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- _ ABSTRACT

.&he use of tibbed metal strips to reinforce soil
structurés was devised in Frénce‘ in’ éhe late 60's and
marketed by the Reinforced Earth Coﬁb&ny‘as a tented
system of consFruction. The economic advantages of the

> system qfe that it eliminatés the need for massive lateral
"éupport at the face of the backfill,  reduces fill material
requirgmen}s and -land use. .

This study analyses the behaviour of earth structures

using - steel wire ~mesh as an- alternative mode of
TN . - R | ‘
reinforcement. L

Using 1arge-séa1e pullout tests, triaxial tests and three

dimensional large-scale models of reinforced embankments and

reinforced walls, ‘the behaviout of the wire mesh reinforced

-

system deer strip footing }?ags for a cohesionleés bafkfill
is studied. ' '

For'an identical wo;kihg stress and weight, the wire mesh
system exhibits a pullout resistance that is more than five
‘times thdt of the Reinforced Earth ribbed strips. . The
introduction of wire mesh reinforcement. in triaxial tests
inc;éases the load capacity and reduces:the volumgrchangé in
test samples while 1increasing thgTAapparEnt' angle of

. . e + ) ' - . . H a N
friction, Reinforcing mesh in . émbankment models ‘increases

P -



the ultimate bearing capébit} of q}r}p footings and reduces
the setﬁlement of the footings. When the embedment length
is sufficient to provide ,anchorage of - tﬁe.mesh layers in
reinforced wall mode}s, the ;ritical failure path assumes a
logarithmic spiral shape. o |
.The,results of the experimental measﬁrements are compared
to analyti;al predictions (at failure conditions).
Conclusions have been drawn as to the capability of Iz':he

analytical approaches to predict the behaviour of reinforced

501l structures.
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.Sheaf stress
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grains are of-spherical s@apéo
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-

tension force

T

Tensile force supplied by reinforcing grids,

kN/m per metre width of reinforcement
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reinforcing tie- .
Force exerted on the wall facing
Strip capacity per unit width of soil
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g
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plane

Angle of visibility

Unit weight of overburden soil mass
Spacing between two strip beds

Lateral strain of soil mass

Angle between criticél failure path and

horizontal

Density of soil
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Chapter 1
INTRODUCTION
In 1966, ‘French éngineer Henri Vidal introduced a

theoretical concept of soil reinforcement utilizing metal,
strips to carry induced tensile forces in earth strucfures
wvhich he termed Reinforced Eanth:® (Terre Armée).

It has been repeatedly stated that this is not a new
concept, - but merely a modern approach, épplying modern
materials to an old and Qell established building practice.

The same practice has been observed in birds and animals
who wutilize the same principles in constructing their
shelters.

Ancient Romans used a material of interwoven twigs and
branches called "Fascines” when building on peat. The use
of "Fascines" prevented Fontamination of thé surcharge area
by peat and to a lesser extent the tensile properties of the
inclusions allowed some stress distribution to occur.

Other examples include corduroy roads and the use of mud
and sticks in low ditches as described by Lee et al. (1973).

However, one cannot deny Vidal's contribution to the
present day stéte of knowledge and the tremendous

achievements accomplished by the reinforced soil svstem of

' ‘Registered trademark of the Reinforced Earth- Company.

- 1 -
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1.1 BASIC CONCEPT OF REINFORCED EARTH SYSTEM

~ The Rginfééced Earth system ﬁgilizes the inclusion of
horizontal ;trips of metal reinforcement in an earth
strugture in "order to improve the poor mechanical
properties of the earth‘backfill. .
Séils, in particular granular soils, exhibit very low:
tensile strengths. However, by "placing linear elements
within the structure which.are ableuto withstanh important
tensile forces, . a composite material 1is obtained which
combines the compressive and shear strength of the soil
mass, with the tensile sirength of the reinforcing strips.
Thé behaviour of a reinforced soil structure is similar
to a reinforced concrete system in which the mechanical
ﬁropérties of the basic material: plain concrete, which
possesses high compressive strength but little tensile
strength are supplemented by reinforcing steel rods embedded
in the concrete providing the needed strength in tension
(maximum s£rain direction). However, . the stress transfer
from earth mgss to the tensile reinforcement is accomplished
by friction between the reinforcing elements and the

backfill soil, while the bond between steel and concrete is

accomplished by mechanical interlock,
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In analysing an earth structure, two. design criteria

must be kept in mind (Smith 1978):

C

i.. the internal stabiiigy of the composite earth/

reinforcement material

2. the external stability of the structure.

The internal stability;aﬁalysis includes the tensile
resistance of the reinforcing strip and the‘bond resistance
between the reinforcement and the soil backfill, These
analyses are undertaken in order to prevent two types of
failures: failure of the str{p reinforcement in tension
and/or pullout of the reinforcement from the earth
structure.

The external stability analysis of the structure is
undertaken in order to investigate and prevent failure of
the structure as a rigid body by: rotation, sliding or
bearing failure of the supporting soil.

The Reinforced Earth system %FA now in wuse around the
world and has been applied to a wide variety of structures
and climates. Hoﬁever, the vertical wall is still the most
common application of the system and a schematic
presentation of a typical wall structure is shown on figure-

1.1.1.
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FIG. 1.1.1- SCHEMATIC VIEW OF A REINFORCED EARTH WALL



1.2 ELEMENTS OF A REINFORCED SOIL STRUCTURE

The basic gomponents of the wall structure are:

1. wall facing, or skin
2. reinforcing elements

3. +ackfill material

The wall panels_Pave the primary purpose of preventing
the sbackfill material frbm flowing oug of the structure.
Theoretically,. they have no structural purpose and can be
designed- with a very small thickness (few millimetres).
Initially the skin élements were cylindrical semi-elliptic
metal panels, but for aesthetic-purpqses, precast concrete
panels are now more usual. .

Tﬁe reinforcing elements or strips are connected -~ to the
wall 'panels -af predetermined vertical and hofizontal

L D
. spacings. Initially, smooth stainless or galvanized steel

strips were ut{iized, but today many shapes are in use
depending on the desired soil/feinforcement friction
coefficient: smooth strips, ribbed strips, wires, wire
meshes or mats etc.. . Also, the constituent materials can be
as different as metals, fiber glass, polymer nets and
polymer fabrics.

The backfill material 1s generally granular to allow an
adequate frictional bond to develop between the soil and the

reinforcement material. Cohesive soils are not recommended

in order to avoid problems of 'creep'. A granular soil also
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permits better drainage and is uﬁually less corrosive. The
soil should be well graded with a maximum particle size of
125 mm with no more than 10 percent fines (Smith 1978).

As enunciated by " McKittrick (1979) soils uséd {n

Reinforced Earth structures are:

1. granular

2. subjected to low strain levels

3. normally stressed in plain strain (except under point
loads), and

3. compacted to relatively high densities

Some of the advantages of the Reinforced Earth system are

the relatively simple method of construction which

necessitates no special equipment, the large deformations

which can be tolerated without 7Tisk of collapse and the

lower cost of a Reinforced Earth structure compared to a

retaining wall structure.

1.3 GBJECTIVES OF RESEARCH

Since the Reinforced Earth system is a patented method of
construction, it is of interest to study the behaviour of an
alternative reinforcing material compared to the_ patented
reinforcing members. |

The alternative reinforcement chosen for this study is a

wire mesh system of reinforcement similar to the mesh

utilized for temperature reinforcement 1in reinforced

concrete floor slabs (figure 1.3.1).

~
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) The different reinfércing | members vere compared
experimentally using a large-scale pullout de¥ice to
determine the friction coefficient of the . different
materials, Large-scale triaxial tests were then used to
ana{ysejthe change inrinternal aqgle of friction that the
intfoducfion of wire mesh members produces. ‘Finally, large;
scale three dimensional models of reinforced embankments and
walls were tested to determine the behaviour of the wire
mesh reinforced system under strip footing loads. ,
These different tests permitted the analysis of th;
alternative system of reinforgbment under different 1load

»

conditions and design parameters,
) L]

v
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FIG. 1}3.1— SCHEMATIC REPRESENTATION OF RIBBED
AND WIRE MESH SYSTEMS OF REINFORCEMENT
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THEORETICAL DEVELOPMENTS

Since Vidal introduced the Reinforced Earth. céncept, a
significant amount of research has been devoted to the
investigation and analysis of . the behaviour and
characteristics of the Reinforced Earth system aﬁd of
alternative concepts.

" In 1963, Vidal pﬁblished a book on the theoretical and
practical aspects of combining granular materials‘ (sand)

. with flexible reinforcements (vidal 1978). The new material

\hzking of a cohesive nature, was called 'Reinforced Earth’.

However, this new construction concept became known only in

- 1966 with ,the const;uction of the first Reinforced Earth

wall 1in the Pyrehees— Mountains in France and with the

/ presentatién- of the system by Vidal to "the French Soil
Mechanics Committee.

The following chapter presents an overview of some of the

significant theoretical developments khgt have: been

presented by researchers around the world on the concept of

Reinforced Earth and on alternative systems.
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2.1 SCHLOSSER AND' VIDAL (1969)

In 1969, F. Schlosser (head of the Soil Mechanics Section
of the Laboratoire Central des Ponts et Chaussées of France)

and H. Vidal presented a'paper on the theory and design
methods associated-with Reinforced Earth.

in 'describing the basic concepts of Réinforced .EBarth,
Schlosser and Vidal (1969) assumed horizontal sets of
reinforcements embedded within an earth mass to represent a
Reinforced Earth structu;e.: 1f the structure is failed by

 lateral stretching . it was stated that:

3
Any soil layer located between two adjacent
reinforcement sets 1is restrained along 1its upper
and lower boundaries and the only lateral strain
that can take place is the strain of the
reinforcements, providing -that friction between
soil and reinforcements be large enough and
reinforcements be close enough to each other.
Thus a traction force develops in the
reinforcements, and in. the most common cases where
their constituent material is such as its Young's
modulus is by several magnitudes higher than the
deformation modulus of the soil, the lateral
strains of the reinforced mass are negligible and
have no influence at all on stresses within the

soil.
Therefore, the principal stresses acting within the
reinforced soil mass at any depth h, if the lateral

strain, € ,of the soil mass 1is zero and as long as the

. reinforcements do not rupture are (figure 2.1.1):

9sertical = Y°b and

Uhorizontal = Ko*y-h
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FIG. 2.1.1- PRINCIPAL STRESSES ACTING WITHIN THE

REINFORCED SOIL MASS AT ANY DEPTH h
(SCHLOSSER AND VIDAL. 1969)
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FIG. 2.1.2- COEFFICIENT OF EARTH-STRIP FRICTION
{(f = tg¥) FOR LEUCATE SAND

(SCHLOSSER AND VIDAL, 1969)1
. :
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with Tvertical - = principal vertical stress
g = principal horizontal stress
horizontal - , .
vy= unit weight of soil overburden

h

depth ‘ i -

Ko

coefficient of earth pressure at rest

The composite earth mass is said to have gained cohesion
along the direction of the reinforcements which 1is

proportional to the tensile strength of the reinforcing

inclusions.
Schlosser and vidaly (1969) concluded that if
reinforcements are properly placed and designed, any

shearing and sliding within the earth can be prevented, so
that the whole aass behaves like a solid having cohesion and
able to support its own weight as well as important external
forces. | -

’

The design and construction of reinforced soil structures
I

are governed by three basic . requirements:

1. friction (adherence) between earth and reinforcements

without any sliding, allowing a transfer of forces
between.the soil grains and the reinforcing strip

2. support of tensile forces by the reinforcements and

gupport of the compression and shearihg stresses by

Fl

the earth mass
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3. presence of a skin element to prevent the seil_élose

to the boundaries from flowing out. o
The.coefficient of earth-strip friction f, was defined by
plotting on { Tt u) axes the points-corresponding_ to the
‘peaks of wvarious shear stress-strain curves obtained from

direct shear tests between the granular material (Leucate
o 3

- .

sand) and reinforcing stripé.
These points fall onto a straight line throdéh the origin
for specific reinforcing strips and granular material at
different values of tﬂé normal stress (o). The slope of.
this line corresponds to the friction I coefficient
(£= tan ¥ ) between the strip and the sand (figure 2.1.2).
<

4
2.1.1 Design of a reinforced soil wall ' -

For an elementar; reinforced soil wall composed of-
horizontal strips and retaininq an horizontal backfil;,
Schlosser and Vidal (1969) stAte that the stability of such
-a wall depends on both the internal and external sfgbility'
of the wall.

The external stability is governed by the soil mechanics
analyses which are usually performed for any retaining wall,
such as punching, overturning, sliding on its base, general
sliding, etc., 1if the stfucture is gonsidered és a rigid

body.
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Failure of ~the wall 'structuke can occur due tb its
internal instability either by lack _6£ adherence of the
strips or.By insufficient widﬁh.of the Qall (length of
reinforcing strips), or. by failure of strigs_under tensilé'
forces.

The analysis' and‘design of a reinforced soil wall was
performed = by Schlosser and Vidal (1969), first, by a
transposition of Coulomb's method for the computation of
active or passive'thrustiactihg on a wall and, then, by a
derivation from Rankine's method. | .

Coulomb's method is 1illustrated in figure 2.1.3 and

yields a tensile resistance for each reinforcing strip of:

¥

. 2 .
i n_ Kavy {aH} o 2
Ti . o+l = {1 Ka 'r. {aH}

The internal stability of the wall is insured by checking
that each strip tensile force is smaller than the frictional

resistance of the corresponding strip-bed:

&ensile resistance at each reinforcing strip =

L

number

£
jug
m
L1
14
3
[y
L]

-1 = strip-

n = total number lf strip-beds

* .

Ka= coefficient of active earth pressure which is
' a function of the internal friction angle (#4)
Ka= tan? (45°- ¢/2)



15_
¥y = unit weight of overburden soil mass
M= spacing between two strip-b;ads
R.< earth reaction acting on the plane AC
" Rankine's method is illustrated in figure 2.1.4 ;;:%.
yields a‘teﬁsile resisténce in the étrip-bed number 1 which

is approximately identical to Coulomb's method:
2
T, = (i-%) Ka v {aH}

b -

‘Schlosser and Vidal (1969) concede that the two design
methods are . based on simplified:assumptions and that the
design o{ a reinforced soil wall must be checked on model
tests or by observations on actual structures. Also, the
exact sufficient length of the reinforcing strips still
remains -undetermined. |

In practice: to prevent internal failure, rectangular
distributions‘of the strips in the case of very high walls
are'rgcommended (L= 0.8 H). For lower walls,istrip lengths
larger than the height of the wall are suggested.

Finally, Schlosser and Vidal (1969) indicate that the

bagkfill must be granular in nature} or onl} slightly.

‘cohesive (less than 15% of grain size distribution paséing

sieve no. 200), in order to pfovid§ the reguired adhesion
between reinforcing strip and soil grains.

Y
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FIG. 2.1.3- ANALYSIS OF A,REINFORCED EARTH
WALL USING LOULOMB PRESSURE
{SCHLOSSER AND VIDAL. 1969) '
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FIG. 2.1.4- ANALYSIS OF A REINFORCED EARTH
WALL USING RANKINE PRESSURE
(SCHLOSSER AND VIDAL. 1S$69)
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2.2 LEE, ADAMS, VAGNERON (1973)

Lee and his co-workers published in 1873 an analysis of
Reinforced Barth walls (Lee et al., 1973). 1In analysing the
stresses and designing the reinforcing elements, - it was

assumed that the lateral earth pressure against the wall

increased linearly uiqﬁ depth (figure 2.2.1), and at any

depth, d, below the surface it is equal to o, = Karvd, in
which Ka= tan? (45°- ¢/2),
As was stated previously, the reinforcing strips or ties

must be strong enough to prevent failure by breaking in

tension” and they must also be wide, long, and have

sufficient friction to prevent failure by pulling out.

Lee get al. (1973) followed «classical retaining wall
~design methods for their analysis of Reinforcing Earth
structures. In order to calculate the maximum stress

developed in the ties, three approaches were used:
i ) ,

1. Rankine method- which considers the equilibrium .of a

single representative critical element of soil at any

' depth ¢
2. Coulomb method- which considers the overall
stability of the entire wall
- a) Coulomb force method- the total force due to the

active earth pressure over the entire wall is
equated to the sum of the forces developed in each

cf the n ties just at failure

-



/
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b) Coulomb moment method- the sum of moments abouf

the toe are eguated.

2.2.1 Tie failure by rupture in tension

.

Lee et al. (1973} assumed that the tensile forbe
developed in any tie'increases from zero at the free end to
a maximum at the face of the wall, with the maximum force
increasing with depth.

Therefore, by the Rankine method, the maximum tension

force, T, for any tie 1is:

T,=KaydXy and,

T = Ka-y HXY S
max

where X and Y are the horizontal and vertical spacing of the
ties and H is the total height of the wall.

The calculated value of Td is used to determine the
required cross-sectional area of the tie at ‘that depth after
allowing for a factor of safety and for corrosion.

The Coulomb force method gives a maximum force which

occurs-on the lowest tie and 1s equal to:

¢ e A et "

et madr
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Finally, the Coulomb moment method givés a maximum force

T ax equal to:

max n“-1
For a large number of layers (n),' all three approaches
yield approximately the same maximum force. Therefore, the

" factor of safety against yielding or failure of the tie is:

g wit
- Y
sy Ka y H XY
where oy = yield or failure stress of the tie material
- .

wkt= cro?s—sectional area of the tie

(width*thickness)

2.2.2 Tie failure by pulling out

Lee et al. (1973) "assumed that the effective length,L',
of the tie which resists the pullout force .equals the
portion of the total lerigth extending beyond the zone of
active Rankine failure bounded by plane BC as in figure

2.2.1. . .
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The total frictional resistance of a tie at depth d is
given by:h

Fr =2 "wyd tan ‘u

in which w= width of the tie and ¢u= the angle of
frictional sliding resistance between the soil and the tie..

Therefore, the Rankine method yields the total earth
pressure forée acting on the wall over the area that is

supported by one tie as:

giwing a factor of safety with respect pulling out ét‘

depth d of:
2 L"w tan
F =
. s¢ X ¥ Xa
Assuming ties of constant ldngth, the most critical
condition oécurs at the top where the length. L', behind the
failure plane 1is a minimum. This assumption allows the

determination of the required total length of the tie which

would be:

g e

=l e
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On the ¢ther hand, the Coulomb methods yield a maximum

frictional resisting force, for ties of constant length L

of: .

o _ ‘
P =2y Ywtan ¢ Y il - (a-1) Yean (45°- ¢/2)]
. T u {=N .

4

wvhere i= summation index counting the number of ties
beginning from i=1 at the top to i=n at the
bottom - |
and N= value of i for the first ?ie from the top

to extend beyond the plane BC.

The Coulomb force method giﬁes a factor of safety against

pullout of:

¢ 4 . n .
- 4 Y w tan ¢, gNi[ L-(n-1) Y tan (9?'- $/2)1
8¢ Ka H< X

F

and the Coulomb moment'method gives:

n .
12w Y2 tan ¢ P (n-1) 1 [ L-(n21) Y tan (45°- ¢/2))
8¢  Ka HJ X 1=N

F

v
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In comparing the three approaches for tie pullout, Lee et

al. (1973) find that the Coulomb force method computes the
shortest length of tie, wheréas the Rankine method leads to
the longest tie, and is therefore the more conservative
(figure 2.2.2).

