulus for the inclusion. Figure 6.3 shows the experimental arrangement by
which the inclusion is attached to the Instron tensile test machine via a pair of custom built
chucks. The ends of the inclusion are bolted to a set of grips through 1.5 mm thick rubber

pads.

6.3.1.1. Steel Sheet

Larson (1992) has presented detailed measurements of the gauge strain as a
function of applied stress for uniaxial tensile tests on steel sheet reinforcements. The
displacement rate used in these tests (x=0.042 mmy/s) is similar to that used in the APSR
cell (Table 6.1). The elastic moduli computed from these data are generally not identical for
each of the strdin gauges and range tfrom E;=180 to 26(0) GPa (compared with the reference
property, E=207 GPa). This variability is due to factors such as the non-uniform curvature
over the inclusion length, small misalignments of the gauges, variations in gauge factor and
steel thickness. Overall, the in-isolation tests on the steel sheet yielded an average elastic
modulus E=209 GPa, within 1% of the reference modulus. Data from the pullout tests are

interpreted using the gauge factors and this average medulus value,
6.3.1.2. Nylon 6/6 Sheet

Uniaxial tension tests on the instrumented nylon 6/6 inclusions were carried out at
three different displacement rates, x=0.00042, 0.0042 and 0.042 mm/s, in order to
evaluate possible time dependency in the material response. The stress-strain response of

nylon 6/6 was not affected by this range of displacement rates.

Figure 6.4 presents typical results from three loading cycles of uniaxial tension tests
performed on nylon 6/6, for a loading velocity of 0.042mm/s. Figure 6.4a shows the

external stress-external axial strain response; the stress is computed by dividing the applied
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load by the cross-sectional area of the inclusion, and the external strain by dividing the
inclusion elongation (as measured by an external LYDT) by the inclusion initial length. A

linear regression analysis of the initial loading curve for the range of axial stresses expected

in the pullout tests (G,=0 to 20 MPa) yields Eg=1.92 GPa,

Figure 6.4b shows a typical plot of the external strcss.(applied external load) as a
function of the local axial strain around one of the gauges, as measured from the gauge
output (using the strain gauge factor GF). The gauges reinforce the inclusion locally (they
are stiffer than the nylon inclusion), so that the strains around it are approximately 1.9
times smaller than the global inclusion strain, as measured by the external LVDT (Fig.
6.4c). Figure 6.4b yields the local axial stress in the inclusion during the pullout test, given

the local gauge response.
6.3.2. APSR Cell and Specimen Preparation

Soil specimens in the APSR cell are contained within a thin rubber membrane made
from 0.38 mm thick material rubber (sold under the trade name 'dental dam'). The
membrane is cut to fit the dimensions of the cell with 2 minimum number of seams which
are sealed using a latex contact adhesive. The assembled membrane is then checked for
leaks by filling with water. The reinforcing inclusion is attached to the membrane via a
rubber collar seal, as shown in Figure 6.5. A thin bead of RTV (silicon rubber adhesive) is

used to seal the connection between the reinforcement and colar (Fig. 6.5¢).

Figure 6.6 illustrates the installation of the membrane inside the APSR cell. Initially
the interior surfaces of the cell are cleaned and coated with a thin layer of grease (50-50
mixture of Dow-Corning high vacuum grease and Compound 7). The membrane is laid
inside the cell with the inclusion passing through the entry slot (position X in Fig. 6.1).
The membrane is then fitted around the specimen mold (Fig. 6.6 b, ¢). The vacuum tube is

attached by piercing a small hole through the membrane collar.
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The sand specimen is formed by dry pluviation in the plane normal to the
consolidation stresses and pullout loads (0, 03 and op). The raining apparatus (section
3.2.6 and Figure 3.5) produces a uniform specimen of dense Ticino sand (D,=7913%).
Specimen preparation is completed by removing the excess sand to produce a smooth flat
surface. The top surface of the membrane is sealed with rubber latex (and RTV to eliminate

leaks) and is placed under a vacuum (03=90kPa), while the mold is removed and the top

cover is bolted in position.
6.3.3. Consolidation and Pullout Test Procedures

Once the top plate of the APSR is bolted in place, the specimen is confined under
air pressure (03) and the vacuum is gradually released. The load platens for the major
principal stress are brought into contact with the ends of the sand specimen (using
displacement or stress control procedures described by Larson, 1992), and the specimen is

consolidated to a prescribed stress state.

The inclusion is prepared for the pullout test by connecting the active end via a grip
assembly to the external arch piston (Fig. 6.7). The inclusion is then disconnected from the
sample membrane in order to avoid pulling it through the entry slot. This is accomplished
by cutting the membrane around the inclusion at thé entry slot with a pair of scissors, and
applying high vacuum grease around th= cut surface to prevent sand particles escaping from

the cell.

Pullout loads are applied at a controlled displacement rate (Table 6.1) by pumping
water into the arch jack (Fig. 6.7) and monitoring the movement of the inclusion via a
LVDT connected to the clamping mechanism. In test APSR 59 the LVDT is connected
directly to the inclusion at the exit slot. The pullout force is measured directly by the load

cell throughout this process. The pullout force, displacement at the active end of the
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inclusion and local strain gauge measurements are all recorded by the MIT geotechnical

laboratories central data acquisition control unit (HP3497A).

6.4. Results

6.4.1. Steel Sheet Inclusion

Figure 6.8 summarizes the load-displacement (Fp vs. up) measurements obtained in
the four pullout tests (APSR 50-1, 2, 3 and 4), performed on a steel sheet inclusion of
length L=36 cm. Displacements at the active end of the inclusion, up, are actually measured
at a reference point on the clamping mechanism by the LVDT shown in Figure 6.7. The
peak pullout resistance is well defined in the first three tests (APSR 50-1, 50-2, 50-3),
while premature failure in 50-4 occurred due to slippage at the grips. The results show the

following:

1. Displacements at the active end of the inclusion were not monitored continuously
through the successive loading and unloading stages of APSR test 50, Thus, the results
in Figure 6.8 show relative displacements in a series of successive pullout tests. The
offset pullout force at zero displacement corresponds to the seating load (Fp=0.4 kN)
which is applied at the start of test APSR 50-1 (i.e., when the load cell is first connected

to the inclusion).

2. The maximum pullout force in tests 50-2 and 50-3 occurs at a displacement up=3.5-4.0
mm, but there is no apparent post-peak reduction in resistance for continucd lnading up
to up=5.5-6.0mm. The displacement at peak load in test 50-1 is somewhat smaller
(up=2.3-3.0mm), but also shows no post-peak softening. The peak resisti.nce
measurements in the three complete pullout tests give highly consistent estimates of the
apparent interface friction, p=0.4 (8=22°). This result is in close agreement with well
documented direct shear box and simple shear measurements of interface friction for dry

sand against smooth steel interfaces reported by Kishida and Uesugi (1987). Figure 6.9
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shows values of p for Fujigawa sand as a function of the relative roughness of the steel
interface, R,=Rax 50/Dso, where Rpax 50 is the maximum roughness over a gauge

length of surface Dsg.