From ;his analysis, it can be concluded that the first
step in the design procedure of a‘reinforced soil wall is to
assume a set of dimensions, and then calculate the max imum

tensile forces in the ties. The next step is to compare

these forces with the tensile strength of the ties to ensure

adgquate‘safety against breaking. Finally, the length of
the ties must be checked to ensure adequate safety against
the possibility of failure by the ties pulling out of the

kfill. r
backf1 F

v

)

b — -
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2.3 BANERJEE (1975)

Banerjee (1875), demonstrated that the sum of tensions in
'the horizontal reinforcing~ strips, which 1is produceé by
friction, opposes the pressure from ﬁhe earth mass, thus
maintaining equilibrium.

Using Coulomb's wedge analysis, Banerjee (1975) proposed
that bond failure ékrthe. reinforcing sfr{ps can- be measured

by the following expression:

e
IT = N A_F or,
b
IT=¢ NLb[ ¢+ (yH + P;) tan ¢ ]
where IT is the summation of tension in the reinforcing
ties

N, the number of tiés.:
* A, the cross-sectional area of‘the ties
F the ultimate tensile stress of the ties
v. the coefficient of friction between the
soil and the tie

L, the length of the ties

"b, the perimeter of a tie F
¢, the apparent cohesion of the soil
and P is the uniformly distributed surcharge load.

¥
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Subsequent analysis by Banerjee showeéd that tﬁe total
slidin§ force P is a function of P, - the surcharge load and
8, the angle between the wall facing and the failure

surface, and can be evaluated by: . .

P=(1/2 YHE2 +P H) sin 8 :

and the total resisting force F can be expressed as:

F= (1/2 7H2+P°H)sinBtanBta:x_¢+(couBtan¢+sinB)ZT

o+ ¢ H sec B -

Hence, the factor of safety is determined by dividing the '

_resisting force by the sliding force.
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2.4 AL-HUSSAINI AND PERRY (1978)

*-Al-Hussaini and Perry developed a design procedure in
1978 for reinforced soil walis, based on large-scale models
in the field. = Assuming Rankine failure in the soil mass,
the bressure distribution along the face of the wall 1is

linear with depth and can be expressed as:

- Gh'Ka (q+yd)

in which q is the surcharge pressure.

As previously stated, to:ensure,the internal stability of
a reinforced soil wéll, the reinforéing ties should not
fail in tension or pullout due to lack of fricticnal
resistance under applied loads. - |
The design Eriteria for ties breaking in tension was the
. one proposed by Lee et al. (1973) which was bresegted in
section 2.1.1. | \

In the case of failure by tie puilout, Al-Hussaini and
.Perry (1978} differed from Lee et al.(1973}) by using only
the portion of the tie beyond the point of maximum tensile

stress as the effective anchorage.
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. The shear stress distribution at the initial active
_failure is determined from the siope of the tensile stress
distribution curve as shown in figure 2.4.1, and the total
effective frictional force along the reinforcing tie, T,r N

is:

‘/ . T,=2w @31 ) = 4/31 Lw

4.

where T  is the maximum frictional stress along the tie, L
L

is the effective length of the tie, and w is the width of
the tie:

The factor of safety against pullout fa?luré, Fsp is
defined by Al-Hussaini and Perry (1978) as: :

where e is the shear stress between the tie and the

surrounding soil at failure.

Therefore the resisting force due to friction, Te, is
H
expressed as: ;r
tan ¢ _
'1‘e = 4/3 wl (qg+ vd)
F
, 8p -

x5
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LZB
with ‘u being the angle of frictiﬁn between the réinforcing~
tie and }Qs\iffrouﬁding soil as obtained by direct shear
tesSts. .
' By combining the maximum tensile force equation,'rd .
which was deQeloped by Lee et al.{(1973) (section 2.2.1) with
the above gduation for fhe resisting'}orce due to friction,
Te, and assuming that Rankine active eafth pressure exists,

Al-Hussaini and-Perry (1978) obtained the‘foL{oﬁing equation

for factor of safety, F;p, with respect to tie pullout:

4 L
w tan ’u

8P IRaXyY . -
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/— RANKINE FAILURE SURFACE
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FIG. 2.4.1- HYPOTHETICAL STRESS DISTRIBUTION ON
o THE FACE OF THE WALL
(AL-HUSSAINI AND PERRY. 1978)



2.5. IWASAKI AND WATANABE (1978)
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In Japan, Iwésaﬁi and Watanabe (1978) analysed railéa§
embankmehts reinforced with nets of syﬁthetic resin. Figure
2.5.1 illustrates the.étability .analysis of an embankment
with and diﬁhout‘reinforcing nets.- |

Assuming planar sliding, the earth pressure P acEing on
plané OB in an unreinforced embankment can be expressed as

folloﬁs:

’

P = (W +W) tan (8-¢)

where “L denotes the surcharge load, UB is the weight of 'the

triangular soil block AOB, 8 Lg thé inclination of the

surface AB, and ¢ is the angle of internal friction.

at

The resistance Rs of soil block OBC against the earth

pressure P is expressed as:

R.= (v/2) B2 "cot a tan ¢

e

with a being the inclination of the slope. ”

Therefore, the safety factor for the élope‘is expressed'

as: .

FS = R'/P
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In the case of the net reinforced embankment, the

resistance X of the net against sliding may be given by: -

-
L]

Rn-2f((WL/B)+5§YH) L1+L;YHL2

where f denotes thelcoefficient of friction between the soil
and net, B is the width of the surcharge footing, L, is the
lengtﬁ of net which 1s }aid behind the slid}ng surcharge and
‘bears the surcharge load, and L, is the residual length of
net behind the sliding surface which does not bear the

surcharge load.

?

Hence, the safety factor for the net reinforced

embankment becomes: ’

+



P = tan(B-® (W + W)
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FIG. 2.5.1- STABILITY ANALYSIS OF SLOPE WITH
AND WITHOUT NETS
(IWASAKI AND WATANABE. 1978)
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2.6 ROMSTAD ET AL. (1978)

Romstad and his . co-workers developed a finite element
failure model for reinforced soil structures which.allows.
the deiermination of failure surfaces and critical heights
for field prototype conditions. -

The equation used in the determination of the factor for

cohesionless material at specific locations is given by:

FS = 2 g3 sin ¢
(0’1—0’3)n(1-sin¢)

The idealized failure surface derived from the finite
element studies is illustrated i§~ figure 2.6.1, along with
the maximum_hresultant normal and shear forces at collapse
due‘to failﬁre'along the selected surface. This surface can
be divided into three components, a rectangle and two
triangles. |

Ahalysing the induced forces on the failure surface
Romstad et al. (1978} determined the resistance capacity,
Sr,-of the soil. This capacity to resist the applied shear
forces is a function of the frictional capaciﬁy of the soil,

the resistance of the reinforcing sﬁrips and cohesion of the

soil material, and may be written as follows:

S = +
. ClI'.'Z C2L3 + sttan ¢1 + NBtan ¢2
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C, and Cz represent the cohesion of the reinforced soil
and backfill material respectively, ‘1 and ¢, the

associated friction angles and N the <esultant normal

2s '
force on the soil in the reinforced scil mass.

The strip capacity per unit width of seil, T_, assuming
the failure surface passes through the end of the strip at

level n, is determined by the equation:

3 XY

Ay is the cross—sectiqnal area of the strips, 'ry is the
yield stress of 'the strips and X and Y are the horizontal
and vertical- spacing of the reinforcing strips respectively.
The above equation is obtained if the strip reinforcement
capacity is not treated at discrete points but averaged over
the vertical height through which‘the,failure plane passes,

After some mathematical manipulationss. a nondimensional
parameter xy/xn may be obtained which incorporates all the

design values reqguired in a Reinforced Earth wall.

> -
1+ BL o _ + B/L _ 4R 1, _ C
tan 0, tan @ tan 8y B/L} '
2 .

:’N L‘N
]
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xy/xn is a .ratio'of the height of the reinforcing séfip
being examined over the height at which a chénge in slope‘is
encounte;ed in the fqildre surgaces B, .
Therefore, if significant yielding of.the reinforcement

at failure is desired, the design criteria becomes: -

H < S ¥
2wfylL2

i

whére f is the coefficient of friction between the soil mass

and the reinforcement,



i
H

FIG. 2.6.1- MODEL FOR PREDICTING'WA,LL HEIGHT
- (ROMSTAD ot e!l.. 1978)
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2.7 SMITH AND WROTH (1978)

Stating that current methods are1 based on either
empirical rules, or unsupported theories, Smith and Wroth
(1978) conducted an experimental study of model reinforced
soil retaining wallé to develop 'a more rational method of
design, -

The model walls were tested in a 200 mm wide glass-walled
tank and the structures were built up until collapse
occurred. .Radiographs were taken to illustrate rupture
surfaces after failure and to monitor displacements and
strains durihéiconstruction. In a narrow tank, it 1s
possible that the frictional force exerted by the side walls
may be significant, gherefore adversely affecting the
expéiimental resﬁlts. Dense sand was used as backfill
material and all model structures were tested at very low
stress levels.

2.7.1 Failure as a rigid block

L}

For a wall with densely packed reinforcements, Smith and

Wroth 1idealized the reinforced zone as a rigid block.
Extending the work of Smith and ﬁransby (lQ?GTT Smith and
Wrotﬂ {1978) ana%yzéd the structure by considering a Coulomb
wedge act{ng behind the reinforced block. Figure 2.7.1
éhoﬁs an_exploded section through a reinforced soil wall.

-

N
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F16. 2.7.1- FORCES ACTING ON WEDGE AND. REINFORCED

ZONE AT FAILURE
(SMITH AND WROTH., 1878)
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The reaction Q, between the wedgé and the reinforced zone
is found by resolving forces horizontally and ve;tically'fbr

the-wedge ABE. Q can be expressed as:

e

_1/2 y B2 can 8
cos &' tan (8 + ¢") + sin ¢’

Q

All parameters 1in the equatioﬁ afé illustrated in figure
2.7.1 and have been defined previously.

With the base DE of the reinforced zone exerting a normal
force N, act}ﬁg a distance x from E: and a shear force S on.
DE, two possible failure mechanisms may occur. Firstly,
failure may occur by sliding of the reinfo;ced block along

the plane DE, when

S= N tan ¢
‘r .
Secondly, failure may occur by overturning of the block
» . -~ _ :
BCDE. In investigating the possibility of failure by

overturning, . assumptions concerning the points of action of
tﬁ;'forcesﬂon the base DE and éﬁe back BE of the reinforced
zone must be made. _ |

Using 1§ad-c$lls,'5mithuand Wroth (1973) getermiﬁed Fhat
the point of action of the force on the base when the wall
fails is at the mid-point of‘b?, and that the force Q acts
at a height of H/3.
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Furthermore, Smith and Wroth f197é) assume that the force

R acts at a height ;f H/3, and the lines of action of the

forces R, W, and Q pass through the same point on AE in
order to satisfy equilibrium conditions.

Hencé, the height of action, .y, above péint E of force Q

-is given by:
y=1/3 B (1 - tan 8 tan ¢')

Thus, by substitutinglihe estimated values of @ and ¢
in the above eguation, tge ﬁeight of action,. Y, can be
, evaluated as a fﬁhction'of the heighf'éf the wall. |

Finally, by taking moﬁents about point E and substituting
for forces 1‘and£Q, an expression which relatgs the failure

héight of the wall to the length of the reinforcements is

found:

Y g

H _ 0.5 y tan 8 sin ¢ or,

; L 0.16 vy tan & cos ¢

H = 3.125 tan ¢ L



2.7.2 Failure analysis by block movement

According to Smith and Wroth (197é)r\ the reinforced zone
cannot be treated as a single block for wall structures with
reinforcements that are short and wide or long and thin, An
“alternative analys;s, which is an adaptation of Lee et al.
{(1973) and Bolton et al. (1978) was suggested for the

determination of the height of failure. The factor of

safety of a reinforced wall structure is given by:

w L u
Ka Y X (1 +(Ka z2/12))

FS =

. -

where w ﬁnd-ﬂ are the width and lenéth of the reinforcing
strip, u is the coefficient of fristion and z is the depth
of the reinforcement. Ka, X and Y have already been
‘defined. ’

The above expression permits the 'calculation of the
factor of safety at diffeéent heights of wall for fgilure by
the tie pullout mode. If failure occurs with ties breaking,

the maximum possible force in a strip is now 1its breaking

strength and the above'equation becomes: g

T
KaYz XY (1 +(Ka z2/12 ))

F§ =

where T is the force required t¥® break a strip.
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" Unlike Lee et al. (1973),_. Smith and Wroth (1978f find

that the maximum tension -in the tied occurs in . the lower

levels of reinforcement. ’ T

Smith and: Wroth (1978) observed'a change in direction of

the main rupture surface at the back of gﬁe reinforcement

_ione and greater vertical displaceméSEs " behind -the

reinforced zone for walls with = short  wide

réinforceﬁent.ﬁence,V Smith and Wroth undertock to examine

the overall equilibrium of a reinforced earth structure by

the simple Coulomb method of cpnsideriné block , movement.
.

Overall equilibrium methods are thought to be more realistic

than local eguilibrium méthoas for pullout failure.

.<XA§\;hown in figure'2.7.2, the area of sand that moves is
‘divided into two blocks, with the boundary surface BE

situated at the back .of the reinforced zone.

Using the velocity diagram in figure 2.7.2, the fqrdes

acting on the reinforced block BCDE are its ‘weight W, the
reaction Q from Block ABE, the reaction R acting on the
plane ED, and the total tension in the reinforcing strip§

extending beyond ED, IT.
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Solving for.wertical and horizontal forces:

W+Qsin ¢' = Rsin (8+ 4"  and,

IT = Rcos(8 +4') +Q cos ¢'

]

‘The maximum possible. totalrforce exerted bQ the str%Ps,
IT* is the produck of the total'ﬁurface area'e;téﬂﬂfgaf;aSt
DE, the normal stress, and the cpefficient of- fricfion
betﬁeen the soil and the reinforcement. Hence, the factor

of safety becomeé:
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F&G. 2.7.2- FORCES AND VELOCITY DIAGRAM FOR WEDGE

AND REINFORCED ZONE AT FAILURE
(SMITH AND WROTH., 1978)
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2.8 SCHLOSSER ET AL. (1978-79)

Ih a series of articles and papers, Schlosser et al.

investigated the behaviour of reinforced soil structures -

using models and full scale experiments.

The reinforced structure 1is divided into two zonés, “an

active zone, where the friction between the reinforcement
and the soil tends to pull the reinforced mass towards the
wall panels Qnd a passive zone, where friction permits the
anchorage (adherence) of the reinforcing element (figure
2.8.1). The tensil; resistance developed in the reinforcing
strips varies along the length of the strip, with .a maximum
value being reached at the junction of the two zones.
Failure of the structure by lack of adherence between the
reinforcing element and the earth backfill (pullout) is
prevented by ensuring that Toax ¢ the maximum pullout force

respects the following expression:

L.
!
T € 2w f* g dL
max v
L-L
a
With the apparent coefficient of friction,f*, between the

element and the earth backfill beiné defined as:

Y
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where w is the width of the reinforcing element, L is the
length of the.element, L. is the length of adherence,and h
is the depth of embedment . |

For the ribbed Reinforced Earth strips, the apparent
coefficient of friction varies with depth of émbedment, y,
and iqternal angle of‘.fr{ctltmﬁ\‘¢ E according. to ' the

formulae:

-

f* - £ * (1- y/yo ) + tané y/y° for y¢ Y, ™ 6 m, or

£* = tan ¢ | for y>y =6m

£ * being the coefficient of friction at ;Be surface of the
fill which depends on the coefficient 6f uniformity of the

backfill, CU =Dgg / Dyy.

fo* = 1.2 + log CU

if CU is unknown, f * is assumed to equal 1.5,

9

-t

Jufan and Schlosser (1979) presénted a new design method
ﬁhich\consists of sfﬁdying the eqguilibrium conditions of the
active zone, limited by a potential slip surface (circular
or logarithmic spiral) which ﬁeveléps within the soil along
the locus of the nMax imum tensile forces in the

reinforcements.
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The design method allows the determination of the.lqcus
and the determination’ of the maximﬁm tenéile forces in-thé
reinforcing elements. This determination is essentially
different from the classical limit analysis design methods
which are derived from. theories of plasticity-and. assume
straight line slip surfaces (Couloﬁb). |
. Experimental observations of full scale structures and
models lead Juran and Schlosser (1979) to adopt a
logérithmic spiral shape to iink the maximum tensile points
on the reinforcipg'elementé.This spiral is prthogdnal to the
surface and passes through the toe of the wall panels
(figure 2.8.1). ) '
- Thus, the analysis yields an expression for the>maximum

pullout force, T :
max

T = KayHXY -
max :

-

Furthermore, the critical height, Kc, of the reinforced

waillcan be evaluated, first, for failure by tension of the

Feinforcing strips:

B = (R)/ Ka y XY

-

R, is the resistance of the reinforcing element to tension,

secondly, for failure by lack of adherence:

tan B < 2 f*

“ g
"
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The width of the active zone, ‘D, in the earth structure

can also be determined by the proposed design method:

D= [M]H
;00

Schlosser and Segrestin (1979) applied the design method
to reinforced s0il walls subjected to concentrated
surcharges (strip footings), using superposition principles,
that is, calculating separatiy the'maximém tensile forces in
the reinforcing elemen:sA due to thé self-weight of the
structure and the concentrated surcharge.

The design method yields satisfactory results if the
verﬁical'stress reSuiting from the surcharge is assumed to
disperse . unifdrmly on an area boundéd by 1:1 dispersion

lines instead of the usual 2:1 dispersion.
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2.9  OSMAN, FINLAY AND SUTHERLAND (1978)

In 1979, Osman et al. proposed a meghod ~of analyé&s
which has been ‘designated as the Energy Méthod. ‘It is based
on a consideration of the equilibrium of the external work
due to earth pressure and the internal étrain energy storgd

“in the reinforcing ties, and can take into account:

1. ‘the effect of tie length on the magnitude of tension
2. the variation of tension along a particular tie and
the distribution of tension in the ties with depth

]

3. the deflected shape of the wall facing
Assuming that the external work done is stored in the
ties as an elastic strain energy ,which can be calculated if
. y
the tie tension distribution 1is known, the following
expressions were obtained which  permit the direct

calculation of various parameters in a rapid and convenient

manner. All variables have been previously defined.

Maximum tension in tie at depth h,

T £ xa?.5 ynuxy JH-h
L

-

F

Maximum tie tension in wall,

B KaleSs vy XY Hl.s
max 9L



,

Critical wall height, B,

-

. . l ’
0.67
- H_ - t /9L
YXY 8 Ra2-5 /

and the safety factor against tie .pullout is:,

2w f LS .
XY /6 Ka%-5 (H - h)

' . . . -

FS =

2.10. KENNEDY, LABA, MOSSAAD (1980)

b Y

Kennedy et al. (1980) presented an analytical method to
estimate the force distribution along the reinforcing
élements and the forces transmitted to tﬂé facing of a
reinforced earth wall subjected to a surcharge strip load.

Working from the basis that éhe case 6f a reinforced soil
wall lies between that of a ‘semi-infinite -solid with a
horizontal surface and the case of a convéntional rigid
retaining wéll (figure 2.10.1 a&b); the horizontal pressure

on a reinforced soil wall is defined as:

’

(2 ~-R) q (B - sin B cos 2a)’

Y

s
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jn.which q is the surdha{gfzﬁtrip load, B8 is the angle of
visibility from a specificjgoiht on the wall facing; .a is
the angle between the vertical and the pisggtor of angle B8 ,:
and R is a reduction factor, dependent qspﬁ the stiffness
characteristies of the backfill and the reinforcing

elements.

B yackfilr

R =
: .. :
(AEt) backf1ll’ + (AEt) reinforcing element

!

wﬁere-A is thé cross-sectional area and ‘g is the tangent
modulus of elasticity (Rennedy et al. 1980).

From this analysis, a maximum fénsile for;é, Tn‘xf
resulting from the surcharge strip load is applied to each

reinforcing-element and can be determined by the following

equation:

T - g

max ]nx f,

in which Y and X are the vertical and horizontal spacings of

. . §
the reinforcing elements.
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furthermore. Kennedy and his co-workers divided the soil

mass into two major zones, the resisting and active zones
(as in figure 2.4.1). The -frictional forces exerted by the -

-soil on the reinforcing  rip are mobilized away from the

facing in the resisting ;zié\ and toﬁards_the facing in the

active zone. Therefore, the force'exerted on .the facing

(figure 2.10.2), T , is estimated by the following eguation:

I' - T-ax - (ATIAL? (adb)

where ab is the length of the reinfording element and AT/ AL
is the rate’ of change of the tensile force T with respect to

[ ]

the length of the reinforcing element L and is equal to:

AT - .
. JaL 2wy %,

in which w is the width of the reinforcing element, u is
the actual mobilized coefficient of friction between the
reinforcing element and the soil backfill and o 15 the

uniform vertical stress.
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FIG. 2.10.1 (a)- PRINCIPAL STRESSES IN A SEMI-
INFINITE SOLID DUE TO SURCHARGE LOAD
(KENNEDY ot al.. 1980)

v

FIG. 2.10.1 (b)- LATERAL EARTH PéESSURE ON A RIGID
RETAINING WALL DUE TO SURCHARGE LOAD
(KENNEDY et ol.. 1380) '
| ' -
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IN A REINFORCING ELEMENT
(KENNEDY ot al., 1S80)
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2.11  TOBUTT (1981)

D,C. Tobutt adapted the Bishop slip circle method -~ to
analyse reinforced embankments. Tobutt (1981) contends that ~
the résistance moment of the reinforcement about the circle-

centre; M_, can be added, by superposition, to the existing

rl‘
resistan¢ce moment of the unreinforced embankment figure '
2.11.1) .
‘ '
Thus, the Bishop expression for the factor of safety of a

reint

ed ehbankment becomes:

f'h + W - r,} tan ¢’
cy .RZ cos & , tam ¢' sin a r )
FS
a s " Rz: Wsin a

* .

“¥here W.is the weight of-a slice, R, the radius of slip

circle, c¢',/ the cohesive.strength with regard to effective
stresses, s\.. the slope of the base of the slice, r, the
porewater pressure ratio and b, the breédth of a slice, *
The reinforcément - resistance moment M_ is calculated by
finding the allowable tensile forcé for ‘a givén layer of

. : ¢, .
reinforcement (lesser of the actual ultimate tensile force-g’

and pullout force) and multiplying it by the vertical lever- .

arm +to- the centre of the circle,* similarly. ‘for all*™
reinforcement layers for which the indivjidual resistanc

momeRts are Ssummed.

3 . . .
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2.12 VSL RETAINED EARTH (1981)

-

The VSL Forboration’ has developed an alternative soil
'reinfo:cemen; system based on bearing raﬁherlthan friction.
The reinforcing element is a galvanized welded w{fe -mesh
‘{figure 1.3.1 b) which uses the bearing pzésSure developed
along thé pgojected .area of the crossbars and transfers it
from the soil mass to the longitudinal bars, thus developing
tensile férces in these bars. T

The electrically welded wire mésh has an ultimate tensile
sérength of 75 ksi (517 MPa) with a bar diameter which
varies from 3/8" to 5/8" (9.5 to 16 mm} and with grids of

_6"x24" (.15m x .6lm).

‘The backfill material used in the reinforcing system
should not contain more than 15% pf soil particles passing
s}eve no. 200. The angle ‘of internal fric;ion should
approximate gﬁ.degrees and the fplasticity index of thé goil

. should be less than 6 ¢Al-Yassin 1980).

The stability analysis of a Retained Earth structure is
two-fold as in the Beinforced Earth s?stem. First, the
external stability of the structure must be investigated

for:

1. sliding at the base of the structure
2. punching of the foundation soil’

%

/

4

: ySL Retained Earth is a registered trademark of ' ‘the VSL
Corporation.

-~
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3. settlement ‘ ' 2
-4, .general slope failure |
' i
Factors of safety are kept above 1.5, with the factor of

safety for sliding at the. base of the structure being

determined by the equation: *
YyHtan ¢ L
FS = u 3 1.5
% Ka vy B2

L being the angle of interface friction at the base and L,
the length of the reinforcing elements.
~/Second, the internal stability of th® structure is

investigated for:

1. pullout failure
“2. tensile failure of ‘the reinforcing elements
o v
The factor of safety against pullout is determined by

dividing the puilout resistance generated by the reinforcing

element by the maximum force developed in these elements,

+ Roax {(figure 2.12.1).

pdb U%/ad-l) ‘ :

FS =
) T
max

where , p=Y hi‘c : . S

r-‘



. 60

with A being the anchorage factor, . " ¢

Y max

cvclb N

Thus, giving a factor of safety against ag}&out of:

. dbyh, §c((Lb/l)+ 1

T )

FS =
max : . .

p = maximum bearing resistance developed
against the crossbars

= anchorage factor

diameter of the reinforcing bars.

width offthe reinforcing mesh

P
length over which beaFing is considered

v T e >
1]

spacing of the crossbars /
Y = unit ﬁeiéht of soil backfill
h, = depth of reinforcing lafer

P = maximum pullout load

0. = normal pressure

"N = number of crossbars
[ Y N -
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~ The factor of safety against failure by tension -of the

reinforcing members is calculated, by the following
<t

expression:
: ¥ (a)
FS = _911 8
T
max
where F_,; = maximum allowable steel stress '
(42% of yield,‘based on corrosion studies) ‘

(a), = cross sectional area of longitudinal -

bars per reinforcing panel
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2.13 TENSAR GRIDS (1982)

63

. ! | '
Tensar® high tensile strength grid reinforcing elements
are produced frpm; polymers which are resistant to chemical

substances normally found in soils. ' The Tensar grid, which

is a product of Netlon Limited, is an alternative to the

reinforcing stfips used by the Reinforced Earth Campany.

’The technique can be applied to the construction of

. : . . < ) '
reinforced embankments, reinforced soil retaining walls and

many other earth structures.

2.13.1 Reinforced embankments
. . "? ’ B Lo o
The factor of safety of an embankment. can be evaluated,

*

assuming sﬁ;?r failure in the form of a <circular slip, by
dividing the resisting moment developed in the embankment by
;he' disturbing moment caused ﬁy its self-weight and ahy-
surcharge|ioad. - |
Whenever the ‘caiculated factor of safety is below the

requifed value, the resisting moment can be supplemented_bf
the inclusion éf_reinforcement in ‘the form of Geogridé, laid
in horizontél layers in thé zone of weakness, to intercept

the shear plane (figure 2.13.1).

-

. K
i}
L4 -
\/_\_,:-/-\ v o ' . " ’
* Tensar is a registered trademark of Netlon Limited. o
L ; i
- ) . ,!..._J s Y

‘ } ) . R :
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Hence, the factor of safety becomes:

(SLR) + Ty

FS = .
‘ Vx-qu' v

where S = shear strengthréf the soil
| L = length of the slip plane
R = radius of the slip circle
- W = weight of earth mass | .
x,e'= horizontal lever arms about centre of rotatibn
PR . R
q = surcharge
T = tensile force supplied by reinforcing-grids
kN/m per metre width of reinforcement
y = vertical lever arm about centre of rotation

from the centre of gravity of the tension zone

The tensile forces in the reinforcement , are effectively-
transferred to the soil by mechanical interlock as 1in
reinforced concrete. Mechanical anchorage on both sides of
thé: grid has been_indicated by pullou tests and direct
shear box experiments, hencé the g{jp length, L, i defined

by the following expression:

L= —— FS
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wher'e"l'1 is the actual tension in the grid layer and u 1is

.the coefficient of friction between reinforcement and soil,

varying between Q.5 and 1.0 depending on soil type and.grid.

type.

. . Q\
2.13.2 Reinforced earth walls

Utiiizing horizontal grid reinforcing 1layers in- wall

structures a5 illustrated in figure 2.13.2, the horizontal

pressure P, applied to the wall facings at any depth -h, -

ignoring the effects of friction between the soil and the

wall issu

-

: . l-sin ¢
where Ka 1+ sin ¢

Thefefore, the tensibd T, to be resistgd by reinfpréement
at depth - h with a vertical spacing d between reinforcing

layers is: o , ' -

T =Ka (Yh +qg) d

P, - Ka (vyh + q) ’ f oo
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© Assuming ‘a granular fill of Known density and shear.
resistance angle, the facforlof safety against pullout for
each reinforcing 'layer is determined by the folloﬁing

* "equation:

] . .

i
FS Ka (yh + q) d.

T, being the permissible tensile strength of the polymer

égid. Futhermore, the grid lengths, L, -can be evaluated:

+
-

W

(FS) T, | N

L=
2 (yh + q) u tan ¢
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Chapter 111
DESIGN PARAMETERS

ad experimental ﬁrogram of model testing was undertaﬁen
in " the years 1981 and 1982 "in order. to inQestigate' the
behaviour of reinforced soil  structures utiliziqg stééi
wire mesh reinforcement. o
The program included: ? “
1. pullout tests of differeht réinfbrcing elements

. .
2. triaxial compression tests of wire mesh reinforced

samples
3. large-scale’ models of wire mesh reinforced
embankments ' ’

. 4. large-scale models of wire mesh reinforced walls -

The following chapter describes and analyses the design

parameters used for each specific test. ‘ !
_ ) _

3.1 SOIL CHARACTERISTICS i

.

As the backfill soil is the most crucial parameter in

'such a testing program a single soil type .was selected for
! . ‘

3ll” the different tests. Due to its availahility in large

quantities, a specially selected crushed silica sand.was
v [ 2

chosen for this investigation. - The silica sand was factory  °

crushed quartz, designated as Sfljca-24..__

- 69 -« - R
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Figure 3.1.1 .presents a typical grain-size distribution
off the silica sand employed in the laboratory testing. A
gryin-size analysis (ASTM D1140-54) is an attemptn‘to

P

determine the relative proportions of the different grain

sizes which make up a grain soil mass. The curve giyes a

Ll

coefficient of uniformity, €, Sf 2.0 and a coefficient of
concavity, ¢C_,, of 0.98. These coefficients permit us to
classify the soil as a relatively poogly graded , sand
(uniform). ' - |

A value of specific gravity is necessary to compute the
Yoid ratio of a soil, gnd is‘useful in defermining the unit
weight of Ia soil {(this "~ term is-E;lled "relative density",
,Pr' in the SI-System), Using Bowles (1970) definition of
specific gravity as the unit weight of a material divided by
the unit weight of distilled water at 4 degrees Celcius, the
spe&ific gravity of the crushed silica sand sample was
determined to be 2.66:

Hasnain (1974)  and Moore (1978} performed additional
‘tests in order to describe the material more fully, and

LY

determined the average coefficient of anqularity of the

crushed silica sand to be 1.52, classifying ‘the material .

once again as angular. The coefficient of angularity being‘

defined as follows:

.
J T R



vhere E =coefficient of angularity

. ‘S; =actual measured specific surface im m?/kg

S, =theoretical specific surface assuming that all

-

' grains are of spherical shape in m?/kg

Perfectly spherigal’grains would have an zc_vaiue of 1.0.

-
-

Hasnain (1974) also determined the mean sphericity of the

crushed silica sand to be 0.68 and thef roundness of the

~

' grain particles to be 0.17.

”

The last'bharactgrigtic of the silica sand to be studied

which permitted the determination of the unit weight of the
soill A maximum value of 1.66- gm/cm® (16.28 kN/m®) and a
minimum value of 1.25 gm/cm® (12.26 kN/m®) were recorded for
the unit weight of the sail. Upon further analysis the
maximuq and minimum- void ratios were é;iculated to be 1.13

and 0.61, «ith maximum and minimum porosities ‘set at 0.53
and '0.38. o

The internal aqgle of friction ?f the crushed silfca sand
was determined later Qn as part of the experimental testing

program. The characteristics of the silica sand are listed

in table 1

S ' * ) 1

was its density index, I, (ASTM p2049-69, Bowles 1970),

"
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~.

TABLE 1

¥

Charactéristics of crushed silica sand

. A S W R ER G S e N A N W T e e e e R e e e S S e S L v S e S W e e

% crushed ' . © 100

coefficient of unifoymity, C, T 2.00
coefficiént of concavity, C_ 0.98
classification uniformly graded sahd
specific gravity, G, 2.66 '
coefficient of angularity 1,52
coefficient of mean sphericity Q.68
coefficient of mean roundness 0.17
max. unit weight (kN/m?) 16.28
min. unit weight (kN/m?*) . 12.26
void ratio, e
' max imum 1.13
. \\-minimum 0.61
porosity, n
: ) ma x imum 0.53
(— minimum 0.38
3.2 TEST FACILITIES
Excluding the triaxial tests, all of -the experimental

testing was performed in the University of Ottawa 'Sandbox’.
The 'Sandbox’ 1is a metal structure measuring 15 metres in
length, 2.13 metres in height and 1.84 metres in width. The
hgigﬁt for testiné purposes 'is restricted go;l.84 metres and
the 1length of the box can be adjusted ;by introducing
temporary walls made of 4x4 (in.) wﬁod se&tions. The box
contains more than 50 tonnes of the previously described

crushed silica sand.
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The .sand mass can be Qiéplaced' and deposited 8t any
selected densify‘ by a\rotating drum spreader covering the
entire width of the box. This drum spreader, oﬁerated back
and forth on rail guides, deposits'fhe sand.particles in air
‘gry'conditions. The spreader can be compared to a raining
device uith'sand densities being ‘cslibrated b§ the drum
speed, the height of fall of the sand grains, the velocity
of the spreader along the éuide rails énd the gap or opening
between the drum and the hopper regulating the flow of sand.
A bucket excavato; loads the hopper on the spreader with
sand and removes the sand after testing is performgd to the
storage end of the 'Sandbox'. Figure.3.2.1 illustrates the

‘Sandbox' and the spreading mechanism.

3.2.1 Spreading of sand mass

Once the area required for testing purposes 1s selected,
a temporary wall_made of ;x4 sec%{ons_is installed at the
rear, of th; test .segtion to segregate the area f;om the
remaiﬁing "Sandbox ' . The wall is covered with polyethelene
sheets to prevent sand leaks through the wall, .

The opposite end of the wall is the actual testing area
and its confiquration varies depending on the typehof‘test
performed.  This is ‘discussed  further in subsequent
sections, .

With the sand base of the box levelled, the spreading

operation can proceed. Depending on the requirements of the
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specific test, " four to seven days are required for
completion of the operation. ) |
‘The density of the sand being deposited is verified by
‘calibrated density'pots.- These gpts, with known volumes,

are introduced within the sand spreading area at

predetermined height levels. ~Once filled they are wéighted_

and the‘measured urit weighf aliows the determination of the
density index of the sand aeposit at specific heights. -

All tests were performed with the sand deposited . in a
d?nse . State (Id= 95%) in order _to simulate the high
compaction of soils in reinforced soil structures.

The location of local planes of weakness u&s determined
by pushing a 3 mm diameter probe (steel rod) vertically into

.the backfill soil at a.number of points wupon completion of

the test. The location of the slip planes was noted by a

marked decrease in penetratioﬁ resistance followed by a

substantial .increase in resistance.
Once the test is performed, the equipment is dismantled
and the ‘sand mass removed. This operatigi may take from one

to two weeks to be executed. Depending on the type of test

and whether or not strain gauges are utilized, the

turnaround time between tests may vary from three to eight

weeks.

M
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3.2.2 Load frame and test footings

In the re@nforced embagkment'ané wall tééts,' hydraulic
jacks were'uiilized to simulate the loéd application of
strip footings on an earth structure. '

After completion.of the sand spreading operétion, a load
frame is installed over’the test footing locatibn to provide
a reaction for the hyd;éulic jacks. Each jack has a maximum
working capacity of 30 tonnes and the load system ig
illustrated on figure 3.2.2. 7

The footings span the width qf; the 'Sandbox' to create a
- two-dimensional loading case or a .plain strain condition in
ordgr-to eliminate friction effects from the sides of the
. gox on thé outer segments of the footings. Therefore, while'
the three footings were identical, reaaiégs were taken only
on the central éegment. Rotation of the foqting segments
was prevented by rigidly attaching the segments to the
loading jacks. .

Each “footing was loaded independently using, electric
hydraulic pumps with a constant rated -‘delivery of 196.6
‘cm’/min, independent éi> the,. applied ﬁressure. This
arrangemeﬁt permitted all sections to be displaced into the
sand at an egual rate, regardless of the load required for
;each segment.

Measurements taken on the central footing, included the
applied load; which.is read by a calibrated compression load

. cell rated at 222 kN, but with an ultimate working capacity

.
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of 444 kN and the settlement of the footing, read on a dial

gauge with a travel length of 130 millimetres.

3.2.3 Strain gauging of reinforcing elements

Whenever axial loads in reinforcing elements were
required, strain gauges were installed on the elements at
predetermined positions. " .

The installation of these strain gaugés was found to be
an exkremely slow process that réquired careful
manipulationw Once installed, the gauges were calibrated
indiviQually or as group before each load test. Calibration
was accomplished by static load whenever possible or by
using a tensile load machine and a gaﬂged sample matefial
representing the elements being tested.

To minimize bending-effects in the recording of the axial
strain, a two gauge guarter bridge set-up was used for the
installs;ion of‘ the strain gauges. Each selegted strain
ioéation has a déuble gauge set-up with each gauge being
carefully positiéﬂﬁa\\opposite the other (figure 3.2.3) in
order to obtain reliable resUltg.

For temperature compensation, a 'dummy’' gauge was
installed ' on material ~identical to the one being tested
using a half—briage connection.

The strain reading equipment was for the most part B.L.H.
.Electronlcs model 1200 digital strain 1nd1cat0rs and model

1225 Switching and Balancing units.
£
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‘The gauges and terminais vere cové:ed by géhgecoat 18

watequoofing to minimize damage caused by the displacement
~ of the reinforcing elements and the overburden pressures.

To reduce pullout resistance from the gauge wiring, the
_connecting wires were coiled and inserted into a rigid pipe
1(200 mm long) allowing the wires to be pulled/out of the

| pipe without -ofﬁering any resistance {hinevef the

reinforcing strips were displaced.