3. The load-deformation response in the first three pullout tests are replotted in a
dimensionless format (0p/0 vs. up/L) in Figure 6.10. This figure confirms that the
maximum pullout resistance is proportional to the confining stress oy, and shows the
very close agreement in the pre-peak response for tests 50-2 and 50-3. Higher pre-peak
stiffness is measured in 50-1, and may be due to factors such as initial misalignment of

the inclusion.

Figures 6.11a, 6.12a, 6.13a and 6.14a show the development of tensile stresses within the

inclusion interpreted from strain gauge measurements at 4 locations along the inclusion:

1. In test 50-1, the initial tensile stresses o%,/0), measured in gauges 3 and 4 may reflect
residual stresses or bending of the inclusion during specimen preparation and
consolidation. In contrast, there are minimal residual stresses measured by the gauges at
the start of tests 50-2 and 50-3. Further consolidation of the sand under a shear stress
ratio R=4 in test 50-4 is witnessed by strain gauge measurements of tensile stresses

(with maxim.m residual stress at the center of the inclusion, of,/5,=70).

2. Strain gauge measurements of the tensile stress distribution along the inclusion are
generally less reliable (more erratic) during the initial stages of the pullout tests,
particularly for up<0.5-1.0 mm. One factor affecting the behavior may be the

imprecision of strain gauge response at low stress levels,

3. Steel is among the least extensible of materials used to reinforce soils. Therefore, it is of
interest to compare the measured load-transfer with that of an ideal rigid inclusion which
is characterized by uniform shear resistance over the length of the inclusion. For this

ideal case, Gky=constant and, therefore, doky/dx=constant. Thus, the tensile stress is
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distributed linearly along the inclusion. Figure 6.11b through 6.14b present the results
of the apparent mobilized friction §; mobilized over sub-lengths of the inclusion L;=L-x;,

where x; is the location of strain gauge i from the active end of the inclusion:

= ,_G&x(xi)_f_
Wi =tan §; = o 2L 6.1)

For a rigid inclusion, y; should be constant for all sub lengths L; (i=1 to 4 and external
load cel!l). The measurements from APSR 50-1, 50-2 and 50-3 show variations of
approximately 3°-7° in p; during the early stages of the tests, but give almost unique
response at the peak pullout loads (i.e., at up=2.2, 4.1 and 4.2mm, respectively), in
which p;=p=0.40. The results in tests 50-1 are slightly more erratic than those in 50-2
and 50-3. The post-peak response of tests 50-2 and 50-3 consistently show 1;=22°-25°,
reflecting fluctuations in the individual gauge response. Overall, these results show that

“the shear resistance is most uniform along the inclusion at peak pullout load.

. Figure 6.15 show further representations of the measured tensile stress distribution at
four specific pullout load levels corresponding to 6,/6.=0.25, 0.5, 0.67 and 1.0 (i.e., at
factors of safety FS=4.0, 2.0, 1.5 and 1.0). There is excellent agreement in the load
distribution for tests 50-1, 50-2 and 50-3 at each of these load levels, while differences
in 50-4 (due to residual stresses) are only significam for op/0.<0-5. The inclusion
elongation was not measured directly and can be estimated from these results by simple

numerical integration;

5
—113— 2 [ofx (xi.1 ) + ofix (xi)] [Lio1 - Li) (6.2)

where (i-1)=0 and i=5 correspond to the passive and active ends of the inclusion,

respectively. Figure 6.16 shows that the load-elongation behavior from the four tests are

very consistent. The response is linear for normalized pullout stress ratio 6,/01.<900,

while non-linear behavior is only significant for 6,/01>1000.



6.4.2. Nylon 6/6 Sheet Inclusions

This section describes the results from 3 pullout tests on instrumented nylon 6/6
inclusions (APSR 51, 57 and 59) of length L=0.42m, embedded in dense Ticino sand. The
data from APSR 53 are not couisidered reliable due to difficulties in sand pluviation (Table
6.1), and are not discussed further. Although the same consolidation stress conditions were
applied in all of these tests, different displacement rates were used during pullout
(u=0.058, 0.035 and 0.0035 mm/s were used in successive tests). Figure 6.17a
summarizes the load-displacement response from tests 57 and 59 (there were no load cell

data obtained in test APSR 51):

1. Large differences in the initial load-deformation response in APSR 57 and 59 are due to
changes in the referencing system used to measure the displacement up. In tests 51, (53)
and 57, the displacements are monitored by an LVDT at a point located on the clamping
mechanism, as shown in Figure 6.7 (also used for steel inclusions). Test 59 used a
refined design (Fig. 6.7) in which the displacement is measured by and LVDT at the exit
point from the APSR cell. This latter mechanism gives a much stiffer initial load-
displacement response, and hence indicates the problems associated with system
compliance in earlier measurements of up. It should be noted that one additional
difference in test procedure was the Ko-precompression of the sand in tests 51 and 57,
which was used to calibrate special normal stress gauges. It is believed that these

procedures do not affect the pullout data reported in this section.

2. The three tests give very consistent measurements of the maximum pullout force (Figs.
6.17a, b), Fp=1.37kN (corresponding to an apparent interface friction
u=(opp/01)(f/2L)=0.5 or 8=26°), while the displacement required to mobilize this
resistance increases slightly as 0 decreases (up=2.3, 2.7 and 4.5mm for tests 51, 57 and

59, respectively). There is a significant post-peak reduction in resistance which is
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accompanied by oscillation in the pullout force with continued displacement. This 'stick-
slip’ behavior was observed in tests 57 and 59, but was absent from test APSR 51. This

phenomenon is discussed in more detail below.

Figures 6.18, 6.19 and 6.20 give complete details of tensile stresses 6%,/ in the
thzee tests, estimated from local strain gauge measurements. The data show significant
differences from the load-transfer response shown previously for the steel sheet inclusion,
For example, there are no significant tensile loads measured by strain gauge 1 (x/L=0.76)
for load levels 0,/51<550, or up/L<0.0037 (up<2mm). Non-linearities in the tensile stress
distribution are shown most clearly by the apparent interface friction &;, in Figures 6.18b,
6.19b and 6.20b. At peak pullout load, there are large differences in the computed values
of d; over different sub-lengths of the inclusion. In particular, the results show maximum
values 8;=31° (tests APSR 51, 59) occurring at the passive end and hence demonstrate

important variations in the shear resistance along the inclusion.

Figure 6.20c examines the post-peak pullout response for APSR 59 in more detail
for active end displacements up/L-:0.030 (up=13 mm). Although the stresses oscillate in
'stick-slip, there is a well defined residual resistance (measured in all gauges) which is

stable over relatively large displacements, up/L.=0.012 to 0.030 (up=5 to 12 mm).

In test APSR 59, the load cell, displacement transducer and strain gauge signals
were recorded on the data acquisition system at 3 seconds intervals. Figure 6.20d shows
the complete data set recorded over a displacement range up/L=0.014 to 0.017 (up=6.0 to
7.0mm). The results show clearly the stick-slip phenomena in which the sudden reduction
in load is associated with a jump in displacement rate (i.e., the actual displacement rate is
unsteady). The actual velocity of slip is much higher than the active end displacement rate u
and can only be estimated using much higher speed data acquisition. Bouden and Tabor

(1950) have explained the underlying mechanisr: for this behavior through differences

between the static and kinetic friction, pg and i, respectively. They describe a simplified
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1-D analysis for the relative motion between two surfaces, one of which is displaced at a
constant speed, while the other is supported by an elastic system such that its deflection
during sliding is a measure of the frictional force. In this calculation, the maximum
frictional force (e.g. point A in Figure 6.20d) is controlled by the static friction L, while
the minimum resistance immediately after slip (point C; Fig. 6.20d) is related to (2{y-Ls).
Hence, the differential stress oscillation is a measure of the difference between the static
and kinetic friction (i.e., Au=ps-px). Experiments performed on metallic surfaces (Bowden
and Tabor, 1950) show that, with a given apparatus, the intermittent motion does not
depend on the shape of the surfaces or on the load, i.e., Al remains approximately
constant for a given combination of surface materials. However, AjL generally decreases as
the displacement rate increases and, hence, there is a critical value v, above which there is
no apparent stick-slip motion. This latter observation is consistent with the three pullout
tests on nylon 6/6. There was no stick-slip observed in APSR 51, where 1=0.058mm/s,
while the measurements in tests 57 and 59 imply a static-kinetic friction difference in the

range AP=0.03 to 0.07 (i.e., Ad=2°-4°),

Figure 6.21 compares the tensile stress distribution measurements for the three
pullout tests at four load levels, 6,/0,,=0.25, 0.5, 0.67 and 1.0 (i.e., FS=4, 2, 1.5 and
1.0, respectively). These results confirm the repeatability of experimental measurements
and demonstrate the non-linearity in the tensile stress distribution throughout the load test.
The elongation of the inclusion is estimated by numerical integration of the measured tensile
stresses, assuming elastic material behavior, as shown in Figure 6.22. Although the initial
load-elongatinn response is linear, non-linearities become significant for 6,/512200 (i.e.,
for 0,/0,,20.3). For steel sheet inclusions, non-linearitie s only develop at 6p/c,p>0.8.
This representation also shows that post-peak reductions in pullout resistance are associated
with reduced elongation of the inclusion, which corresponds to the 'snap-through'

response described in Chapter 5.
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Overall, the pullout measurements for instrumented nylon 6/6 inclusion are more
difficult to interpret than those reported previously for steel sheet. Computed values of
interface friction §, at peak pullout load, range from 31° (based on local strain gauge data,
Figs. 6.18b, 6.19b, 6.20b) to 26° (averaged over the inclusion length), while post-peak
data give residual (kinetic) friction from 20° to 23°. These values are averages computed
from all three tests (51, 57, 59). Stick-slip is interpreted by the methods of Bowden and

Tabor (1950); extreme values of residual friction range from 18° to 24°,

There are no measurements of sand-nylon 6/6 interface friction reported in the
literature. However, O'Rourke et al. (1990) have presented data from an extensive program
of shear box interface tests between sand and a variety of smooth polymeric materials.
Figure 6.23 summarizes measurements of &' as a function of sand density for medium
density polyethylene (MDPE) and four different types of sands. The authors report that the
interface friction is a function of sand type (i.e., grain size and shape distribution, grain
hardness, etc.), formation density and hardness of the polymer surface (characterized by
the shore-D hardness number, ASTM D2240-85). The pullout tests in this chapter were
performed in dense Ticino sand (with physical properties similar to both the Ottawa and
fluvioglacial sands, Figs. 6.23a, b) at a dry density Y4=16 kN/m3, while the nylon 6/6 has
a shore-D hardness number of 80 to 85 (compared to 62 for MDPE). The measured data at

the same dry density show §=22°-26°, which is comparahle to the range interpreted from

pullout tests.

6.5 Comparison with Analytical Predictions

This section compares the measured pullout response for the steel and nylon 6/6
sheet inclusions with the analytical predictions described in Chapter 5. Table 6.2
summarizes the input parameters for the proposed shear-lag analyses. Approximate elastic
parameters for the dense Ticino sand (G,,=6.0 MPa, v;,=0.35) were obtained from plane

strain compression shear tests performed in the APSR cell at a confining pressure of
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o3=31kPa, and described in section 3.4.1. In principle, the shear modulus of sand is 1
function of the confining stress and, hence, small variations in Gy, are expected for pullout
tests performed at different confining stress levels. In practice, small variations in E;/Gy,
(within a factor of 2) have little impact on shear-lag predictions of pullout response, as
shown in Figure 5.8a. Similarly, uncertainties in v,=0.33 to 0.42 are also of secondary
importance in pullout analyses. The elastic moduli Ef of the steel and nylon 6/6 were
evaluated from in-isolation, uniaxial tension tests. The sand-steel interface frictions angle

8=22° is well defined from the pullout tests, and is much lower than the peak friction
mobilized in shearing of the sand (¢,=53°-55°). The interface friction angle for nylon 6/6

and sand cannot be interpreted unambiguously from the pullout tests. Estimates from the

residual pullout resistance range from 8=20° to 23° (u=0.37 to 0.42).
6.5.1. Steel Inclusions

Figure 6.24 compares the predicted and measured (dimensionless) load-elongation
response for the four pullout tests on steel sheet inclusions. The measured peak pullout
resistance is in good agreement with both the shear-lag prediction and the limit equilibrium
calculation, as expected for a relatively inextensible inclusion (E/G,=3.5x10%). The shear-
lag analysis predicts a linear load-elongation response for 6,/51<900, which is consistent
with the measured behavior (especially for test 50-4, Figure 6.24b). However, there is a
discrepancy between the predictions and measurements in the initial stages of the test due to
the offset tensile load (at zero elongation) which is applied to compensate for the load

system compliance (cf. section 6.4.1.).

Figure 6.25 compares the shear-lag predictions and measurements of the tensile
stress distributions at four successive stages in each pullout test. There is very good
agreement between predictions and measurements, with relatively small deviations from the

linear load distribution expected for an inextensible inclusion.



6.5.2. Nylon 6/6 Inclusions

Figure 6.26 compares the measurements of pullout load-elongation response for
nylon 6/6 inclusions with shear-lag predictions using three different values of the interface
friction, =20°, 22° and 23° (1=0.37, 0.40 and 0.42, respectively). The results for §=22°
describe accurately the key elements of the measured pullout response: 1) the initial
response is linear for o,/01<300 to 400; 2) the peak pullout resistance occurs at
0p/01=820; and 3) there is a significant pust-peak reduction in pullout resistance associate:
with 'snap-through'. Shear-lag predictions for 8=20° and 23° provide lower and upper
bounds to the measured peak pullout load, while limit equilibrium calculations (for the
same interface friction angles) underestimate op/Gy by 15 10 25%. Figure 6.26b shows
further comparisons of load-elongation response for sub-length L4=0.36m (i.e., length
from passive end to position of strain gauge 4 in Fig. 6.2) in three nylon 6/6 pullout tests
(APSR 51, 57 and 59). The results show good agreement with shear-lag predictions using

6=20° to 22°.