CONNECTING WIRE

/-‘ REINFORCING ELEHE[I/T\
N

) —\- {

CONNECTING WIRE T ‘ STRAIN GAUOES

. ’ FhGg 3.2.3- .TWO GAUGE QUARTER BRIDGE SET-UP
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3.3 DESIGN PARAMETERS OF PULLOUT TESTS

~fn order to examine the friction behaviour of different
reinforcing elements a ‘series of. pullout tests were

¢ . .
conducted on three types of reinforcements. From these

‘pullout tests, ' load-displacement curves  and. stress

distributions along'the'reinfbrcing elements were acquired.

The three‘txpes of reinforcement were:

1. cold rolled flat strips (original Reinfgrce§‘ Earth -
>strips) ‘
2. Reinforced Earth Company ribbed s}rips
. 3. wire mesh system

A complete description "of each type of reinforcement is
AR

supplied in chapter V.

The . maxihum length of reinforcement having been
restricted to.3.05 metres, the experimental section of the
*Sandbox' was reduced in length to¢ 3.65-metres. The width
and height of the box were kept constant ét 1.84 metres.

By using this arrangement it was possible . to perform up.
to n{ne . pullout tests on géinforciqg elements. The
vertical and horizontal spacings bet%een elements were
iéentical and set at 0.46 metre., This distance avoided any
undue inéerference between neighbouring elements.

Schematic presentations of typical pullout tests are
shown on figures 3.3.1 .and 373f2. Photographic views of a

test set-up are presented in figure 3.3.3.
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- .The pullout tests were performed at a constant rate of
.displacement requiring a special test.arrangement} The test

set-up was composed of five main components:

1. the reinforcing elemént being pulled out

2.- the connection between the reiﬁforcing element and

the pulling jack
3. the pulling jack
4. the triaxial system of compression to maintain a

constant pullout rate, and i )

5. the strain measuring system (strain gauges)

-

Components one and five having been reviewed previously,
[ . [

are excluded from the following énalysis;

&
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3.3.1 Pullout coﬁpection

Connections had to be devised that permitted the linkage
between the feinforcing elements aﬁd the pulling jack.
These connectibns had to be rigid in order to prevent‘
sl1ppage from occurring and had to transfer the applied load
without losses or d1screpanc1es.

The, selected ' connections were a single bolted connector
for the flat and ribbed strips and a - pinngd conﬁection for
the mesh elements, which locked the mesh between two steel
bars. These connections are shown on fiqure 3.3.4 and

performed adequately throughout tﬁ; testing program.

3.3.2 The pullout system
4

Components three and four can be combined to form the

pullout system. The system comprises two hydraulic jacks
(30 tonnes, double acting, 152 mm stroke), a connecting rod,
a reaction beam, two load cells, _two pressure gauges, dial
gauges, a triaxial loading f}ame and a swivel plate.:

The reaction beam was a hollow box section bolted to the
sides of the 'Sandbox' with openings permitting the passage
of the connecting rod. A support frame bolted teo the

reaction beam permitted the - placement and support of the

pulling jack at zero 1load. The copnecting ‘rod passed
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through the reaction beam and ‘the pulling jack, with the,
piston of tﬁe jack applying pressure on a load cell which
was screwed in place on the _éonnecting rod. The load cell
was calibrated on a Tinius-Olsen tensile load machine. g

The pullout jack was connected at the pushing end
hydraulically to the second hydraulic jack which was loaded
on a triaxial frame and at the pulling end to 3;;E§ervoir-tn,,

ensure free hydraulic flow. A pressure gauge Permitted the

monitoring of damaging back pressure_ buildup. N

The triaxial load framé ugé as ténﬁes Wykeham-Farrance
triaxial machine on which the second hydraulic jack was
placed, piston extended. The -jack was compressed at a
constant rate and the hydraulic oil‘flowed towards the
pullout: jack, pulling out the reinforced eiement. A second
load cell - permitted the recording of -the load in the
triaxial apparatus and a pressure gauge measured the back
pressure caused by any oil flow resistance between the two

jacks. A swivel plate insured axial loading of the triaxial

jack.

The measﬁrements recorded were the pullout load and the
displacement of the reinfércing element, The loads were
recorded by the load cell acting on the pullout jack. .The
cell was a Universal flat load cell with a working capacity
of 111 kN and a hole diaméter of 26 mm permitting the

connecting rod to Dbe screwed 1nto the load cell.
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of a perplex' plate attached to the connection

between t reinforcing element,and the puiling rod. The

gauge had 100 mm travel distance and was mpuntéd;ow fixed

& supports. ,

3.3.3 e aﬁblication

!

In some cases, the ovefburden pressure on the reinfqrcing.
elemenEE_ had to be supplemented to achieve a required
pressure. When surcharge was required, concrete blofks were
placeé_as needed on the levelled sand. surface. Figure 4.1.2
illustratés a pullout test vith surcharge blocks. |

The concrete 5lqcks were 1.83 metres long, | 0.61 metre

wide and 0.31 metre high. Each level of surcharge

represented an equivalent height of soil of 0.42 metre.
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—————3p~ PULLING: DIRECTION

CONNECTING ROD

2- 1/4° HIGH STRENGTH BOLTS

(A) BOLTED CONNECTION *

2 (1° X 1/4% X 20°%) STEEL BARS

3/8° HIGH STRENGTH BOLTS

PULLING DIRECTION
— —

\_‘ CONNECTING ROD

1/4® HIGH STRENGTH BOLTS

(B) PINNED CONKECTION

FIG. 3.3.4- SCHEMATIC VIEW OF CONNECTIONS BETWEEN
REINFORCING ELEMENTS AND PULLING JACK

had I



3.4 PARAMETERS FOR. TRIAXIAL TESTS - '

A sefies_ of triaxial tests were performed in order to.
investigaté the internal angle of ‘friction of the cruShea
silica sand and of mesh reipforced samples. All tests Qere
conducted-on a specially. constructed large-scale triaxial

 ce11_whicﬁ was modelled on a 230 mm ngéham and Farrance
cell. o J ' .' |

Credit for the manufacture and éssgmbly of the cell goes
tb.;he technical staff of th Civil Engineering depaftmeht
at the Univgrsity of Ottawa. ’

Details of thercell are given on fiéufe 3.4.1, For a r :

.+ complete description Qf the ce}l .;ompoﬁents, the reader is

directed to an uﬁpublished report by R:J. Moore (1978)

., titled ‘Large scale triaxial testing of* granular npn

material’'. . ' . J

In addiﬁion to the'tfﬁéxial cell, a“mbnitoring panel was

constructed specifiﬁally for use with the large triaxial
.

cell. Details of the panels are shown on figure 3.4.2. The’

main. functions of the panel were the following:

1. to supply and monitor a confining pressure, 94
2. to measure the volume change of the wample

3. to measure sample suction

The membranes used for sealing the samples were either
bought commercially or made in the labpratorf from . self-

vulcanizing latex. Stress corrections for this specific
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type oi'membrane were determined to be .in.the order of one
to two kiloPascals. .

In order to simulate the sand spreading operation in the
'Sandbox', a miniature sanglspreadef was constructed. This |
raining device was used to deposit the wuniform guartz sand
in. the sample molds. This method of deposition ensured that
the test samples had éhe same structure and .density as the
sand in the large-scale ~models of embankments and walls.
Fiqures 3.4.3, 3.4.4 and 3.4.5 illustrate the raining device
and the sand spreading operation, The optimum height‘of
fall of tHe sand particles was found experi@entélly to be
one metre. |

P AN induqed vacuum within the ﬁest samples permitted the
testing'in a déyxstate. The vacuum was reieasedxonly when a
confining. preséure was exerted: on . the sample. Axial
stresses { ci} were applied to the sample by a Tiniﬁs-olsen
compression :machine. ‘Complete " sampling pperatioﬁs as
Jescribed by Moore (19783'were‘used.- |

Test pro;edures were idehFical .to any drained triaxial
test in which a sample cohfined by a constant pressure
(yc3), is slowly loaded té' failure under a controlled rate
of straip. Measurements of load, strain and volume changes

were‘noted.

The geometry and configuration'o( the wire mesh selected

’ L3

for the reinforced samples is presented in chapter IV.
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3.5 PA TERS FOR REINFORCED EMBANKMENTS AND WALLS .

/
The reinforced embankment tests were influenced by the

following parameters:

Y

. 1. spreading of the sand bagkfill (following the
.‘selected geometry oflthé embankment)
2. placement of the rginforciﬁg‘mesh
3. strain gauging of the mesh (if applicable)
4. wvertical loading of the hydraulic jacks .
5. recording of the test data
a) applied pressure by the central footing

b) settlement of the central footing

c) strain in reinforcing mesh (if applicable)

The reinforced wall tests were also influenced by the

above parameters in addition to the following:

r—~ . ' 1 . »

1., wall panel gé@metry and behaviour

2. attachment of reinforcing mesh to the wall paneis

3. outward displacement of - thé‘ wall panels under an

applied pressure..

The desigh parameters for the large-scale models of

reinforced embankments and walls have previously been

)

described or .are analysed in greater detail in chapter IV.

e nsnadh




i



J
b [}

, : -

1531 11VM G3J¥OINI3Y V 40 BK31A JIHAYH90.I0Hd -4°¥ ¢ 914

—

) 99

C e b e i ——
— e i1 =

ty BN | ~ . ‘
_-;ﬂu.‘\.w“,\ .?r,l.:sq e e eyt l

T e

S  LNIFN - NioW7 Q3240/NITY




Chapter IV

EXPERIMENTAL RESULTS

4.1 PULLOUT TESTS . | .

The pullout resistance of different materials susceptiblé
of beiné used for earthwork reinforcement was investigated
in order to determine if the patented 'Reinforced Earth'
concept 'is indeed the most efficient earth retaining system,

As was stated by Schlosser and Elias (1979), the pullout
tests of individual reinforcements are idealizations and, are
not completely representative of the friction which is
developed aléng the reinforcement. However, - these tests

yield valuable results, among(them:

1. The apparent average coefficient of friction along
the reinforcement, which is defined in chapter VvV, as.
well as the peak and residual values which can be
observed from displacement curves.

2. The factors which influence the friction.

3. The tensile forces which 7aré geherated along 'Ehe'
reinforcement following the application of a pullout

load.

&
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However, Romstad et al. (1979) demonstrated that results

of pullout tests agree well with model test results and that:

pullbut tests, .not direct shear tests, should ‘be used to

determine the frictional behaviour of the soil-strip
interaction.

In the following series of pullout tests,  load-

displacement curves and tensile forces at selected locations

on the reinforcing material were generated for each type of

-

reinforcement.

-

4.1.1 Testing program

A ‘total of 33 pullout tests were performed involving

/// three types of steel reinforcement,.

1. cold rolled flat strzps
//—El38 mm wide, 4.7 mm thick, of varying length)
,/’2 ‘Reinforced Earth Company rlbbed strips ,
(40 mm wide, 5.0 mm.thick, 3 metres in length)
3. .wire mesh system {used as temperature reinforcemert
in reinforced concrete floor:slabé): 4.8 mm- diameter

bars, 0.46 metre wide with varying crossbar spacing,

and lengths.

a) 76 mm x 152 mm crossbar spacing ( 3 in x 6 in)
b) 152 mm x 152 mm crossbar spaéing-( 6 in x 6 in)
c) 305 mm x 152 mm crossbar spacing (12 in x 6 in)

d) 457 mm x 152 mm crossbar‘spaCing (18 in x 6 in}-
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The author _acknowledges the fagt that many of the puliout
tests were pgﬁformed by Mr. Guy Felié dﬁring his stay at the
Univefsity of Ottawa as a research engineer from 1980 fo
1981. The author performed the last six pullout tests
involving the wire mesh system with a reduced length of 1.93
‘metres. |

A schematic representation of the layout of the different
reinforceﬁent systems in the pullout box is presenteé in
figqures 4.1.1 and 4.1.2. Figu{e 4.i.3 demonstrates

photographically a pullout test in progress.

4.1.2 Cold rolled flat strips

The cold rolled flat strips varied in length, from one to
three metres, and most'we;q strain gauged to meésuré the
tensile forces along thé reinforcihg étrips. The strips
vere testq@.af three levels of overburden pressure, oOr an
equivalent height of sand of 0.46, 0.91 and 1.37 metres.
The average unit weight of the crushed silica sand backfill
was measured to be 16.1 kN/m? (Id=97.5%) for the flat strip
tests.

The tests were performed on:

1., plain strips -
2. gauged strips with connecting wires taped to the
steel reinforcement

3. and gauged strips with wires loose

L
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TEST NUMBER

¥

SAND BACKFILL

CRUSHED SILICA

-83

SAND BACKFILL

CRUSHED SILICA

ALL DIMENSIONS IN METRES
ELEVATION VIEW OF PULLOUT TEST SET-UP

. FOR FLAT AND RIBBED STEEL STRIPS

1.1 -

4

FI1G.



SURCHARGE BLOCKS

%

CRUSHED STLICA SAND BACKFILL

1.83

ALL DIMENSIONS IN METRES
*EXCEPT CROSSBAR SPACING OF HlfiE MESH

e
A
I

Olfs
Oj;ﬁ

L_

CRUSHED SILICA SAND BACKFILL

FI1G. 4.

1.2~ ELEVATION VIEW OF PULLOUT TESTS FOR
STEEL WIRE MESH

wMESH WITH STRAIN GAUGES
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The rate of.pullout displacement was selected arbitrarily
and - kept constant at- 0.30. mm/minute. Figure 4.1.4
illustrates the configuration of the different flat strips
that were used in the tests and the positioning of ‘the
strain gauges. )

The strain gauges, terminals and wires_on the gauged flat
strips generated an excessive passive resistance.
Therefdre, the tests performed on the ungauged strips must
be regarded as giving a more-realistic load-displacement
relationship.

’“'Tablg 2 summarizes the tésting,program.on flat strips and
clearly indicates the extreme influence of strain gauges on
flat.st}ips. The peak pullout resistance i5'quédrup1ed when
éauge# are added over a length of three metgeé. The lack of
rellability of the gauged strips is dembnstrated by tests 12
and 16, where a decrease in -overbtrden pressure 1is
accompanied by an iﬁcrease in pullout load which is contrary.
to what wouid be.expected. ’

In every case, as the tgsf proceeded and ‘the éullout leoad
increased, some sudden relaxatdon -or slip of the reinforciﬁg
strip would occur. This drop in the pullout load would be
followed by an increase in load wuntil slippaqge occurred
again. '

Another boint worth menﬁioning fé the fact that the péak
pullout resistance occurs at a pullout strain "which varies

with the length of the sample,the overburden pressure, and

whether or not strain gauges were installed.

i

Ee.
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Figures 4.1.5 'to 4.l1.7 show the load-displacement
curves fo; _flat smooth.strips ana figures 4.1.8 to 4.1.10
dehongtréte.the tensile force distributionlalong each strip
that was gauged during pulléut at specific  pullout strain
values. ‘.In‘mostégases, the location of the maximum ﬁension
fofce is not where the load is‘aéplied but at a certain
distance intd the backfill material.
TABLE 2

‘

Summary of pullout tests on flat strips

e e o o . E A AR EE A W T 7 R R = e e e e e S M e T o e SRR S e e e e S

test# length depth sur- over- gauges peak displ. peak
‘ (m? {m) charge burden load @ peak 'stress
press. (kN.} (mm) (kPa)
' { kPa) o '
1 3 1.37 . no 22.1 no 1.04 1.0 5823
2 3 0.91 vyes 21.7 no 0.97 5.0 5431
3 3 1.37 no 22.1 yes 4.50 70.0 2520
4 - 3 0.46 yes 21.3 yes 4.39 40.0 2458 ,
5 3 0.91 yes 21.7 side 2.87 14.0 1607
6 3 0.91 no 14,7 yes - 3.82 60.0 2139
7 3 0.46 no 7.4 yes 2.89 70.0 lBle
8 2 1.37 no 22.1 yes 2.00 25.0 1120
9 2 0.91 no 14.7 yes 3.08 70.0 1725
10 2 46 no 7.4 yes 2.43 80.0 1361
11 1 0.46 yes 21.1 no 0.66 10.0 3695
12 1 0.46 vyes 21.1 yes 1.18 50.0 6607
13 1 0.46 yes 21.1 yes 1.86 45.0 1041
14 1 1.37 no 22.1 yes 1.75 40.0 9798
15 1 0.91 no 14.7 yes 1.30 155.0 7279
16 1 0.46 no 7.4 yes 1.53 50.0 8567
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FLAT STRIPS WITH L=3 metres | .
PULLOUT RATE=.30 mm/min.

-
-

SYHBOL TEST NO.

o

XM PO X + P
~N N kW -

a ~|&"'*‘——-.Af ———
—e- oo 83D

] .

"E€1G. 4.1.5- PULLOUT LOAD
TR

———

| - T
© 20.00 40.00

§0.00  80.00  100.00  120.00
DISPLACEMENT  (mm)

vS. D
FOR FLAT STRIPS., L )

[

R

7
140.00

= 3 metres

ISPLACEMENT
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FLAT STRIPS WITH L=2 metres Lo .
PULLOUT RATE=.30 mm/min- - '

- .

3.20 .60

2.80.

.40

1

(kN)
2

rOO

2

1.60

PULLOUT LOAD

1.20

SYMBOL ,.TEST NO.
.. 0 8

0.80 -

+ 10

h.4q

—_— g — —

0, 00 1%.00 32.00  48.00 64.00 80.00 gk.00°  112.00
DISPLACEMENT (mm} .

F1G. 4.1.6- PULLOUT LOAD VS. DISPLACEMENT
: FOR FLAT STRIPS., L= @ metres

.
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" FLAT STRIPS WITH L=1 metre
PULLOUT RATE=.30 mm/min-

1.80

1.60

ut

o

40
G

0.

0.20

00

=

N N . y e 4 "'T Ml 4
o0 0. 00 40.00 60.00

DISPLACEMENT  (mm)

FIG. 4.1.7- PULLOUT

f*‘~f%ﬂ9\\

FRE

¥
SYMBOL  TEST NO.
- . 1
a 12
"' + 13
.‘, X -4
’ V] 15
O~ 2 16
i
— 17 — .y ——— - — ’
80.00 100.00  120.00
LOAD VS.

™

r

1
140.00

DISPLACEMENT
FOR FLAT STRIPS., L= 1 metre

.

e ", -
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-

.60

2.80 3.20 3

(kN)
2.40

LOAD

B
)
(

FLAT STRIP WITH .L=3 'metres ' P
PULLOUT RATE=.30 mm/min.
PULLOUT STRAIN=0.10%

) LS

SYMBOL TEST NO.

- O 4
s ' A 6
+ 4
4 _ - y
; -
5
i
< A )

P00

.00 ° 0.40 . 0.80 .20  1.60.  2.00 2.40  -2.80

" GAUGE LOCATION-LENGTH OF MESH (m)

y . _
FIG. 4,1.8- TENSILE LOAD ON FLAT SIRIPS,
L= 3 metres .

-
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3

FLAT STRIP WITH .L=2 metres

N PULLOUT RATE=.30 mm/min.

3 _

w

- ;

o

™

F;— .