Detailed comparisons between predictions and measurements of the tensile stress
distributions in each of the three pullout tests are shown in Figure 6.27. These results show
that the shear-lag analysis gives remarkably accurate predictions of the highly non-linear
stress distribution at successive stages of pullout tests on an extensible reinforcement (in
this case E¢/G,=320). It should be noted that the analysis slightly underestimates the tensile

stresses measured in strain gauge 1 (x/L=0.76) for high values of ¢,/ (>800).

The results in figure 6.27 provide the first truly insightful evaluation of the
proposed shear-lag pullout analysis. Further aspects of the analysis, such as the stress
concentration at the sliding front, require more comprehensive experimental measurements,
which were beyond the scope of the current test program. One aspect of the tests which

deserves further attention is the possibility of soil failure (hence, dilation) during the tests.
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The results in Chapter 5 show that the shear-lag analysis can be used to provide a

conservative (i.e., lowest possible values of d necessary to cause soil failure at a given
value ofg) estimate of the mobilized friction 5 (referred to as pseudo-friction) as a
function of test geometry, interface friction and relative soil-inclusion stiffness. Figure 6.28
compares the interface friction for the steel and nylon 6/6 inclusions with the conditions for
failure of dense Ticino sand (with $=55°). For the steel inclusion (E¢/Gp=3.5x104,
a=f/m=0.04%), sand fzilure will only occur for §>40°-42° and, hence, the pullout tests
described in this chapter are associated with interface failure, However, for the nylon 6/6

sheet (Ef/G=320, a=0.09%), soil failure is expected for §>23°-24°; therefore, the pullout

tests in nylon may promote failure conditions in the soil.

6.6 Conclusions

This chapter has described results of pullout tests performed on instrumented steel
and nylon 6/6 sheet inclusions. The primary goal of these tests was to evaluate the shear-
lag pullout analyses described in Chapter 5. The selected inclusion materials have linear,
elastic (and time indeper.dent) stress-strain properties, smooth surfaces with relatively low
interface friction, and represent upper and lower limits of extensibility (relative soil-
reinforcement stiffness) for practical soil reinforcements. The pullout experiments were
performed in the APSR cell on inclusions of lengths L=0.36 and 0.42 m, embedded in
dense Ticino sand whose properties have been described previously in Chapter 3. Tensile
stresses within the inclusion were measured by strain gauges and were calibrated from

uniaxial, tensile tests.

There were significant experimental difficulties in measuring accurately the initial
load-displacement response for steel sheet inclusions. However, in all cases, the load
distribution and load-elongation response are approximately linear, and the interface friction
(6=22°) can be well defined from repeatable measurements of the peak pullout load. There

is good agreement between shear-lag analyses and the measured data for tests performed at
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confining pressures ranging from o3=30 to 98 kPa, while residual tensile stresses
(associated with soil shearing) had little effect on the predicted or measured pullout

behavior.

Test data for nylon 6/6 inclusions showed much more non-linearity in both the load
distribution and load-elongation response. The measurements show a pronounced post-
peak reduction in pullout resistance, which is further complicated by stick-slip behavior for
tests performed at low displacement rates. The shear-lag analyses describe accurately and
consistently the measured data for an assumed interface friction angle 8=22°, which
corresponds closely with residual conditions measured in the pullout tests. The analysis
shows that the peak pullout load is controlled by the non-linear load distribution and is
significantly higher (approximately 20%) than would be expected from a conventional limit
equilibrium calculation. The proposed shear-lag analysis provides a consistent mechanical
explanation for the measured post-peak 'snap-through' response of the nylon 6/6

inclusions.

The data in this chapter provide a very encouraging assessment of the proposed
shear-lag pullout analysis. More comprehensive experimental measurements are now
required to evaluate other aspects of the analytical predictions such as stress concentrations

at the sliding front.
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Material Modulus E¢/Gp, | Poisson's| Lateral Length | Interrace Friction
(kPa) Ratio Dimension | L(m) 3 (u=tand)
— = - -
Ticino Gy=6000 - Vin=0.35 [ m=0.57m - ¢'p=53°-55°
Sand (at 03=30
kPa)
Steel | E=2.07x108| 34500 | v<=0.20 | f=0.25mm 0.36 22° (0.40)
Sheet
20°(0.37)
Nylon | E~=1.92x106] 320 | v=0.20 | f=0.51mm | 0.42(1) to
6/6 23°(0.42)
Sheet

IFor test APSR 51, effective inclusion length, L=0.36m.

Table 6.2: Input Parameters for Shear-Lag Analysis of Pullout Tests in the APSR cell.
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H=57 cm

=
m/2
Test Boundary Condition Measured Response
In soil At X at X
Standard APSR Test o3=constant u,=0 of =F/A

o1=increases

R=increases

No displacement at X

Centerline load

Pullout Test in
APSR

o}, G3=constant
(o1/03=R)

ux(0), ux(0)
Applied
displacement rate

op=F/A vs. ux(0)

Pullout response

Figure 6.1: Comparison of Boundary Conditions used in the APSR Cell.




Holes for
attachment
to grips

5-pin Amphenol Connectors
Al

5.7cm

rear cell wall

Inclusion
Length
L

y vi_ gauges) |

SG2

— |iSGl

(BLH SR4 bonded
resistance strain

o 0O O O
5.7cm o o o
y .4
e
Dummy end 15.2 cm
(trimmed after |«g P>

tension test)

Dimensions (cm)

a b ¢ d e L

Steel

Nylon

56 7.6 7.6 7.6 7.6 360
64 7.6 7.6 10.2 10.2 42.0

Figure 6.2; Schematic of the Instrumented

Inclusion for Pullout T'ests.
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Figure 6.3: In-isolation Test
Setup in Instron Machine.
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Figure 6.4: Typical Stress-Strain Results for In-Isolation Tension Tests on Nylon 6/6.
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(a) Make a slit in the specimen membrane

| Slit | I7'6 cm

|‘ 13.3cm ,l

€ 21 cm »

(b) Cut a rubber ccllar from 0.25 mm thick dental dam

°Zg°° 3 \
RTYV-

(c) Seal rubber collar to inclusion with RTV (repeat on reverse side)

g
—

\

(d) Apply latex adhesive to collar and specimen membrane, and bond the two together

Figure 6.5: Specimen Membrane Preparation.
(after Larson, 1992)
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=

(a) Membrane and inclusion inside cell

7

(b) Insertion of specimen mold

(c) Specimen membrane in place

Figure 6.6: APSR Specimen Membrane Installation (after Larson, 1992).
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Reference point
in test APSR 59

Reference point in tests
APSR 50, 51, 57

"L" shaped
Arch Jack —\ metal plates
Load Cell S— -
/ Pranny
b1 RERERERS,
IR
T BRAGES . —
] BRENES Inclusion N
~
i) BGa z
A7)
372 'J: |
c$ ,J :J: sl
Entry Slot
Steel Tie Rod Hardened Wedges

Steel Pins

Support Arch

Scale (cm)

Figure 6.7: Inclusion Assembly to External Arch Piston and Monitoring Mechanism of
Active End in Pullout Tests.
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6.0 i
Fai!ure at grips _ 504 |
5.0 y L / .......... Tt
z
X
u_n-
]
6
I
3
=)
&
Y00 10 20 30 40 50 60 1.0
Displacement at Active End,,up (mm).
Steel Sheet Reinforcement
L (cm) f (mm) B(mm)
36.0 0.254 133
Consolidation Stresses At Peak Pullout
Test | 01 (kPa) | o3 (kPa) | R=01/03 | Fp(kN)D| up (mm) | o/oy® | &)
50-1 49.0 21.0 2.33 1.93 2.5-3.0 1160 22°
50-2 73.5 31.5 2.33 2.85 3.0-4.0 1150 22°
50-3 98.0 42.0 2.33 3.78 3.5-4.0 1140 22°
50-4 168.0 42.0 4 -4) - - -
Notes: ! Pullout stress, o,=Fp/Bf

2 leil LOZld. CL=(op)n1ax
3 From limit equilibrium, tand=p=(f/2L)(c1/0})
4 Failure at grips

Figure 6.8: Measured Pullout Load-Displacement Response for Steel Sheet
Reii. "arcements.
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Fujigawa sand o
o— A—
LO8F Linear regression o
c ad Range of
o o
o 06k g (/0 )max
£ a° of sand mass
© P8
S 04%‘,6,/‘ N Dgo: mm | Simple | Direct
2 016 o 0
8 054 G
O 02 182 a a
g, = 98 kPa
1 1 1 1 1 1
0 20 40 = 60 80 100 120

Normalized roughness R,. x 103

Figure 6.9: Coefficient of Interface Friction Between Steel and Sand.
(after Kishida and Uesugi, 1987)

235



Normalized Pullout Stress, <5p/cs1

Figure 6.10: Dimensionless Pullout Response for Tc. .s on Steel Sheet Inclusions.
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x/ Gl

f
X

Normalized Tensile Stress, ¢

Apparent Interface Friction, 5,

1200

B

APSR50-1:

o,=49 kPa; G3=21 kPa

...............................

(b)

—e— Gauge 1
- —aA— Gauge 2

—.

8— Gauge 3
—o— Gauge 4
—+— Load

0.4

0.8

1.2

1.6

Displacement at Active End, uP/L (x 100)
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Figure 6.11: Pullout Measurements in Test APSR 50-1.
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Apparent Interface Friction, J,
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G,=73.5 kPa; 6,=31.5 kPa W g,
l!ﬂ.<—
1200 0,/0,=1/K,=2.33 load -=— —@,
; e A S
1000 0K M
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0
35°
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3
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10) ..................................... —F— Gauge 3 o
—o6— Gauge 4
D 7 S N S Load  |™
* i
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Displacement at Active End, up/L (x 100)

Figure 6.12: Pullout Measurements in Test APSR 50-2,
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APSR50-3;
5,=98 kPa; G,=42 kPa Sy o,
(4 32 1 |
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Displacement at Active End, uP/L (x 100)

Figure 6.13: Pullout Measurements in Test APSR 50-3.
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Apparent Interface Friction, §,
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0,/04=1/K =4

0'1*

load < 4321 |

o
<

(b
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Figure 6.14: Pullout Measurements in Test APSR 50-4,
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L0 —0— 50-1 F§=4.0
. ——50-2 o, fo;=0.25
0.8 Lo ™0 503 | P
) ——50-4 0,/0,=290

Normalized Tensile Stress, of, /o,

1.2 .
FS=1.0
1O 6,/0,=1.0
0.8 b 6,/o=1150 ["
0.6
0.4
0.2 ‘
0.0 i I \E
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Distance Along Inclusion, x/L

Figure 6.15: Tensile Stress Distribution in Pullout Tests on Steel Sheet Inclusion.
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Figure 6.16: Interpreted Load-Elongation Behavior for Pullout Tests on Steel Sheet
Inclusions.
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2
e Load Cell
g Measurements |
15}
(o .
E Displacement
% Rate (mm/s) o, (kPa)| o, (kPa)
a 0.035 24.5 10.5 [
0.0035 24.5 10.5
(a)
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57 0.035 24.5 10.5
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Figure 6.17: Measured Pullout Load-Displacement Response for Nylon 6/6
Reinforcements.
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Figure 6.18: Pullout Measurements from Test APSR 51.
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Figure 6.19: Pullout Measurements from Test APSR 57,
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Figure 6.20: Pullout Measurements from Test APSR 59,
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Figure 6.20 c: Stability of Residual Pullout Behavior.
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Figure 6.20 d: Detail of Stick-Slip Behavior in Pullout Test APSR 59.
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Figure 6.21: Tensile Stress Distribution in Pullout Tests on Nylon 6/6 Inclusions.

249

1.0



1000

/o,

™ 800

)

600

400

200

Normalized Pullout Stress,

0

O ASPRS57
¢ APSR 59

................

......................

{(a) L=0.42 m |

0.00 0.05 0.10
Dimensionless Elongation, (Aufx a Ef) /(L 01)

1000

800

600

400

Normalized Pullout Stress, °p/°1

200

0.15 0.20 025 030 0.35

O APSR 51
O APSRS57
¢ APSRS9

{(b) L=0.36 m |

0.00 0.05 0.10
Dimensionless Elongation, (Aufx a Ep/(Loy)

0.15 0.20 025 030 035

Figure 6.22: Interpreted Load-Elongation Behavior for Pullout Tests on Nylon 6/6
Inclusions,
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Figure 6.23; Measurements of Sand-MDPE Interface Friction.
(after O'Rourke et al., 1990)
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Figure 6.24: Comparison of Predicted and Measured Load-Elongation Response for Steel
Sheet Inclusions.
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Figure 6.25: Comparison of Predicted and Measured Tensile Stress Distribution for Pullout
Tests on Steel Sheet Inclusions.
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Figure 6.26: Comparison of Predicted and Measured Load-Elongation Response for Nylon
6/6 Inclusions.
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Figure 6.27: Comparison of Predicted and Measured Tensile Stress Distribution for Pullout
Tests on Steel Sheet Inclusions,
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Figure 6.28: Evaluation of Soil Failure Conditions for Pullout Tests in Dense Ticino Sand.
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Appendix 6.B: Notation

The following symbols are used in chapter 6:

A

m

R

up, ux(0)
ax(0)
Ue

X

Mk

cross sectional area of inclusion

width of reinforcement

inclusion elastic modulus

inclusion thickness

pullout force

soil matrix shear modulus

coefficient of lateral stress at rest
inclusion length

soil matrix height

ratio 0,/03

displacement at active end (x=0)
displacement rate at active end

critical displacement rate for initiation of stick-slip
distance along inclusion

displacement rate in uniaxial tension tests
distance along soil matrix

interface friction angle-

apparent interface friction angle

inclusion elongation

difference static-dynamic friction coefficient: ps-py
inclusion Poisson's ratio

soil matrix Poisson's ratio

interface friction coefficient

kinetic interface friction
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Hs
01, 03
Op

oL

static interface friction
major and minor external principal stresses
pullout swress

ideal pullout stress (for a rigid inclusion)
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Chapter 7: Summary, Conclusions and
Recommendations

This research describes the formulation and evaluation of approximate analytical
solutions, based on techniques of shear-lag analysis, for predicting and interpreting tensile
stress distributions in planar soil reinforcements. The first two parts of the thesis (Chapters
2, 3 and 4) consider the development of stresses in the reinforcement as the surrounding
soil is sheared. These solutions have direct application for estimating the stresses in
reinforced soil masses at working load levels and, hence, can provide a more fundamental
bases for selection of reinforcing materials in design. The third part of the thesis (Chapters
5 and 6) applies the shear-lag analysis to model the pullout behavior of extensible
reinforcements. This analysis provides new insights into the underlying mechanisms of
soil-reinforcement interaction in pullout tests and is evaluated through a program of

experimental measurements (Chapter 6).

The following sections (7.1, 7.2 and 7.3) summarize the principal findings of the

revearch, while recommendations for future work are given in section 7.4.

7.1. Planar Soil Reinforcement in Plane Strain
Compression

The underlying mechanism of soil reinforcement, using planar inclusions, relies on
the development of tensile stresses within the reinforcing material. In order to evaluate this
basis hypothesis, the analysis initially focused on a composite plane strain element of
reinforced soil, which is sheared in plane strain compression under the action of uniform

boundary tractions. The planar reinforcement is oriented parallel to the minor external,
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principal stress (i.e. in the direction of maximum tensile strain). The proposed formulation
introduces shear-lag approximations, widely used in the mechanics of composites, in order
to derive analytical expressions for the tensile stress in the reinforcement and interface
tractions as functions of the inclusion geometry (length and thickness of r=inforcement,
height of soil matrix), elastic properties of the constituent materials (i.e., soil matrix and
reinforcement) and interface friction. The results show that the principal factors affecting
the distribution and magnitude of the tensile stress in the reinforcement are: 1) the length of
the inclusion; 2) the relative stiffness of the reinforcement and soil; 3) volume changes in
the soil; and 4) the magnitude of the imposed shear stress. Although frictional sliding at the
soil-reinforcement interface can reduce the load transfer, these effects are insignificant for

practical values of interface friction.

The proposed shear-lag analyses of maximum (centerline) reinforcement loads are
evaluated through comparisons with linear, finite element calculations. These results show
very good agreement (within 5%) for a wide range of practical geometric and material

properties and, hence, demonstrate the accuracy of the approximate analytical solutions.

Results of the shear-lag analysis were also evaluated through comparisons with
high quality experimental measurements of tensile loads in steel sheet reinforcements
reported by Larson (1992). The experimental data were obtained in a new laboratory
device, referred to as the Automated Plane Strain Reinforcement (APSR) cell. The APSR
cell has the unique capability of measuring directly the tensile stress at the center of the
reinforcing inclusion as the surrounding soil is sheared in plane strain compression.
Additional instrumentation (strain gauges) is used to measure the load distributions within
the inclusion. The device imposes uniform boundary tractions and, hence, models very
closely the conditions assumed in the proposed shear-lag analysis, The tests of Larson

(1992) were performed using steel reinforcements with half-lengths L/2=9 to 36cm,
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embedded in dense and loose Ticino sand and sheared in the plane normal to the direction

of deposition at a confining pressure 3=31kPa.

Input parameters for the shear-lag analysis were selected from the shear behavior of
the (unreinforced) sand and (unconfined) uniaxial tension tests on the reinforcement.
Detailed comparisons show excellent agreement for a base case geometry, with L/2=36¢cm.
However, the analyses are sensitive to the selected Poisson’s ratio of the soil matrix. The
analysis and measurements show that tensile loads in the reinforcement can be described as
a linear function of the external stress ratio, R=6,/03, with no load transfer corresponding
to Ko-stress conditions in the soil (i.e., R=1/Kg). Further comparisons show that the
measured centerline tensile loads for short inclusions in dense sand (L/2<36cm) are slightly
higher than those predicted by the shear-lag analysis. There is generally better agreement

between the predicted and measured load transfer for tests in loose sand.

Overall, the comparisons with APSR data provide the first basis to demonstrate thar
the shear-lag analysis is capable of providing reliable predictions of the tensile stresses in a
planar soil reinforcement at working load levels. Using the framework of the proposed
analysis, it is then possible to estimate the stresses which would develop in long
reinforcements (i.e., L>3m) which are typical of field situations. The predictions for steel
reinforcements in Ticino sand show that the tensile force measured in APSR tests (with
L=36cm) represents approximately half the load which would be transferred in a long
inclusion. Thus, the analysis can be used to provide practical guidance for the design and
interpretation of small scale laboratory experiments (such as the APSR), as well as to

predict stresses within reinforced soil masses at field scale.

7.2. Effects of Inclusion Orientation

The orientation of a tensile reinforcement within the soil mass is a critical parameter

controlling load transfer, especially in situations where the principal stress (and strain)
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directions rotate. In principle, the reinforcement develops highest tensile loads when
aligned with the direction of maximum tensile strain in the soil (for a linear, isotropic soil
this is directly related to principal stress directions). Chapter 4 describes the generalization
of the original shear-lag analysis for a thin planar reinforcement inclined at arbitrary
orientation and embedded in a soil specimen which is loaded by uniform normal and shear
boundary tractions (0y, Oy, T). The formulation assumes a rough interface and neglects the
bending stiffness for a thin reinforcement. Complete analytical solutions are derived for the
axial stress in the reinforcement and interface tractions as functions of the specimen
geometry, inclination angle (Fig. 4.4) 0, and material properties. There are two
fundamental modes of interaction: 1) plane strain compression, and 2) direct shear, For
inclined reinforcements in plane strain compression, the tensile stresses develop in the
inclusion for 101<6g, where 0 is a function of the volume change characteristics of the soil
(0v/Oh, Vm); the reinforcement is most effective at 8=0°, For the direct shear mode (7 only),
tensile stresses develop for 0°<8<90°, with maximr m load transfer at 6=45°, Solutions for
other loading conditions of practical interest, such as simple shear tests, can be obtained by

superposition of the two fundamental linear solutions.