SYMBOL  TEST #

2 ) 8

s A 8
+ 9
X 9

o . ® 10

-T

R 4 10

% oo d.40  dso Ve veo  2.00  2.a0

GAUGE LOCAT]ON LENGTH OF MESH (m)

FIG. 4.1.9- 1
L

metres

0

- 1.0%
o
1

STRAIN

0.1%
1.0%
14

1%
0%

1
2.80

ENSILE LOAD ON FLAT STR!PS
= 2

—

L mameam - @
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FLAT STRIP WITH L =1 metre
PULLOUT RATE=.30 mm/min-

SYMBOL TEST # STRAIN

14 0.1%
14 1.0%
15 0.1%
15 1.0%
16 0.1% -
16 1.0%

™~
e
o
¥
md
O‘—
o
(]
.00  0.16  0.32  0.48  0.64 0.80  0.96  1-12

GAUGE LOCATION-LENGTH OF MESH (m)

FIG. 4.1.10- TENSILE LOAD ON FLAT‘-STR]PS
L= 1 metre
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4.1.3 Reinforced Earth company ribbed strips

The Reinforced Earth Company - strips were " either
galvanized or left untreated (test 19). All the strips vere
three metres in-length and were tested'at two levels of
overburden pressure corresponding to heights of soil of 1.37

and 0.91 metres,

The rate of pullout was kept -at 0.30 mm/minute and the -

unit weight of the crushea silica sand was measured , to be
16..1.kN/nl1J (1d=97.5%). The ribbed striﬁs were tested on a
ftensile loading machine and the failure tensile load was
found to be 90.3 kN. |

Figure 4.1.4 shows. a longitudinal cross-section of a

Reinforced Earth ribbed strip. Table 3 summarizes the

pullout testing program developed for the ribbed strips.

It becomes’ evideﬁt from the load-displacement curves
(fig. 4.1.11) that the int}oductioq of strain gauges in
testé _20 and 21 did not influence ~ the pullout resistance
to the Same_extent.as with the flat striﬁs. This can be
attributed to the presence of the ribbed dections which
already increase substantialiy the friction and 'bearing
resisfance between the reinforcing strip and the sénd
backfill, | |

Once again, the same sudden relaxation of the pulloﬁt
load was witﬁessed and was accompanied with a loud-‘bang'

occurring at regular intervals.

g miammrm—



-y e

116
TABLE 3
Summary of pullout tests on ribbed strips
test# len?tp depth' sur- over- gauges peak displ. peak
. (m (m) charge burden load @ peak stfess
' press. (kN.} (mm) (kPa) -
(kPa) .
17 3 1.37 no 22.1 no 9,37 25.0 46,850
18 3 0.91 yes 21.7 no 11.83 24.0 59, 150
19 3 0.46 yes 21.3 no 10.93 40.0 54,650
.20 3 0.46 yes 21.3 yes 9.56 38.0 47,800
21 3 1.37 no 22.1 yes 9.13 41.0 45,650

'Comparing,tﬁe ribbed strips to the flat strips, it is

¢
found:

1.

2.

The peak pullout\capacity of thel ribbed strips is
approximately ten times greater than the flat strips
capacity (10,150 N vs. 1,050 N):‘ which demonstrates
the efficiency (&nterlocking effect and paésive
resistance) of the 'ribs 1in the Reinforced Earth
strips.
The peak  pullout capacity is obtained at a
displacement of'aﬁoutf 3 mm for the ungauged‘ flat
étrips of three metres in length, and approximately
35 mm for the ribbed strfps;

7
o
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3. Tﬁe peak is-very acéentuated-in.:fhe case of the flat
strips (L= 5m). that leads to a residuél value of the
tensile force equal to approximately one-half of the
peak value at a pullout strain of 2% (60 mm).‘ In the
case of the ribbed strips (L= 3m), the peak is flat
and the residual Qalue at a pullout strain of 2% is

between 80 and 90% of the peak value.

4.- The tensile forceé deQeloped in the ribbed strips
;(fig._ 4.1.12) inaicaﬁe,that the maximum stress will
occur at a certéin distance inside the facing and not
at thé’ load application point. This duplicates the

- results of the flat strips.
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4.40

—

}

fg.so

.20

3.20

60

REINFORCED EARTH COMPANY STRIPS: L= 3 metres

PULLOUT RATE=-30 mm/min.
MAXIMUM LOADS BEFORE SLIPPAGE

O ()
(f)

~ A

SYMBOL

e X+ B0

TEST NO.

17
18
19
20
21

.00 40.00  60.00  80.00
DISPLACEMENT {mm)

FIG. 4.1.11- PULLOUT LOAD

100.00

VS.

FOR RIBBED_STRIPS

DISPLACEMENT

T -
120.00

140.00

T
v 1]



6.00 7.00 8.0C 9.00

(kN)

LOAD
5.00

4.00

3.00
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" RETNFORCED EARTH COMPANY STRIP: L= 3 metres
CPULLOQUT RATE=.30 mm/min. ‘ .
A
SYMBOL  TEST # STRAIN
) 20 0.1%
, A 20 1.0%
+ 21 0.1%
X 21 1.0% .
1
A 4
]
Yoo T ome  oso T V20 teo | oo | 240 2.80

GAUGE LOCATION-LENGTH OF MESH (m)

FIG. 4.1.12- [0AD ON REINFORCED

Lk
STRIPS

TENSI
EARTH

e b R = e bt
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4.1.4 Wire mesh system

The steel wire mesh which is used as temperature

reinforcement in ., concrete floor. -slabs is available .

' commgftially %ith.a bar diameter of 4,8 mm (3/16 in.) and’
a crossbar spacing of 152 mm x 152 mm (6 in. x 6 in.).
To.cfgate a 12 in. x 6 in. section or an 18 in. x 6 in.
section, crossbars were cut-off, and to create 3 in. x 6 in.
sections, additional cfoss—bars'were spot welded betueen the
existing transverse members. The spof welded joint failure
load was tested to bé 10,200 N, and the bar resistance to
failure was 12,250 N, ’ | |
From this point on, the crossbar spacing of the wire mesh
will only be referred to numerically (i.e. 6x6, 12x6 etc.)
and in the imperial mdasutement in which they are available.
For reference purposes, thé\Eétric equivalent of the 3x6,
6x6, 12x6, and 18x6 secpibhs 1s 76 mm x-152 mm, 152 x 152,
mm, 305 mm x 152 mm, and 457 mm x 152 mm respectivgly.-
Figures 4.1.13 to 4.1.16 Shqw the configuration of the
mesh sections employed and the tocation of the tensile

strain gauges whenever applicable.

It was not possible to calibrate each wire mesh strip-

individually as in the Previous pullout tests for tensile

strain readiﬁgs, however a sample bar consisting of a strain
gauge mounted on a 4.8 mm diameter bar (taken from the mesh

to be tested) was calibrated on a tensile loading machine.

i,
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The following value was obtained for the calibration of the

test data on the strain reading units (see fig. 4.1.17):

1 strain reading division = 3,57 N

X
TABLE 4

Summary of pullout tests on wire mesh

Y
test# length cross sur- over- gauges peak displ.
(m) bar -.charge burden load @ peak
spacing- press., (kN) load
' (kPa) - (mm)

- 22 3 3x6é yes 21.9 yes 31.40 33.5
23 3 3x6 yes 14.6 no ~ 29.52 28.5
24 .3 6x6 no 21.9 yes 31.75 21.3
25 3 6x6 no 14,6 no 26.41 48.4
26 * 3 12x6 no 21.9 yes 033.20 77.7
27 3 12x6 no 14.6 0 - 19.96 47.8
28 1.93  6x6 no 22.1 no 31.57  79.3

- 29 1.93 6x6 yes ~ 14,7 . yes 29.15 95.5
30 1:93 12x6 yes Z2.1 no 24.41 100.8
31 1.93 12x6 no 14.7 no 19.82 97.0
32 1.93 18x6 no 22.1 no 20.01 B85.1
33 1.93 18x6 no 14.7 no 16.80 97.3
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FIG. 4.1.17- STRAIN CALIBRATION OF MESH
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< The wire mesh pullout tests results are -summarized in
| table 4 and illustrated on figur?s 4.1.18 to 4.1.26.

The réte of pullout was kept'conétanf at 0.30 mm/minute
with a density index of the backfill soil of 94.7% for the
wire mesh of three metres length. _

The rate of pullout "~ was 0.23 mﬁ/minute with a density
index of 96.2% for the wire mesh of 1.93 metres length.

As can be seen iq figuFé; 4.1.18 and 4.1.19 (pullout load
Vs, displacement, with L= 3 metres), the actual pullout
cabaciyy‘gf the three metres length mesh was not -achieved

\

due to material failure. Instead of testing the

. soil/reinforcement interaction pullout capacity, it was the

1)

fl_ yield strength of the steel wire mesh which was tested. The

B

s+ excessive length of mesh in effect, anchored the system.
'} Figure 4.1.d3 (Plan view of 3x6 mesh with L=3 metres,
?Bgfure and after pullout)r demonstrates what happens to the
mesh dyring pullout. The load on the mesh.increased until
failure was achieved at a Qeak link  in the wire mesh
system. As the load continued to be“applied,. the section
before the break was deformed tqwards the loading point,
while the -section after the break was not deformed. The
load then increased until the failu;e capacity of the next
wéak link Qas reached. o

As éan be seen from the tensile stress curves of ﬁhe

three’ metres length mesh, ‘the tensile load on the middle

_ bars was at or near the failure load level.
f ' N

¥ Nl

P P

- m——
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' To investigate further the soil/mesh behévio&f, a shorter
length of mesh (L= 1.93 metres) was tested. To avéid'spot
welding problems tﬂe érossbar spacings selected for testing
vere the 6x6, 12x6; and the 18x6 séétions. ‘The shorter
length avoided the bar failure prpBlem and permigged pullout
tests which did not deform the me§h.%ﬁTherefore; the pullout
load values represéntithe beariné'cépacity resistance of the
mesh against pullout at a predetermined'66erburden‘présSute.

?igures 4.1.23 and - 4.1.24 iliustrgte the pullout test
results of the 1.93 metres long mesh. | |

The tensile load graphs indicate the load distfibutiqh
on the four longitudinai‘bars. " The load on the mi@dle bars
is approximately two times the load 6% the outside bars. 1In
other words, each inside bar carries Il/3 of the loaq and
each.-outside bar carries 1/6 of the applied load.

The pulloﬁt load vs. displacement curves show that the
load increases were not constant and cannot be described by
a smooth curve relationshiﬁJ A, peak load was always
followed by a sudden drop.in load and a large deformation as
the maximum bearing resistance was reached on the crossbars.
This was then ~followed by a load pickup untilfthe‘ next
relaxatioq. Table 4 shows that the peak‘ pullout
resistance is a function of‘not only the overburden pressure
but also the crossbar spacing, and the mesh length.

This statement can be, expanded to include the bar
diameter, the yield strgngth of the steel, the configuratibn

and the density of the backfill material.
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One interesting respilof the wire mesh pullout: tests is

the relatively const ak pullout resistance of the 6X6

section which seems to be less'sensitive to the overburden
pfessure or the length of the mesh. For this reason and for
modelling purposes, the 6x6 sections .were selected for
further research into sloped reinforfed embankments and

reinforced walls.
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MESH WITH L=1.93 metres
OVERBURDEN PRESSURE=14.7 kPe
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4.1.5 Comparison of reinforcing systems

‘One way to compare the .effectivenesg of the different
réinforcing systémé is to estabiish.the pulling resistance
per surface area of steel for each' system. Sincex the,
surface area Af steei reinfordingiis proportional to‘ its
weight, we can establish a ratio of peak pulliné resistance¥

per weight of steel.

TABLE 5
Comparison of pullout resistance ratios by weight

—— M e e e A A AR AR R R TR e e S e A e g S S S e e e e L e S -

Reinfor- Wejght total steel peak®  peak puliout
cing of wt. ratio pullout pullout resistance
systems steel (kg) " resis- resistance ratio
{kg/m) tance corrected vs. ribbed
: (kN) for steel strips
weight
(kN)
ribbed 1.56 4.68 1 10.16 10.16 1
= 3m
flat 1.40 4.20 .9 1.04 1.16 0.1
= 3m :
____________________________________________ S
wire mesh _
6x6 1.31 2.53 .54 "31.57 -+ 5B.46 5.7 -
12x6 1,08 2.08 .44 24.41 55.48 - 5.5
l8xé6 0.91 '1.76 .38 20.01  52.66 5.2

L= 1.93m

Table 5 shows that for ‘the same surface area (weight of
steel), the wire mesh has more than five times the pullout

resistante of the ribbed strips.
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4,1.6 Summary of pullout tests:

Based on large scale  laboratory pullout tests performed
using different types of steel reinforcemgpt, the following -
conclusions can be reached: l

l. The _load—deformatidn curves indicate a - linear
relatiohship until the yield limit of the steel is
reached, then a non-linear shape is developed by the

reinforcement/backfill combined behaviour.

2. Data obtained from the placement of strain gauges on
the reinfdrcing elements indicatesbkhat the maximum
tensile stress due to the pullout loads ﬁccurs just'
inside the reference wall, .a short distance into the
soil backfill. This statement holds true for all

“three types of steel reinforcement.

: . .. v
3. Tensile stresses dilssipate very . rapidly along the
length of the reinforcing member, and stresses near

the end of the embedded strip are minimal.

)

_ 4.'vThe pullout resistance of the reinforcing strip is a
function of the overburden pressuye exerted on the
strip. The pullout load increases until the yield

strength of the steel member is reached.

‘5. 1Installation of strain gauges on flat smooth strips
increases the pullout resistance of the strips. The

strain gauges behave in the same way as the ribbed
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_sections in the Reinforced Barth strips by increasing
- . - °

the passive resistance (anchor effect) between the

backfill and the reinforcing element-. .
" .

6. Fof-the same , surface area and weight, " the standard.
__wire mesh used as temperature reinfdrcement in
—concrete floor .slabs exhibits a pullout resistance
that is more than five times that of the ribbed

strips.

7. A decrease in crossbar spacing in the wire mesh

system results in a higher pullout resistance.

8. I1f. the 1length of the feinforcing strip is of
sufficient length so that the'system- is considered
47“1 anchored, the controlling facgpr in a pullout test
becomes, the 'structural strength of the reinforcing

material.

Figure 4.1.27 compares typical load-displacement curves
for all three systems investigated- ' '

The wire mesh system'o} reinforcement will now be further
investigated in the following sections with triaxial
compfessibh tests, reinforced eﬁbankment and reinforced wall

tests in order to examine its behaviour under strip loadihg

conditions.

T : } A
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4.2 TRIAX;AL TESTS

The shear strehgth characteristics of a- sand can - be
determined from the results of either di;eét}shéa: tests or
drained triaxial tests. - '

To s1mulate the 1oad1ng conditions in'thé shndbox model,
dense dry sand samples (I = 95%) were loaded fr'axially in
order to compare the change in friction angle created by the
int;oducti;n'of‘reiﬁfofcing members.

With a dense sand there will be~a considerable Heé;;;fgf
interlocking betweenuparticles and before cohplete shéér
failure can take place this interlocking must be overcome in
addition to the frictional resistance at thf peoint of
contact. A |

| The friction angle is deﬁendent on too.many'parame;ers to
be accurately defined in this “#udy, but by keeﬁing the

variables és constant as possiblg one can obtain an apparent

angle of friction for a specific situation. The variables

include the cbnfiguration of the reinforcing mesh (geometry,
nﬁmber'of reinforcing layers, diameter of réinfqrcing bars,

etc.),‘ the 'void ratio in the sample, the influence of the

end 'nestrainté, the duration of" the.test, changes 'in
priﬁcipal stress directions, and _the‘qsu 1 extffETental
errors. | _ >

Having considered 1its dréwbacks;. the triaxial test is
still used since there is basically ndlbetter'way to analyse

the internal friction angle of a soil sample.



4.2.1 Triaxial tests on crushed silica sand"

A seriés of triaxial tests were pgr&ormed n the backfill

soil material utilized for the subféquent reinforced’
embankments and reinforced wall gésts. A summary of the

testing program 1is presented ig table 6 . The triaxial

testing procedure was described p:eviously in section 3.4.

TABLE 6

Summary of triaxial tests on sand

e . — e A B A S e AR R e ik W R M e T e e e L A S S e e e S W e S S e e e e e e

test$ . I confining initial corrected maximum axial
: pressure area area deviator stress
(%) 94 (m*) @ max. stress .. = 91

- (kPa) g (kPa} =~ (kPa)

: (m?) o

11 96.3 34.5 0435 .0474 160.7 194.1

4 97.0 172.2 .0430 .0474 600.4 . 771.1
1 96.5 344.5 0430 .0490 1057.6 1400.2

2 96.5 344.5 .0425 .0473 1058.9 1401.7

3

The strength of a soil is usually defined in terms of
‘the stresses deveioped ‘at the peak of the stress-strain_
curve. Figure 4.2.1-illustrates ' the Mohr failu;e envelope
for the crushed silica samples.

The Mohr envelope is curved for confining stresses under
170 kPa and linear for stresses above that level,. Thié is

explained by the fact that granular soils are frictional in

nature but with a deviation from purely frictional behaviour
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f because. of the effect of Jconfiﬁing_ stressés ubdh
interdocking of fhe-éand.pérticles. .

Since the sub?equent embankmenf and -wall tests are
carried out at high ponfining:stresses, the Mohr envelope is
fitted by a‘straight line for normal stresses between' 0 and
2000 kPa. The -actual Mohr envelope ' .for this_sdil passes
through the origin of the Moh} diagram; the scoil will not
stand as a cy{inder if the confining'p;essure is zero.

Thus, the strengthe of the érushéd silica sample is

expressed by the Moh;—Coulomb failure law:

T = ¢+ o tan ¢

'where{

¢ = cohesion intercept (kPa)
¢ = friction angle (degreeg)
1 = shear stress (kpa)

0 = normal stress (kPa)

Figure 4.2,1 gives us an angle of internal friction ¢ of

34.9°.
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An altérnaté way to plot ﬁhe resuits of a series of
triaxial strength tests is the use of the s'-t° diagram or
the effective stress patﬁ method.. -Table'7 gives the values
of s' and‘t' corresponding to the éeak points of the stress

strain curves in terms of principal effective stresses. .

| .
TABLE 7

Summary of s'-t' values for sand

test# confining maximum . g, + 94 © 0, -0y
pressure normal R — -
- stress 2 2 i
3
(kPa) a (kPa) (kPa)
(kPa) S° B &
11 34.5 194.5 114.3 79.8
4 172.2 771.1 471.7 299.5%
1l 344 .5 1400.2 ' 872.4 527.9
2 344.5 . 1401.7 . 873.1 528.6
3 551.2 2162.9 1357.1 B05.9

[ —————— P A ettt el e

The curve drawn through these points is called the Kf-

line. The Kf-line may be fitted by a straight line over the

_uD

stress range of - interest.  The straight line fit shown on

»

f#gure 4.2.2 1is inclined - at an angle a = 29.89¢ and
iﬁteréepts the vertical axis at: a = 27 kPa. The simple

relationship that exists between a and ‘ is defined by:
N ‘

e em

gin ¢ = tan o
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Therefore, the é'*t' diagram gives | an internal angle of
fri;tion of 35.0°. . | E . -
Since it is .less subjective to éit a line through a
series of data points, than to atéempt to pasé a. line
tangent to many circles, the apparent angle of -fricfion
obtained from the s'-t"diagram of 35.0° for the crushed
silica sand was §elected'-for: the subsequent research

program.
* hY]
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' 4,2:2 ‘Triaxial tests on reinforced sand samples

-

A second series of triaxial tespégqas ergo;med on the
cruéhed siiica sand, " this time wi£h7layer5‘ of refnforciné
wire mesh interspaced éhrquhout the samplé. , |

The size and geometry of the wire mesh was modelled on
the reinforced wall tests discussed in subsequent‘séctions.