Calculations of load transfer from linear finite element analyses show close
agreement with the shear-lag analyses for inclined reinforcements using a limited range of
material properties and inclusion geometries. Differences in the boundary conditions at the

tips of the inclusion restricts the range of properties for comparisons of results.

Several authors have reported on the effects of inclusion orientation based on
laboratory experiments in plane strain compression and direct shear box tests. Results of
the shear-lag analysis are used to evaluate the composite strength of the plane strain unit cell
tests reported by McGown et al. (1978), using a stress averaging technique within the soil
matrix. The analyses give excellent predictions of the measured data for different types of

reinforcement and initial densities of the soil. Comparisons with reinforced direct shear box
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data are only possible during the initial phase of the test in which there is negligible volume
change within the soil specimen, The shear-lag analysis describes accurately the effects of
inclusion orientation on the measured shear resistance for the tests reported by Jewell

(1980) with x=0.5mm (§50.3%). However, for X>0.5mm, dilation within the central shear

zone of the soil provides the dominant mechanism of load transfer in these tests,

7.3. Pullout Tests on Planar Inclusions

Pullout tests simulate the action of a reinforcing inclusion as a tensile anchorage
embedded in the soil mass. Although pullout data are widely used to estimate the soil-
reinforcement bond capacity for limit equilibrium design calculations, the tests have several
major limitations: 1) the results are significantly affected by boundary conditions; 2)
deformation of extensible reinforcements introduces a progressive failure mechanism which
complicates the evaluation of bond capacity; and 3) mechanisms of interactions are highly
complex for grid reinforcements which are widely used in practice. Chapter 5 presents a
new analysis which is capable of describing the complete load transfer behavior for pullout
tests with extensible planar reinforcements. The formulation uses shear-lag
approximations, together with simplified boundary conditions at the active end of the

reinforcement, where pullout loads are applied.

The proposed analysis describes four successive phases in the pullout response: 1)
Initial linear behavior, characterized by build up of interface tractions at the active end of the
inclusion; 2) The development of a sliding front from the active end, which initiates when
the local interface friction is mobilized. The results show that stress concentrations develop
at the sliding front and are most significant when the reinforcement is relatively extensible;
3) The peak pullout resistance, associated with a two-way failure mechanism, where
sliding fronts progress from both the active and passive ends of the inclusion; 4) The post-
peak response of the inclusion, characterized by a reduction of pullout resistance and

elongation (referred to as snap-through) as the sliding fronts coalesce.
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The principal parameters controlling the predicted load-elongation response are the

relative soil-reinforcement stiffness, inclusion length and interface friction.

The shear-lag predictions of pullout have been evaluated through comparisons with
a program of experimental measurements performed in the APSR cell. Pullout tests were
conducted on instrumented steel sheet and nylon 6/6 inclusions of lengths L=0,36 and
0.42m, respectively, embedded in dense Ticino sand. The selected inclusion materials
exhibit linear, elastic and time independent stress-strain properties, have smooth surfaces
with relatively low interface friction, and represent upper and lower limits of extensibility

for practical soil reinforcements,

The load distribution and load-elongation response for the steel sheet inclusion were
found to be approximately linear with interface friction angle §=22°, well defined from
repeatable measurements of the peak pullout load. In contrast, the measurements for the
nylon 6/6 inclusions showed much more non-linearity in both the load distribution and load
elongation response. the data show a pronounced post-peak reduction in pullout resistance,
which is further complicated by stick-slip behavior in tests performed at low displacement
rates. The shear-lag analysis describe accurately the measured data for an assumed interface
friction angle 8=22°, which corresponds closely with residual conditions measured in the
pullout test. The analysis shows that the peak pullout resistance is controlled by the non-
linear load distribution and is significantly higher (by approximately 20%) than would be

expected from a conventional limit equilibrium calculation.

7.4. Recommendations

There are three general directions for future research based on the results presented

in this thesis:

1. Further evaluation of the shear-lag analyses presented in Chapters 4 and 5.



2. Extension of the analyses to incorporate more realistic modeling of the soil and

reinforcing materials.

3. Applications of the analysis for practical geotechnical problems. Possible examples
include predictions of the stress distributions in reinforced earth walls at working load

levels and analysis of pullout tests for soil nails and piles.
7.4.1. Evaluation of Shear-Lag Analyses

The measurements of load transfer in the APSR cell provide a rational and
controlled basis for evaluating the shear-lag predictions for a horizontal reinforcement (i.e.,
6=0°) in plane strain compression. The results in Chapter 3 describe preliminary
comparisons based on the first test program using steel sheet reinforcements in dry Ticino
sand. Further research is currently in progress (Chauhan, 1993) to measure load transfer
for different classes of geosynthetic materials. These data will provide more information to

evalnate other aspects of the shear-lag predictions such as the effects of axial stiffness.

The analyses for inclined reinforcements in different modes of shear are more
difficult to evaluate. Comparisons with finite element analyses have highlighted important
limitations associated with load transfer at the tip of the inclusion, while comparisons with
data from direct shear box tests cannot be considered reliable due to severe non-
uniformities within the soil specimen. In principle, experimental simulation of the boundary
conditions assumed in the analysis can be accomplished using equipment such as the

Directional Shear Cell (DSC; Arthur, 1988).

The experimental evaluation of pullout tests has shown that the proposed shear-lag
analysis can describe reliably the load transfer for extensible, planar reinforcements.
However, there are many aspects of the proposed analysis which deserve further
investigation. For example, stress concentrations at the sliding front represent a physical

mechanism which has not previously been identified in the soils literature. Experimental
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measurements (using miniature transducers, etc.) could be used to investigate the
occurrence of such a phenomenon. Further studies should also be undertaken to compare
the shear-lag analysis with numerical simulation of pullout using frictional irterface

elements (Schellekens and DeBorst, 1993).
7.4.2. Extension of Shear-Lag Analyses

One of the principal advantages of the proposed shear-lag analyses is that they
permit closed-form derivation of the soil-reinforcement interaction. The distribution and
magnitude of axial stresses in a planar soil reinforcement can be determined as a function of
the geometry, boundary conditions, constituent material properties and interface traction,
Thus, the shear-lag solutions provide clear physical insight into the factors controlling load-

transfer in reinforced soils.

The analyses described in this thesis assume linear, isotropic and elastic property
for both the soil and reinforcing material. More realistic descriptions of soil behavior
should include the non-linear, inelastic and dilative behavior observed in shear tests, while
modeling of time dependent material response is important for certain classes of
geosynthetic materials. Further studies are also needed to establish how the shear-lag

analyses can be applied to describe load transfer for grid reinforccments.

Although some of these refinements in material properties are amenable to extension
of the shear-lag analysis, it is most probable that numerical solutions will be required.
Finite element analyses will definitely be required for solving problems of non-linear and
path dependent (inelastic) material behavior. The first requirement of these models will be
to simulate realistically the boundary conditions at the tips of the inclusion (through

interface and/or gap elements).