Figure .4.2.3 presents an elevation view of the two
configurations selected gorrtria&ial ateéting and compares
them to a ;ypfcal reinforced wall tesf set-up. ' Figure 4.2.4
shdws a plan‘view of a test sample. | |

The wire mesh utilized is,an electrically welded fabric
-made from galvanized wire with a 16 gauge diameter (1.6 mm
or 1/16 in.) .and a crossbar spacing of 1x1 inch (25.4 mm x
25.4 mm).

To prevent piercing theﬂgz&plé membrane, a minimum 50 mm
band wasn.left unreinforced.surrounding the mesh.

The modelling was perfbrmed by comparing percentages of
steel to sand in surface area and volume for triaxial
'samples_and reinforced wall tests. . . |

Table- 8 éhows that the percentage of steel used 1in the
triaﬁialltests was slightly greaier than the typical amount
. of steel in the sahdbox, but fOr'praétical and availability

reasons, it was aeciégd to pursue the testéng with a 16
gaugé diameter mesh. i

'A summary of tﬁe testing progranf is supplied in table 9,

ané figure 4.2.5 illustrates the Mohr failure envelope for

the reinforced sample. -

e
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'TABLE 8
Modelling percentéges in triaxial tests
test : " % steel to total $ steel to total
' : surface area volqme ‘
triaxial tests 3.9 0.18
reinforced wall : T
tests 2.5 - ' . 0.075
TABLE 9
Summary of triaxial tests on réinﬁoiced sand
test¢ Ig -confining initial corrected maximum axial *
(3). pressure area area deviator stress
e o3 (m?) @ max.o stress gy
- -, {xpPa) {m?) g (kPa)
. . . (kPa)

e S T T R T e et - e e ek e e Ak A e e A e e W A M W Sm

10  96.5 34.5 ".0439 .0512 525.2 5569, 7
7 95.4  172.2°  .0430 .0489 - 1089.0 12612
8 97.8 . 344.5 .0441 L0492 1736.1 2080.6
9 94.7  551.2 .0438 .0503 2417.4 2968.6
test'set-up no. 1 . . _
6 95.4° 172.2 .0430 .0452 665. 4 837.6

 Using a straight iiné. relationship for the confininé
sgresses of interest and 'the.MohrfCoulomb failure law we
obtain an apparent angle of friction for the composite
sample of 39.9°%: An‘appafent cohesion intercept of c= 90

kPa is recorded from figure 4.2.5. The positive intercept
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is due tosthe cohesive nature.of the composite reinforced

'soil ‘system.

'~ The s'-t' values for the tests are listed in table 10 and

the Kf-line is presented in figure 4.2.6 .

|
¢

L

co ' FABLE 10
Summary of s:;tlxﬁélueg'for reinforced sand
) 2
test$# confjining  maximum 9, + 0, 0y = 9,
pressure ., normal I
o : stress 2 2
3
(kPa) o1 (kPa) (xPa)
(kPa) S’ t-
10 . 34.5 559.7 297.1 262.6
7 172.2 - 1261.2 716.7 544.5
8 344.5 2080.6- 1212.6 868.1
g . 551.2 2968.6 1759.9 1208.7

- — . g A . R MR R S M mm ek EA EE S MR e M B e e e e e A W e Ae el S TR G A Em W em s e

The straight line fit is inclined at an angle'u = 32.4°
and intercepts the vertical at: a= 90 kPa.

Therefore ﬁhe s'-t' diagram gives an apparent internal
angle .of friction for the composite samples of -39.5°
accdrding‘ to- the.’Mohr-Coulomb law. This represents an
increasg of 4.5°. from the natural unreﬁnforced ‘samples.
Table 11 summarizes the ff&ctféh angle results.

Figure _4.2.7 shows-photdgraphically- the test samplés
before‘aﬁd'after being loaded triaxially #d figure 4m2!é

illustrates a wire mesh reinforcing layer after being

tested. The deformation of the mesh is guite evident and
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TABLE 11

Summary of apparent friction angle results

PP S ———————— R e e e e et e e

type of test apparent angle aﬁparent angléd of
- of friction by friction..by '
-7 . Mohr failure s'-t' diagram.
: envelope , (degrees)
(degrees) ' ‘ '
crushed silica . ' o .
sand ) 34.9 ‘ 35ﬂ0
wire mesh i .
reinforced sand - 39.9 . . 39.5

e A S M M W e e e e e e e e el S ML G S S Ve M e R T W M W v S

substantiates the theory ﬁhat . the load transfef is
accomplished by tBéA bearing resist3nce action of the
crossbars which then transfer the load to the longitudinal
bars, theréfore §laciﬁg them in tension. . -

The top layer.of reinforcement in test #9, (fig. 4.2.8),
with a confining pressure. of 551.5_kPa‘ was the only mesh
which suffered broken wires (in three locatiohs). The wire
bmesh was tested to failure in a téﬁsile*loading machine and
the failure ‘load ¥as reached at 1000 N,

Test no. 6, with 172.2 kPa confinihg preséure was tested
using set—ﬁp no. 1. This configuration'left a zone of
un;éinforced sand at the base of thé test sampie allowing
the re;nforcéd section to behave as a block aﬁd to penetrate
into the unreinforced zone. Since this 1loading behaviour
did not permit the maximization of the peék stresses in the
sample, set-up no. 1 was abandoned in favor of setyrup no. 2

{fig. 4.2.3),

+
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4.2.3 Summary of tr1ax1a1 tests

The surface area ' of each test _sample during triaxial
loading was corrected for axial :strain, voiﬁﬁétric strain
ané membrané resistance.. ‘ '

The ;embrang correction, . which was aueito the restraint
imposed - oﬁ the sample bﬁ. the rubber 'membrané énclosing
it,was in the order of 1 to 2 kPa for both reinforced and
non-reinforced samples. ‘ -

This correction was obtained using the mefhod described
by Bishop and Henkel (1962) and is clearly very small when
compared to the deviator stresses and can be neglected in
_ this pdr;icular_éase. |
Figures. 4.2.9 to 4.2.12 compare the behaviour of Ehe

reinforced samples to the unreinforced samples:for eath

specific confining pressure.Table 12 highlights the

findings.

TABLE 12

Comparison of reinf. and natural samples

confining axial strain volumétric strain (01 - 03) ratio

pressure - ratio @ peak ratio @ peak - @ peak stresses
(kPa) stresses stresses . . - {reinf/sand)
g3 - (reinf/sand) of sand.samples
o (reinf/sand
34.5 1.96 0.77 3.28
172.2 1.41 . \ 0.68 1.81
344.5 1.11 . 0.55 1.64
551..2 + 1.30 0.13 1.50°
--------- P e el aih e At e -fen
. . Y &

*»
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As can be seen from table 12 aﬁd figures 4.2.9'69 4.2.12,

‘the reinforcing mesh has a profouna effect on-the'lpeak-

deviator stress appl1ed to the 'sampie and on -'the volumetric
strain. . In other words, the load capacity of the structure
is increased 51gn1f1cant1y (1. 5 to 3.3 times .greater load
capac1ty) -and the volume change due to the load is reduced
greatly (1.3 to 7.7 times less volume change) |

what is appar.gntT also is- that these increases in
structural strength are a function of the confining
pressure The deviator stress increaee is not as great for
higher conf1n1ng pressures but the decrease in volumetric
change is proport1ona1 to the confining pressure.

The subsequent reinforced eme;nkments and walls were
tested under plain strain conditions in crder to eliminate
friction effects from the side walls. Brinch Hansen (1970)

recommended a 10% 1ncrease in the angle of 1nternal fr1ct1on

obtained from tr1ax1a1 tests for plain strain cond1t1ons.

¢plain ntrnin‘- 1.1e

triaxial

'This would indicate that the direct shear test yields a
more accurate analysis of the friction angle. However,

Rahman (1980) investigated the variation in internal angle

of friction for the crushed silica sand used in " this

analysis, using both the triaxial and the direct shear



)

4

)

methods.

Therefore, a friction angle of 35° for the crushed siljcé

sand and 39° for ‘the reinforced backfill is selécted as a

lower' limit for subsequent research into reinforced

embankments and reinforced walls. This value is, 6 obviously

onlf' applicable to backfill material similar to the\lone

tested (crushed silica sand). and to- a wire _ mesh

reinforcement.

_ 160
'ﬁeihod, and found no Sidhificant difference between the two
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4.3 BEARING CAPACLTY OF FOOTINGS ON REINFORCED EMBANKMENTS

Snaith, Bell, and Dubois (1979)  stated that in order to
keep construction costs of an embankment’ to a minimum it
would be beneficial to be able to do the following with the'

"aid of soil inclusions:

1. use low-grade fill f:omladjacentocuttingg to form the
"embankment .

2. constrﬁct. the embankment - on poor foundation soils
| without the use of expenéive‘ﬁeaéures such as piles.
3. steepen the embankment side slopes to minimize land

acquisifzgn.

‘
It is with the lattérrpoint in mind that three large
scale reiﬁfo?ced embankments were éonst;ucted and lzaded'to
failh;e in order to investigate the change in bearing
" capacity p;ovidéd by \the inclﬁsioh.of léyers. of steel mesh
reinforcement. i . - 9. |
As‘des;ribed by Snaith et ai. (19?9r;‘the classical mode
'of“failure.due to surcharge of an embankment. ¥ide'sioperis
~due to a rota£ionaé shear and an obvious way 'to combat this
is to lay reinforcing elements across the potential surface
_of failure to'act in a similar wa} as shear reinforéing bars
iq a concrete structure. .
The reinforcing 'elgments‘musf.bé of sgfﬁicient'streng:h._
to resist rupture, buxlmust also be anchored to the soil

adjacent to the zone‘of failure.
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4.3.1 Re:nforced _mpankment Hlth natural slope -

The slope of the first . embankment vas constructed byf'
stopping the sand spreadér at the predetetmlned posxtlon of
the crest of the slope.and letting the sand tumble down the

slope. The geometry of the embankment is illustrated in '

figures 4.3.1 to 4.3.3.

This method permitted the observation of lthe angle of
repose created by-‘fhe- 1ntroduct10n of the re1nforc1ng'
members. The slope anhgle ‘was measured to be" 34" after;
completion off—-t-»_he,,_embankment . ! “ |

Whenever a éranuler material is . dumped, it generally
finds itself in a leese state. For - the 1ooee state, ¢ - E
essentially eguals ¢cv(critica1 friction angle). . Thus the - |
angle of repose for.dumped eand or éravel is about equallto-,
the angle of 1nterna1 friction for the loose state,_tc;l .

In 1974, Hasnaln determined that the 1nternal angle of
friction of the backfill sand utilized 1in the embankmene
tests was between 30 and 35 degrees for a loose state. Since
‘the actual fr1ct1on angle may deviate by 33 degrees ?r more
from the value ngen by the trzaxlal tests, l;'can be stated
that the reinforcing mesh did noF have'_a.noficeable effeet
on the‘angle of'repose of the sloBe.' ' : ' |

--

The four re1nforc1ng layers were steel wvire mesh ‘(as
iy

described in prev1ous sect1ons) with a 12x6 crossbar'spac1ng ; '

bl

: ? .
{(0.3m x 0.15m), a length of 2.13 metres and a width of 1.52. -

metres. .
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A schematic Qiaérar' of a mesh lé?er is pfesehted in
figure 4.3.i along dithf;ﬁé' location of t%e ‘strain gauges
vhich were calibrated to a véiﬁe‘of 11.34 N/reading unit.

A strip footing lcad was épplied at the crest of the
‘slope with the strain in the..mesh; the settlement of the
footing jacks, and the load applied being the parameters’
measured during the test.

~

'figﬁre 4.3.4 illustrates the axial tensile load generated
in thg reinforcing Baré of the mesh by the appl?ed étress,
Subsequent probing of the slﬁpe indicated some changes in
density of the soil in the vicinity of -the mesh layers after
failure was attained. This shows that some of the failure
planes were situated aldng or near the reiﬁforcing layers.
Figure 4.3.5 illustrates "the local planés of weakness
obtained by probing ﬁhe embankment along with the ténsile or
cémpfessive.loadslregisteréd in the mesh layer; at maximum
bearing pressure.' Utilizing these two indicators, a
pfobab&e failure surface through the embankment is drawn.
Thé'actpal faiiure load.qu_détermined to occur at 61 kN
per footing or moée accu;;tely;- the bearing stress at
failure was 163 kPa. ‘Failﬁre éas determined to be when a
loading - stress could not .be .sustaiﬁed'withouf 'prbdhcing.
continuous settlement of the footings. K
-;The presence of the rigid base was deemed not tb have

_ihfluenced the bea;ing capacity of the embankment since the

thickness of the soil layer between - the footing and the

~o



rigid base was thicker than twice the width of the footing
(2B). Also, the presence of the dummy footings on each side
of the central jack nullified the.ﬁall friction effects on
the central A footing where the measUfements were taken and
created a plain Strainfcondition.

A slope analysis of the -same embankment ® without

reinforcing layers, ‘using the Bishop slip circle method,

}ields a maximum failure stress.of 150 kPa. Thegefore, the

induced bearing capacity improvement is in the order of 10%.

This fminimal improvement in bearing capacity can be
explained- by the method of \cqnstfuction of the embankmknt
which created an area of loose“sand aeposit in the slope

itself, while the rest of the embankment had a/dénsity index

of 94.2%. The looseness of the sand did not permit permit

the anchorage of the reinforcing layers and the full use of

the reinforging system.

In fact it can be said that the mesh was relatively

. ¢
“ineffectual and was an integral part of the outward sliding

mass. , . )
This test demonstrated the ¢rucial importance of
anchoring the reinforcing la}érs of mesh in the embankment.
To properly study the reinforced embankment problem,
further tests we;e performed and are discusseﬁ in the
fqilowing sections, These tests did not allow the presence

of loose sand deposits and insured.the anchorage of the

reinforcing mesh layers.

168.
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4.3.2 Reinforced embankments with 2:1 slopes

Desché&nes (1978) investiéafed a series-of large scale
modéL embankments in order to determine the bearing capacity
of footings beneath.or adjacent to a slope of crushed silica
sand (simulating granular material). ‘The present study
utilized the, same faciliiies and equipment that were used
for tﬁose ‘earlier tests. The results of the _embankment
tests were expressed 1n térmé of bearing capacity factors
(NYq-). | |
With all other desigm parameters reﬁaﬁning constant, twd

-

reinforced embankments were constructed and tested“ to.

+

determine the effect of the reinforcing mesh on the bearing
capacity of 'the footings placed at the crest. of the

embankments.

-

In*1957, Meyerhof suggested that ‘the bearing capacity

can be gqiven by the bearing capacity factor (NY ). _The
- IEPT T S q

. [ -’

bearing equation takes on the form:

= 1/2 p
q 1/ g B NYq

where -_,}T‘

g = ultimate footing stresé
“p = the density of the soil

g = the acéeleration due to gravity
B = the foot{ng width
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Thereforé, the bearing capacity factor ."Tq?' can be
determined :from the above equation, since tall other
‘quantities are xnown. |

‘Table 13 describes-the characteristiés of e;ch embankment
tested and figures 4.3.6 and'4;3.7 illﬁstrate: the geometry
df the reinfofged embankménts. . | -

TABLE 13

Summary of embankment tests

test footing unit wultimate settle- .% inc. % decr. bearing

loca- ~ wt. Dbearing ment in - in capacity
tion kg/m? pressure @ 210 "bearing settle- factor
. kPa kPa - Capa- - ment N
{mm) city ¥q
1  crest 1607 210 32 - - 44
R-2 crest - 1615 251  16.5 200 48 . 52
Kyl

R-3 crest 1625 538  12.3 156 62 111

test 1: unreinforced embankment - crushed silica sand
test R-2: reinf. embankment $#2- crossbar spacing 6x12- Y=.3m
test R-3
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The 'load-settlement relationships are shg;n graphiéally
in figure‘4.3.8. )
The method of‘detefmining.the ultimaEe bé;ring capaéity
of footings 1is based on suggestions made by Vesic (1973).
According té Vesic, the ultimate load is the point at which}

r

the slope of the load-settlement curve first reaches zero or
a. steady, finimum value. .

- Tﬁe first reinforced embankment was. strain gauged as
indicated in figure 4.3.6 and the tensile loads measured in,
the mesh as the applied stress was increased are shown in
figure 4.3.9. .

These measurements, along with the local planes of
weakness obtained by probing the embankments permitted the
localization of probablé failure surfaces in Eﬁe reinforced
embankments (see figures 4.3.10 and 4.3.11). .

%he location "of the local planes of weakness was
determined by pushing a 3 mm qﬁameter probe vert}cally into
the soil mass as. indicated in section 3.Z.1. |

It is worthwhile to note that the mesh inclusions seemed
'to participate in tHe- formation of shear surfaces, most
notably at the bpse of ﬁhe embankments.

Table 13 shows thét the introduction of reinforcing mesh
increases the ultimate bearing-capacitf of the footings on
the embankments by és.'much as 156%. and reduces the

 settlement of the footings by as much as 62%.
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By introducing a relationship between the ultimate

béaring capacity- and the settlemenf versus the amount .og

reinforcing eel -mésh in the embankment, we obtain the
exponenti jf:t}ves presented in figure 4.3.12.

These curves illustrate the efficiency and attractiv;zéss

ca s . . :
of utilizing reinforcing mesh in embankments as a mea

'increasing the bearing capacity of footings and decreasing

settlement. In other words a typicai road embaﬁkment yifh

. reinforcing mesh can be constructed at a steeper side slope

angle, therefore minimizing land requirements.

.ofl-
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4.4 BEARING CAPACITY OF FOOTINGS ON REI NFORCErms ' .
{
A final series of large-scale model tests was conducted

on four reinfor;ed earth uélls. These sfructures ;oqsisted
of horizontal  layers of fginfqrcing 'steel mesh of varying
length (having the same charactéqistics as in the pullout
aﬁd embankment tests, . with a 6x6 crossbar spacing, .15m x
.15m} interspaced at constant vertical.intérvals' within a
crushed silica sand backfill, the mesh being éttéched to
aluminum wall panels of semi-elliptical shape.

The wall panels were 1.83 metres wide, 0.23 metre high
énd had a skin thickness of 1.6 millimetres.. The panels
were manufactured to permit a vertical linkage between the
panels tand therefore_ ellow the construction "of the' wall
‘$tructure to praceed_in stages. |

The construction stages were identical for all four

tests: ‘ K

l. placement of layer of reinforcing mesh at the desirea

| height level ‘

2. bolting ofrthe mesh to the wall panel using 'U' bolt
connections

3. spreéding of the sand backfill at the desired dénsity
up to the next level of reinforcement .