268



7.4.3. Other Applications

The proposed shear-lag analyses have many possible applications in two particular
classes of practical geotechnical problems: 1) predictions of stresses in reinforced soil
masses at working load levels; and 2) prediction and interpretation of pullout tests for
inclusions ranging from soil nails to tension piles. This section discusses the analysis of

reinforced soil walls and tension pile tests in more detail.
7.4.3.1. Stresses in a Reinforced Earth Wall

In current practice, the design of reinforced earth walls is based on limit equilibrium
calculations (e.g. Jewell, 1990). Design stresses in the reinforcements are then estimated
from local equilibrium and compatibility of strains in the soil and reinforcements. Detailed
comparisons between predicted and measured stresses from instrumented walls (e.g. Jarret
and McGown et al., 1987) shows that these methods are generally unreliable, More
realistic assessments of stress distributions at working stress levels can be achieved by
finite element methods (e.g. (e.g. Al-Hussaini and Johnson, 1978; Ogisako et al, 1988).
However, it is then difficult to assess the importance of the many variables affecting the

load transfer.

An alternative approach, using the shear-lag analysis, is to develop models which
relate the reinforcement stresses to the wall movement. Hence, the selection of reinforcing
materials can be related to the control of wall deformations during construction and in
subsequent loading. This type of approach has been investigated by Murray et al. (1990)
using a simple one-dimensional analysis. One possible solution strategy would involve the

following steps (Fig. 7.1):

1. The reinforced earth mass should be subdivided into a series of discrete composite layers

(and wall segments) based on the vertical spacing of reinforcements and characterized by
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an average confining pressure due to the weight of overburden. Initial lateral stresses

Ono in the unreinforced soil are related to the compaction of the backfill (Duncan et al.,

1991).

2. If the reinforcement is not physically connected to the wall, then latercl displacement of
the wall segment can be related to average lateral stresses in the soil, opy (through
Rankine type analysis). When the reinforcement is connected to the wall, then the lateral

displacement is controlled by the pullout response of the reinforcement.

3. Wall construction can be simulated using the weight of each of the composite elements
and assuming a deformed mode shape for the wall (e.g., Handy, 1985; Murray et al,
1990). This is the most difficult step for design calculations. However, given the
measurements of wall deformations, the analysis should be able to predict the stresses

within the reinforcements.

It should be noted that substantial rotation of principal stresses may occur towards
the wall toe, especially for rough and flexible walls over a soft base (e.g. Handy, 1985).
The direction of principal stresses in this case may be determined with the aid of numerical
simulations of the unreinforced soil mass. As a first approximation, it may be assumed that
the direction of the (unreinforced) principal stresses is not affected by the presence of the

inclusions, even though its magnitude is substantially reduced (Chalaiurnyk et al, 1989)
7.4.3.2. Tension Tests for Piles

Tension (pullout) tests are widely used to estimate the shaft friction of piles and soil
nails. In principle, these problems can be analyzed through modifications of the shear-lag
analysis which include: 1) axisymmetric geometry; and 2) stress gradients due to the self-
weight of thc‘ soil (i.e., boundary tractions are functions of depth), Other factors
influencing the pullout response are more difficuit to evaluate, including; 1) effects of

pile/nail installation on the stresses and properties of the surrounding soil (and residual
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stresses in the pile); and 2) time dependent responze associated with movement of pore

water (e.g. suction pressures mobilized at the base of the piles),

The existing analyses of pile deformations at working loads are based on linear
elastic solutions using simplified analysis by finite element and boundary element methods
(e.g. Poulos and Davis, 1980). The shear-lag analysis is similar in concept to the existing
load transfer models but can also include the effects of progressive failure for long, slender

piles, where interface sliding is an important factor at working loads.
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Figure 7.1: Approach for the Solution of Reinforced Wall Using the Shear-Lag Analysis.

272



Appendix 7.A: References

Al-Hussaini, M.M. and Johnson, L.D.(1978) "Numerical Analysis of a Reinforced Earth
Wall", Proceedings of the Symposium on Earth Reinforcement, ASCE, Pittsburg, 98-
126.

Arthur, J.R.F. (1988) “Cubical Devices: Versatility and Constraints”, Advanced Triaxial
Testing of Soil and Rock, ASTM STP 977, R.T. Donaghe, R.C. Chaney, and M.L.

Silver, Eds., American Society for Testing and Materials, Philadelphia, 743-765.

Chalaturnyk, R.J.; Scott, J.D.; Chan, D.H.K. and Richards, E.A.(1989) "Stresses and
Deformations in a Reinforced Soil Slope", Canadian Geotechnical Journal, 27, 224-

232.
Chauhan, S. (1993) PhD Thesis in progress, MIT.

Duncan, J.M.; Williams, G.W.; Sehn, A.L. and Seed, R.B. (1991) "Estimation Earth
Pressures due to Compaction", ASCE Journal of Geotechnical Engineering, 117(12),

1833-1847.

Handy, R.L. (1985) "The Arch in Soil Arching", ASCE Journal of Geotechnical
Engineering, 111(3), 302-318.

Murray, R.T., Andrawes, K.Z. and McGown, A. (1990) "Design, Construction and
Performance of Reinforced Soil Walls", Proceedings of the Internaltional Conference

on Geotextiles, Geomembranes and Related Products, The Hage, 1003-1007.

McGown, A.; Andrawes, K.Z., and Al-Hasani, M.M. (1978) “Effect of Inclusion
Properties on the Behaviour of Sand”, Géotechnique, 28(3), 327-346.

273



Jarrett, P. M. and McGown, A. , eds. (1987) The Application of Polymeric Reinforcement
in Soil Retaining Structures, Kingston, Ontario. NATO ASI Series, Series E: Applied

Sciences, 147, Kluwer Academic Publishers, Boston.

Jewell, R.A. (1980)"Some Effects of Reinforcement on the Mechanical Behaviour of

Soils", Ph.D. Thesis, University of Cambridge.

Jewell, R.A. (1990) "Strength and Deformation in Reinforced Soil Design", Proceedings
of the Internaltional Conference on Geotextiles, Geomembranes and Related Products,

The Hage, 79pp.

Larson, D. G. (1992) " A Laboratory {nvestigation of Load Transfer in Reinforced Soil",

PhD Thesis, MIT, Cambridge, MA.

Ogisako, E.; Ochiai, H; Hayashi, S. and Sakai, A (1988) "FEM Analysis of Polymer Grid
Reinforced-Soil Retaining Walls and its Application to the Design Method",
International Geotechnical Symposium on Theory and Practice of Earth Reinforcement,

Fukuoka, Japan, 559-564.

Poulos, H.G. and Davis, E.H. (1980) "Pile Foundation Analysis and Design", Series in
Geotechnical Engineering, John Wiley & Sons, New York, NY.

Schellekens, J.C.J. and DeBorst, R. (1993) "On the Numerical Integration of Interface

Elements", International Journal for Numerical Methods in Engineering, 36, 43-66.

274