4.. repetition of the process until the wall has attained

the final height of 1.37 metres.
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The width to nﬁeight' ratio of the test apparatus should:
not be less than 1.0 to 1.25 .iq_ordet to keep ﬁhe error due
to side.wall.h}&hjng (wall friction effect) below ld-pefcent
.(Hausmann'l978). In the following séries of tests, the
ratic was kept at a constant value of 1.34, theoretically
Yimiting wall friction effects to less than 10 percent.
Figu}e 4.4.1 illustrates a tybical wall test and figure
4.4.2 highlights the vall panels and the 'U'  bolt
connection; |
The.uall panels do not insure the overall stability of
the structure but éc; only as a means of preventing the
backfill soil from flowing out. As a means of testing the
preq{ous stétement, the erection of a non-reinforced wall
étructure was attempted, but immediate wall overturning
verified the stated assumption,

“All four tests were subjected to a surgharge'strip load
to determ%ne the maximum bearing capacity of!the‘footings on
a feinforced soill structure. 'The wall panel deflections
were measured albng with the applied pressure and settlement

© of. the footings. ‘
In model test W-3, strailn gauges were'insta}led along the
reinforcement mesh in order to measure ﬁhe resulting tensile
forces supplied at each level of reinforcement gy the

applied pressure.‘ ‘

Model test W-2 differed from the other three tests by not

having the reinforcing mesh bolted to the wall panels. This
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‘;ﬁas accomplished in order to jnvestigéte whether or not a
significant deciine in bearing capacity would 6ccur witﬁ
noﬁ-bblted reinforcing éembérs.i | '

A§ in the previous puliout'gnd embankment experiments,
Siippage of the applied pressure on the earth structure
" occurred 'at regular intervals.’ This slippage can: be
physically described as a 1loud ét;ess relieving 'bang‘;'
Aiial stress increases on the crossbar members untii fg
maximum tensilé load is achieved which is then followed By a
sudden ‘drop in axiall stress and consequently a drop in
bearing pressure.

Table 14 summarizes the reinforced earth walls'testiﬁg
programme and figure 4.4.3‘i11ustrateé the applied pressure-
settlement relationships of the different configurations of
reinforcement. The , following sections will examine each

test in detail.

~/
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REINFORCING MESH o e

BACKFILL SOIL
" 0.46 ' CRUSHED SILICA SAND

ALL DIMENSIONS IN METRES

A S s T R G R R AN O R SRR N LR DU SO
MESH CHARACTERISTICS® CROSSBAR SPACING: 6X6 (.15a X .15a)
: WIDTH: .5°  (1.52a)

LENGTHs YARYING LENGTH
BAR DIAMETER: 3/16" (4.8 as}

YL

é

HA-LL PANELS® 1/16° (1.6 an) THICK ALUMINUM PANELS
6 (1.83 =) WIDE

o FIG. 4.4.1- TYPICAL REINFORCED WALL CONFIGURATION
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TABLE 14
Summary of reinforced wall tests

test# unit - foot1ng bolted gauged length settl. u1t1mate

"weigth location to & of - of . 'bearing
of D wall mesh central capacity
. back- {m) panel {m)  footing of
fill S _ : i (mm).  structure -
'soil : . / - (kPa)
kN/m’ ! .
w-1 15.91 0.71  yes  no 4.27  37.3 800
w-2 15.94 0.71 no no 4,27 28.0 597
W-3 16.02  0.23  yes. yes  2.74 33.5 585
Ww-4 15.8B¢6 0.71 yes no 1.37 37.9 508

4.4,1 Reinforced w%ll test§ W-1 angd W-2

Reinforced wall test W-1 consisted of six mesh layers of
4.27 metres in length'(three times the height of the wall)
.with a Jertical sﬁacing of 0.23 metre, all bolted- to the
aluminum wall panelé.

A seventh layer of mesh of 1722 metres was connected to
. the top section of the upper panel to minimize'overturnjpg
of the top panel. Figure 4.4.4 shows graphically the test
- layout. ' _

As indicated in table 14, the ultimate bearing capacity
of the structure was measured to be 800 kPa, this ultimate
béaring capacity was defined at the point at which the slope
7 of thé load settlement curve first reaches zero or a

. . . . -
steady,minimum value.
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Figure 4.4.5 illustrates the configuration of the’

192 -

reinforcing mesh 1ayéts after the load test was executed.
_dnly the upper three layers had any noticeable deformation
of* the crossbar members, and mesh E sustained the most
important deflections including weld and bar failureé. This
indicates that at a, height of H/3 from the upper surface (H
,beipg the tofal "height of the wall) the tensile férces
suppiied td the mesh layers have attained a level greater
than 12.2 kN (barAfailure load) beneafh the footing.
Utilizing figure 4.4.5 and by probing the soil structure,
the points of maximum tensile stress in the soil stratum can
be determined and therefore a probable failure plan; thrgugh
tj{he_spructure is'identified.‘ This failure plane is shown on

fiqure 4.4.6.

Figure 4.4.7 demonstrates the outward wall panel ~

displacement as the bearing pressure applied to the wall is
increased. Once again,’the méximuﬁ tensile stresses ¢ e
located at mesh E or at H/3 of the total height of the wall.:
" The objective of wall test W-2.was the examinétion of the
influence of bolfing thé mesh to the wall panéls on the
bearing caﬁacity of the strbcture. Figure 3.4.8 illustrates
the layout of the test. | |
The earth structure consisted of six layers of mesh of
4,27 metres in length, idenfical‘to the previous test but
not bolted tb the wall panels. Each reinforgement iayer was

placed horizontally at the mid-point of the panels, and to

LY
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prevent the wall from overturniﬁé during erectioﬁ six iayers
of mesh- 0.61 and 0.76 metres in length were bolted to the
' _wall panels between each layer of mesh of 4.27 metres.
These additiodal_ layers of reinforcement undoubtebly
influenced the bearing capacfty measurements however, their
small length prevents any an?horage effect to take place and
one can neglect their presence.

The wultimate bearing capacity of this structure was
measured at 587 kPa, or a 25% drop of capacity from the
bélted system. Furthermore, at an applied pressﬁfe of 500
‘kPa, the settlemeé?lof_the footings increases from 19.8 mm
in test W~-1 to 22.7 mﬁ for test W-2, or an increase of 14.6%
in settlement (figure 4.4.9).

In ;xamining the deformation of the mesh reinforcement
after the load test (figure 4.4.10) and the presence of a
ridge of displaced sand 0.6 metre behind the fooéings,
probable failure zones can be assumed through the earth
structure. These zones differ substaﬁtially from test W-1
and are presented in figure 4.4.11.

Figure 4.4.12 shows the outward wall panél.displacemenf
as the bearing pressure applied is increased, At 500 kPa,
the displacement of the walf‘bangls. was subjecteé to a
substantial increase in the upper three panelg ﬁyr the non-
bolted test compared to the bolted test. This increase
vafies from appro#imately 170% in the upper panels to 75% in

panel three to approximately 30% in the lower three panels.

R
RA

Ler
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. Once again, it becomes ¢fear that mesh E sustained the.

greatest tensile load transfer from the applied'pressure.

In . other words, if the total height §f"the wall 1is

considered to be H, the point of maximum.tensile stress is

located this time at H/4 from the upper soil 5urfade._

Summarizing these two tests, it becomes evident that the

bolting of the anchored reinforcing layers increases the’

bearing capacity of the, strip footings,i reduces the footing
settlements . and ‘minimizes the wall panel outward
defleqtions; The Eeason “for thiS‘iﬁprovemeﬁt i; ;hag the
' wall facing distributes the confining effect " of the

reinforcement more uniformly over the soil strat@m\g
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MESH A MESH 8 MESH C

' g 0.61a
. J._-‘._J..J . . '

[
[

MESH D - . MESH E MESH F

FIG. 4.4.10- DEFORMATIO% OF RESISTING MESH AFTER
, LOAD TEST (REINFORCED WALL W-2)
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4.4.2° Reinforced wall test W-3 ' '

Wall test W-3 waé‘similar to wall tgét w-1 except for two
importanF pérameters, the length of the ;einforcing,mesh was
reducea to 2.74 metres (twice the height of the wall) and
_the footings were moved . ﬁo within 0.23 metre.of the wall
panels, as illustrated on figure 4.4.13.

. Another important variation lfrom test W-1  |is the
inc}usion of  strain gaugéé in the reinforcing mesh which
permifﬁed the measurement df the tensile forces applied to
the reinforcing members by the strip footings: The 1afout
of a typicai mesh layer is shown on %igure 4.4.14L‘

Figure 4.4.15 compares the ‘hearing. pressure versus
seitlementirélaéionships of tests W-1 and W-3. - A drop in
bearing capacity of 27% is observed (800 vs. 585 kPa) and an
increase in settlement of the footinés at 500 kPa of 28% is
measured (1§.8 vs., 22.5 mm). ) ,

Figure 4.4.16 ;hows tge deformation of the mesh layers
after the load test and figures 4.4.17 and 4.4.18
illﬁstrate the distribution of the tensile forces in the
reinforcing mesh a£ 300 kPa and at maximum bearing pressure
obta}ﬁed from the strain gauges. From the deformation 6f
the mesh, and tpe maximum tensile forces a probable failure
. plane can be détermined and is shown on figure 4.4.19.

The wall panel deflections are shown onlfigureA4.4:20 and

the increase in deflection from test W-1 ranges from 225% in

the uppermost panel\to 100% in the lowermost panel.
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After describing' the test results it is of interest to’
determine which of the parameter changes had the greatest

influence on the behaviour of the wall structure:

1. the shortening of the mesh} or
2. the smaller distance between the wall panels and the
- ) .

footings.

4

N

Going back to the pulloﬁt tests, it was observed that a
‘

'mééh of’thrge.metres in length was considered to be anchored
and that onlf the yiel@lstress of the steel was. being
tested, wﬁble a mesh of .93 metres in length was pulledlout
without deformation of the crossbar members.

However the peak pullout load for a 6x6 (.15m x .15m)
crossbar épacing -for both ,_;engihs .gt high overburden
pressure, is conside;ed.to be identical (as shown in table
4). Tﬁerqéore-it can be concluded that the 2.74 metres mesh
in wall tesf W-3 was anchoréé to the same degree as test W-l
for a strip footing test, and thét the significant parameter
Jﬂich inf1uenced the behaviour of tesf W-3 was the distance
(D) between the wall panels and . the‘footing, ~which was
reduced by a factor of three if we take the curvatuyre of the
wall panels 1in consideration.

In summary,"by moving the fgoting Iocation.from 1.36B to
0.59B . (B= fopting width), tﬁe bearing capacity of the
st}ucéure is Eeduced by 27%}, the settlement of the footings
is increased by 28% while the outward displacement of the

wall panels is increased substantially.

-
1.
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BROKEN WELDS

A .‘ 11 |-B-_0.81- |

MESH - MESH E MESH D
~ .
b
I B=0.61m
U’
1
MESH ¢ . " MESH B ' HESH A

FIG. 4.4.16- DEFORMATION OF REINFORCING MESH AFTER
LOAD TEST (REINFORCED WALL W-3)
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' 4.4.3 Reinforced wall test W-4

W#li test w¥4 was similar to wall test w-1 wiﬁh only one
parameter change, the length of the réinforciﬁg mesh, which
was reduced to 1;37 metres. _ -

Figqure 4.4.21 illustraﬁes schematically the fest layout
and fidure 4.4.52 compares the loading behaviour of wall ﬁ-4‘
‘to walls W-1 and W-3. - i | '

Figure 4.4.23 shows the deformation of the upﬁer two mesh
" layers after the loading test and figure 4.4.24 il;ustrates
a probable failure‘mech?nism. The wall panel displacements
are shown on figure 4:4.25.' . ' ~ -

This last wall fest d;moﬁstrates‘that .by'reducing the
length of the reinforcement to 1.37 metres (100% lof the
total height of the wall) or by a factor of three compafed
to the initial test W-1, .the bearing capacity of the wall
structure is reduced by 37% (508 vs. 800 kPa), .the footing
settlement is increased by 73% at a bearing pressure of 500
kPa (34.3 mm vs. 19.8 mﬁ) ‘while the wall panel deflections
remain éompatible to those of test W-1, with the exception
of panel 5 which 1is actually pulled- in by the applied
pressure. |

The failure planes 1illustrated oﬁ figure 4.4.24 are
subqtantiated.byiéhe deflection of the crbssbar 'members in

. T /
the upper mesh layers and by the behaviour of panel 5.

>~

-

. -
: ¥ A
” .
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The pulling-in of -the wall panels occurred beEauée_the
mesh layers are- not sufficient in length to be anchored in-
the soil stratum. B#enthough the bearing capacity is
adequate when compared to tests W-2 and W-3; . the excessive -
settlement of the footings and the unusual reaction to the
applied -load does, not permit 1long term acceptance of an

earth structure of similar configuration and parameters.
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FIG. 4.4.21- SCHEMATIC REPRESENTATION OF
~ REINFORCED WALL TEST W-4
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FIG. 4.4.23- DEFORMATION OF UPPER REINFORCING MESH
LAYERS AFTER LOAD TEST (REINFORCED WALL W-4)
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FIG. 4.4.24- FAILURE SURFACE FOR REINFORCED WALL W-4
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) . chaptér v
APPLICATION OF THEORETICAL CONCEPTS TO
.EXPERIMENTAL RESULTS

The theoretical developments and formulae described in:
chapter 11 deal mostly with tﬁe Reinforced Earth Company's
" method of earth reinforéemenil' Thé formulae were developed
for the long thin re%n?orcing strips.which accomplish the
stress transfer from{;arth, to tensile reinforcémenﬁ ﬁﬁrough

friction, ' . . .

I Ry

The ‘' research program described in  this thesis,
invéstighted the behaviour of earth structures reinforced
with- steel wife mesh. This system of reinforcement
accomplishes the stress transfer by wusing the bearing
.pressure developed'against the crossbars which then transmit
“the force from the soil maés to the lpﬁgitudinal béré, hence
developing tensile forces in these bars.

. Thefeforel only theoretical developments which analyse
systems of reinforcement using wire mesh (VSL Retained Earth
1981} ‘or synthetic grids .(Iwasaki and‘Wataﬁabe 1978, and
Tensar grids 1982} bear a direct relationship to the

research program.

PR . - 220 -
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5.1 -PULLOUT TESTS

221

Since the peak 1load represents the maximum mobilized
, 5 |
friction 4grip or bearing resistance againit pullout, - a

¥
b

factor of safety can be evaluated using the'peak loads as

failure loads and the design tensile loads can be calculated

using ‘the follouin§ equation (Chang et al., 1976): -
. . ¥ .

S P

FS = Fs =
slippage Ka y HX Y

4

P being the éeak failure pulling load.

The appliéétion of this formula .is rather restrictive
since.it uses the factor of ééfhfy as a means of evaluating
the effectiveness of a reinforcing syg;eﬁ. A facfor of
safety of four is not twice as safe as another éystem with a
factor of ‘safety of two. The relationship is not linearly
proportional.

Almore sensible way tb- evaluate the effectiveness of the
different reinforcing systemé is to compare the skin
friction force intro' %3 into thé system, The skin
ffiction force can be evaluated bylthe following equation

(Chang et al., 1976): °

Skin friction force = 2F = 2 Y H Db L tané
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.where:

fr1ct10n force on one face of the reinforcement in kN

-
fi

b = width of re1nforc1ng strlp in metres

L = length of reinforcing strip in metres ‘//(/
7

& = skin friction angle between soil and relnforcement '
H =‘hezght of f111 in metres above the reinforcement
-

Y .= unit ue1§ht of 5011 in kN/m?

Therefore,  the apparent friction -angle between soil and

flat or ribbed steel reinforcement can be found.

2F .
.- tan § 2 yHw Ll

oy

Table 15 summarizes herein these calculations.

Since 'the-presence of strain gauges on flat strips

<

influénces  greatly their pullout™ resistance (four fold

increase), only the flat strips with no gauges are examined.
' -

Table 15 shows that the ribs on ;he Reinforced Earth
sttips increase the ‘apparent skin friction angle between
soil and steel and increase the peak pullout load by a

-

Qfactor of ten.
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TABLE 15

skin friction angle for flat and ribbed strips

————— S A A T —————— - — i - =

test# Reinf. peak width 1length over- tané - 8
sygtems pullout b L ~ burden apparent apparent
e load {(m) (m) pres- coef. of skin
(kN) sure frie¢tion friction
(kPa) ' angle
(deg.)
1 fla 1.04 .038 3 ¢ 22.1 .206 - 11.7
2 flat 0.97 .038 3 21.7  -.19% 11,1
11 flat 0.66 .038 1 21.1 .411 122.4
avg ribbed 10.16 .040 3 21.7 1,95 62.9

However, since the stress transfer mechanism of the steel
wire mesh is fundamentally different froim the flat or ribbed
strips, an alternative way to evaluate the coefficient of .
friction between the reinforcing element and the soil mass
is to calculate the anchoiage factor, Ac.

The aﬁchorage factor is measured by the following
equation. (Al-Yassin 1980): ' ‘

¥



P = maximum pullout load
c_= normal pressure '
= width of cross bars
L} i L

b
d = diameter of cross bars
N

= number of cross bars

Tgble 16 Summa:ize; the anchorage factor calculations for
the steel wire mesh reinforcing system, and figure 5.1.1
shows the relationshiﬁ between the normal préssure and the
anchorage factor for different cross bar widths. |

An extrapolation of the cﬁrves ‘in figure 5.1.1 towards
the higher ﬁormal pressures.that are encountered' in actual
earth structures indicates that the anchorage factor
stabilizes itself at an approximate value .of 45 for ‘the 6x6
sections and a value of 65 for 12x6 and 18x6 sections.

Hence, the anchorage factor Ac' égﬁf?gjemployed as a-
design parameter for wire mesh reinforced_itructurés such as
embankments and walls.

L

1
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ANCHORAGE FACTOR.
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TABLE 16

Anchorage factor for wire mesh elements

—— . . T T R R T T T e Ak MR R WS T T T e e S e A A M A e T W e e v

test§ cross peak width length over- number anchorage
bar pullout b L burden of = factor-
spacing load (m} - (m)  pres- cross- A
(in) (kN) sure bars ¢
(kPa} N

28 6x6 31.57 457 1,93 22.1 13 50.1
29 6x6 29.15 .457 1.93 14.7 13 69.5
30 12x6 24.41 457 1.93 22.1 7 71.9
31 12x6 19.82 457 1.93 14.7 7 B7.8
32 18x6 20.01 .457 1,93 22.1 5 82.6
33 18x6 16.80 457 1.93 14.7 5 104.2

-—— e = . S e e e e G EE MR R e M S T A TR R S e e e e e e N S R R MR R W e W R W e e ————

5.1.1 - Comparison of reinforcing systems at the same stress
eve

A valid criticism of pullout tests which try to
d&monstrate - that oﬁe reinforcing system . is superior to
another is that each system is stressed to different levels;
i.e. at pullout, the applied stress in the wire mesh is much
greater than in the ribbed strips. e

Tables 17 and 1B present a Edmparison between the ribbed
strips and the wire mesh when an identical workiﬁg stress is
applied to.the reinforcing elements. A comparison can be
_ made by calculating .the volume .SI. steel reinforcemEnt
neéessary:to resist a given load at a givenjstresé levei._

Table 17 shows the wire mesh members reaching and even

exceeding the wofking stress under';peak puliout loads while’

the ribbed strips reach only i/e of working stress.
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However, by establishing a common stress level at which
comparisoﬁé are made, table ‘18 shows‘ that the wire mesh
s}stem requires less than 15% of the volume of steel
necessary‘ for the ribbed strips to resist the wofking
stress, This demonstrates not only the efficiency but also
the economy of the wife mesh system. '

TABLE 17

Working stress analysis of reinforcing systems

reinf. load at cross- stress peak assumed tensile
system rupture sect- T at pullout working[‘ load at
(kN) ional rupture resis-  stress working
' area (MPa) tance (MPa} stress
(mm?) ~ (kN} (kN)
~; ibbed
L=3m S0 200 450 10.2 300 60

number of longitudinal bars

(1 bar) (1 bar) (1 bar) (4 bars) (4 bars) (4 bars)
wire mesh ’ :

L=1.93m

6x6 ¢ 12.3  18.1 680  31.6 300 21.6
"6x12 12.3 18.1 680 244 . 300 21.6
6x18  12.3.  18.1 680  20.0  ° 300 21.6



TABLE 18 o
Comparison of reinforcing systems at working stress

———— e S S e -

reinf. volume regquired required weight stee)
system of steel volume volume of steel ratio
@ peak of steel of steel (kg) by .
pullout @ working for 60 kN . weight,
locad . stress tensile :
(m?) (m*) load
{m>) °
ribbed _ . o :
L=3m .0006 .0035 .0035 - 27,3 1:1

wire mesh

L=1.93m

6x6 1.00025 .00017 .00047 . 3:7 7.4:1

6x12 .00020 .00018 .00050 - 3.9 7.0:1
" 6x18 .00018 .00019 .00053 4.1 6.6:1

5.2 VARIATION QE‘FRICTION,ANGLE WITH STRAIN

A major constraining “factor . for most engineering
‘situations is the level of settlement which may be permitted
without endangering the serviceability of the structure. 1In
addition, the settlement {axial strain) determines the
infernal angle of friction of the loaded soil. As the axial
strain (or lateral strain) 1is increased, the angle of
internal frfctipn of the s0il will ‘increase uRtil the
ultimate friction angle is reached.

Therefore, in order to use the appropriate angle of
friction in the subsequent design procedures, the ¢-stréin.

relationship must be investigated.



-
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Figures 4.2.9 to 4.2;12”¢oqpared thejaxial'gtrain imposed
on the triéxial tests wiéﬁ'tﬁe deviator stress and the
volumetric strain at varying confining _‘pressﬁres for
reinforced and non-reinforced silica sand samples.

| The lateral sgraiﬁ may be evaluated using Poisson’'s ratio
which is the ratio ‘of iheflateral strain to axial strain
during ‘a compression ‘test with ~axial loading.. However,
" Poisson's rafio is unknown for the crushed silica sand and
the following relationship is utilized for the evaluation of
the lateral strain, aséuming the sample deforms as a rigid

cylinder.

-d-'-Y— - -éul—‘ -+ 2 6—D
v L D
. o: .

8D _ o4V, SL
s~ (5 + T

dv/V being the volumetric strain, 6L/L the axial strain and
§D/D the lateral strain.

A summary of the styess-strain felationships' obtained
from figures 4.2.9 to 4.2.12 for the crushed silica sand is
shown in table 19 . From. table 19 ,Mohr ciréles are drawn °
at varying. levels of strain (axial ané lateral).

Figures é&Z.l'énd 5.2.2 'illustrate the Mefr envelogésfand
the corresponding internal angle of friction of the silica
sand for varying iévels of axial .and lateral Sfrain

respectively.. _ : ]

-
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A relationship between the strain and intérnal angle of
friction, ¢ , 1is established and presented in figure 5.2.3
for axial strain and figure 5.2.4 for lateral strain. Since
Ka, the coeffiﬁient df active earth pressure is a function
of ¢, the ordinates for ¢ in figures S.Z.Q:ahd 5.2.4 §an be
duplicated uith ordinates for Ka. l
It becomes bossible to Qgtermine Ka for. the crushed
silica sand. from the strain values. Figures 5.2.3 and's.z.{
can be used as a design tool in the determination of factors

of safety and bearing capacities for reinforced embankment-

- and wall models.
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TABLE 19

-

Summary of‘stress-strain'relationships for silica sand

L~
confining - axial axial volumetric ‘lateral
stress stress - strain strain strain
C 03T gy, sL/L av/v ’ éD/D
(kPa) o {kpPa) ' (%) : (%) . (%)
35 35 0 0 D
35 102 0.5 0.14 0.32
35 140 1.0 0.32 0.66
35 159 1.5 0.55 1.03
35 171 2.0 0.91 1.46
35 179 2.5 1.23 1.87
35 184 3.0 1.59 2.30
35 v - 190 4.0 2.23 3.12
35 195 5.0 2.86 3.93
172 172 0 -0.48 -0.24
172 355 0.5 -0.62 -0.06
172 520 1.0 -0.62 0.19
172 - 591 1.5 -0.43 0.54
172 648 2.0 -0.24 0.88
172 . - 672 2.5 0 1.25
172 696 3.0 0.24 l1.62
172 725 4.0 0.76 2.38
172 753 5.0 1.19 31.10
345 345 0 .20.26 Y -0.13
345 738 0.5 -0.39 0.06
345 925 .1.0 ~0.46 0.27
345 1050 1.5 -0.46 0.52
345 1131 2.0 -0.39 0.81
345 1175 2.5 -0.26 1.12
345 1220 3.0 -0.09 ° 1.46
345 1291 4.0 0.35 2.18
345 1345 5.0 0.78 2.89
551 551 ‘“' 0 -0.43 -0.22
551 . 1033 0.5 ~-0.61 -0.06
551 1431 1.0 ~-0.65 0.18
551 1551 1.5 -0.65 0.43
551 1694 2.0 -0.57 0.72
551 1774 2.5 -0.43 1.04
551 1846 3.0 -0.26 1.37
551 1953 4.0 0.26 2.13
551 | 2024 5.0 0.65 2.83

_____ R mmmm e e
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5.3 REINFORCED EMBANKMENT TESTS

The, _stabi;ity"énélysis of -gﬁ -embankment can ~ be

/investigated by vafioué methbds‘énd:design prbceddres. o
methods of' anéiysis which have been applied previoué}y td
;wire_.meéh ﬂre%nforced ‘embankments are _ipvestigated -and
compared ﬁoﬁ tﬁé éxperimental results ‘inm the foliow;ng
section. = " | . o

V'Er These methods are:

l. sliding-block analysis
a) Iwasaki and Watanabe 11978)
2.. circular failure surface analysis

a) Tobutt (1981)
fﬁ) Tensar grids (1982)

5.3.1 Sliding block analysis

Using the analysis qefhpd described by lwasaki “and

Watanabe (1978), a comparative study of the factors of

safety for the experimental embankments can'be_petformed.

The safety factor for the reinforced embankment becomes:
AR s

where ns‘ is the resistance of the soil against the earth
pressure P, and’ R is the resi%;ance .of the Eeinforcement

against siiding.

* - ]
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As in section 2.5,‘!n becomes: ‘ N . /
A . . ’ P ( \4 ‘ —_—

RN T ._+.,;1/.'zf el 1, +1/4 ¥ L |

»

-
.

Table 20 s¥mmarizes the experimental results for

-

: embankmen;s with a 2:1 slope. .'-Using the.average' axial

strain values obt ined at t mayimum bearing pressure, 'thé,3

‘ : . — . - oo ' :
corresponding internal angle of friction for each embankment -
test is determdned from figqure 5.2.3.

o TABLE 20

Characteris;ics of reinforced embankment tests

Bt ' maxi%um settlement axial = internal Ka
charac- bearing  of footings strain angle :
teristicgs pressure . @ max, @ max. of
: (kPa) - bearing bearing friction
pressure press. (degrees)
{(mm) (average) .

. . ' : - (%) o '
————ter = = ————— ‘-....‘.-—_‘___._.--,-———..---__.—-...--___-__._.-——--._-—'-_:.' _______ "
non-reinforced. ‘ . ] , : o
2:1 slope . . 210° 31 . 1.69 - 27 . .376
mesh: 6x12 o : -

2:1 slope ¢ o ' .
¥=.30m . 251 , 20 1.09 24 ' .410
. . “ K . - .
mesh:y 6x6 . .
2:1 slope o -
Y=.15m 538 - - 37 2.02 . 28 .360
2
¢
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 TABLE 21

Analysis ‘of embankmerits by sliding block method

_______________________________________________ v ———————— -
test factor of safety internal factor of safety
- by sliding block angle . ° by sliding block
» analysis of analysis )
< with ¢ =357 . friction with ¢ from strain
‘ by strain - L
no @ mhx. (deqrees) no @ max.
-surcharge bearing surcharge bearing
‘pressure . " pressure
non- .
reinforced 5.2 0.25 27 : 2.8 0.12 ,
~reinforced _ . .
nc. 2 19.2. . 0.71 : 24 - 11.4 - 0.42
reinforced S '
no. 3 28.7 - '0.51 28 . 20.9 0.37

- i . e - AR —— A S e W T R TR e e e e S S e e e e e A SL SR S S S e e e

It becomes apparent that the- introduqtion of the
reinforcing‘mesh in the embankménts produces a significant

- increase in the factof' of safety (table 21) when no
surcharge . is applied .to the embankment. However, the

- sliding block method of analysis is overly conservative in
estimating the factors o;-safety when a surcharge is applied
~to the crest of the embankment; The desigh procedure leads
to an unacceptable'underestimatidn of the beapiné cépaéity

of footings on embankments.

(-

4
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5.3.2 Circular failure surface analysis

»
-

utilized a slfﬁhtly
- ' '
modified Bishop method of slices whichl includes a resistance

Tobutt (1981) and Tensar (1982)

moment of the reinforcement about the 'slip circle centre,

which is added by superposition to the --existing resistance
moment of the unreinforced embankment.

Using the slope stability computer program for Bishop's

method of analysis (Lam and Trak, 1982), a second
co ive study of ;aétors of safety for ‘the embankmeht

tests is Figure 5.3.1 illustrates  the critical

slip circles which\ were obtained for a non-reinforced
' .

)

embankment with varying levels of surcharge. 'Thgse critical

failure surfaces, determined by computer analysis,

- .
correspond more or léss to the actual slip surfaces in the
reinforced embankments and are therefore selected for the

stability analysis of the reinforced embankments.

For a non-reinforced embankment, "the- factor of safety is

determined by the following eguation:

SLR
F§ =
i {(Wwx) + (qgeY
i
. where § is the shear strength of the soil, L, the length of

the slip plane, R, the radius from the centre of rotation of
the slip plane, W, the weight of the earth ségment; X, ﬁhe
lever arm of the earth segment to the centre of rotation, q,
the surcharge and e', .thé eccentricity of the sh;charge to

g

the centre of rotation.
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For. a reinforced embankment, the resistance moment of the

reinforcement is superimposed onto the'above equation.

S LR+ Ty

F§ =
(Wx) + {qge’

Cey

- T being the permissible tensile  Ioad on tﬁé ;éinforcement.

and y, the lever arm from ‘the centre of érévity"of the

tension zone to the centre of rotttion of tﬁe slip plane;
From théjpdilbut'tests, the_permissible_ﬁensile load‘T on

the wire mesh reinforcement was set at:

35.8 kN per metre length pef'metre width

T =
h ]
for the wire mesh with a 6x6 crossbar spacing
) .
T = 27.7 kN per metre length per metre width

for the wire _mesh with a 6x12 crossbar

spacing . )



ay —

:d-cﬁ'ﬁ\*'vgv:ﬂw
SRS

SLIP | DISTANCE FROM CREST| SURCHARGE | CALCULATED
CIRCLE x y LOAD FACTOR OF
; ta) ) | WP®) | SAFETY*
1 1.47 0.86 0.0 1.62 2
2 1.27 0.76 210.0 0.58
3 1.27 0.76 251.0 0.483
" 4 1.27 0.46 | s38.0 0.004

« USED IN LATER CALCULATIONS
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FIG 5.3.1- CRITICAL SLIP CIRCLES FOR NON- REINFORCED
EMBANKMENTS WITH VARYING LEVELS OF
(BISHOP'S ANALYSIS)

SURCHARGE

[

FOTELA



The pullout tests 'also demonstrated ' opt imum
adherence length was approximately two-metre the wire
mesh reinforcement. No significant increase in permissible
tensile load occurs for 'Qire‘ﬁesh_.layers longer - than two
metres and an adherence length of three metres results in
" the mesh failing in tension. |
Thegefore, using the critical slip 5uf£acés determined by

Bishop's analysis for a non-reinforced embankment and

superimposing the-resistancé moment of the reinforcement
\ (maximu; adherence length of two metres), ' the factors of
safety for the reinforced embénkments are determined and
summarized in table 22

Once. agaih, . the introduction of the w}re mesh
reinfor@ement in the .embsnkmehtg increaéed the 1initial
factor of safety significantly when no surcharge is applied
(from 1.6 for a non-reinforced -embankment’ to 26.5 for
reinforced embankmént no. 3). Howe;er, ﬁo clear trend is
apparent when the faétors,of safety of the reinforced
embankments at maximum bearing p;;;sure are compared to the
experimental value (FS= 1.0). The variation is due to tﬁe
_mény parameters ‘which affect not only_ the exberimentai
models but-also the design formulae.

Owing to the 1limited number of reinforced embankment
tests thét were performed, an extendive analysis and
determination of factors of . safety ° for reinforced

#
embankments is beyond the scope of this thesis.
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TABLE 22 . - . .

Analysis of embankments by the Bishop method

- v . W N S S S R R R S e b S A AL S - -

test maximum internal factor of safety .
charac- bearing . angle by Bishop's method - .
teristics - pressure of of analysis
' (kPa) . friction ) -
: by axial no - + @ maximum
strain surcharge bearing
(degrees) . - pressure ~
- 4=35° éfrom ¢=35° e¢from ..
. ~axial : axial °’
strain* ‘strain*
non- : )
reinforced = 210 \) 27 2.2 1.6 - 0.8 0.6
- reinforced ' : ﬁ
- embankment - - . :
no. 2 251 24 13.6 13.0 1.7 1.4
reinforced
embankment -
no. 3 - 538 - 28 27.1 26.5 1.4 0.73

e — e — e — e e — e m e —————————— ) S -

‘ average value, assuming strain = (total displacement)/(total depth)
However, it can be said that the design methods utilized

in the analysis of wire mesh reinforced embankhents cannot

determ}%e accuratély bea;i;g capacities of Iérge scale model

embankments and must therefore be employed with caution.

The caution is especially due when the maximum ffiction-

angle of the soil 1is used, as the safety factor becomes
‘ rl

unconservative, >
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' In analysing® theoretically the reinforced wall mogéls,
two design procedures which utilize wirei-meph'or polymer
grids are suitable for the reinforcing material emplpfed in
tbe models. | | |

'The_Tehsar method (1982), described in section 2.13.2,

puts forward the notion that the factor of safety against

‘ . N e
pullout of the reinforcing elements ip a wall structure will

be equal to:

T
FS =

* Ka (yh + q) 4
where Ka-is the active earth pressure coefficient and equals
(1-sin¢ )/(1+sine ), T, is the permissible tensile strength
of the reinforcing layer, d 1is the distance between

reinforcing layers, and Yh+g is the normal pressure applied

.

.to the layers.

N

The . VSL Retained Earth method (1981), described in
section 2.12, assumes that the factor of safety against
pullout for the reinforced wall ‘structures, after some

mathematical manipulation, is equal to: ~

dbyh A ((/ay 1)

T
Bax

CpS =
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where d is the diameter bf-the.reihforcing‘bafs, b is the
w}dth of the'reinforéingrmesh, -Ac'i§ the apchorage factor;
Lb' the 1ength o;er.whicﬁ bearing‘ is considered,‘_a is the
spacing of the crossbars’ and finally T i’ the maximum
" force developed—in_the reinforcing elements,’ _

| Only ‘the wall -structures with the vreiﬁforcing mesh
attaéhed to th; wall.panéls were investigatéd. As in the
réinforced embankment analysis; the optimum length of
adherence of the reinforcing mesh layers is set at two
metres: Lengths greater than ‘two metres do no} increase
substantially the pullout resistance of tﬁe mesh layers.

The factor of safety against' pullout is measured for.ﬁhe
mesh which sustained the greatest tensile load, therefore
being most likely pulled out. In all cases where the mesh
was attached to the wall panels, | mesh E systained the
greatest'tensilelload.

As demonstrated in section 5.2, = the internal angle of
friction of the silica ‘saﬁd varies with both axial and
lateral strains. Table 23 shows the étrain values for each
wall test and' the corrésﬁonding friction -aﬁglesi Thé
lateral strain was obtained by measuring the,‘ohtwafd
' déflection of the wall qgnels (figures 4.437,@.4;20 and
4.4.25) at maximum bearing pressure. .
 Hence, the féctof of /gngty of the Treinforced- wall
structureg 1is calculated: usiﬁg.both the axial .and- the

* . . l\- I i by
-lateral -strains as a basis for. Ka, the coefficient of active
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' TABLE 23 - . o

Cﬁérécteristics of reinfo?bed"wali tests .

test# length ult- settle- axial wall maximum angle angle
of imate ment strain panel lateral of of
mesh bea- (mm) @ q_ . dis?l.s;rain friction friction
{m) ring {mm € Qpax ! for for -
capa- (%) S : - axial lateral
ity _ , (%) strain - strain
q - ' ‘ _ (degrees) {degrees)
(kPa) )
w-1 4,27 800 37.3  2.04 20  0.47 28 . 26
w-3 2.74 585 -37.9 2.07 23 0.84 28 29
w-4- 1.37 508 33.5 1.83 10  0.73 27.5 28
~earth pressure._' 'Since these  strain measurements are not

available in practice for design purposes, the factors of
safety are also calculated using 35° as the angle of
fricfion. |
- Using the Tensar. method pf analysis: . the factors of
safety against _pullpuf (ndne of the walls tested actually
failed by pullout) for the reiﬁforced walls are calculated
and presented in table 24 . Discoun;iné the special case of
structure W-4, whefe the reinforcing mesh was not ' long
enough to be anchored, the.Ténsar design' method simulates-
élosely the-‘behaviour . o'? the reinforced. uall-" models,

especially test W=1.

i
t
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TABLE 24

Factor of Safety adaimst pullout by the, Tensar method

test ° T L d Yh+qg: - factor of safetf”
no. kN/m adhe- (m) _
. per rence ‘(kPa) | #=35° with ¢ with ¢
metre length : from - from
"width ? axial ~ lateral.
_strain strain
Ww-1 35.8 2.0 .23 807 1.4  1.07  0.99
w-3 35.8 2.0 .23 592 1.9 1.42 S 1.4§
w-4 35.8 0.8 .23 515 .45 . .68 .68

s experimental wall models did not fail in pullout mode

Furthermore, since test W-3, was straln gauged, the actual
tension in the 1ong1tud1an1 bars of the wire mesh is known
and can be applxed to the design formula. Also} as the
lateral strain of eaéhzreinforcing layer varied with depth,
the-intetnal'angleof/{riction at each respective depth can

be established. = Table 25 illustrates the analysis for ,wall
test W-3. - -

The faétors of safety calculated using the Tensar methoa
of analysis for reinforced walls are for the most part close

to the eiﬁerimental values (FS=1.0).

The VSL Retained Earth method of analy51s for wire mesh

reinforced walls was also used to 1nvestlgate the factors of .

safety for the models. The analysis is presented in ‘table 26

+

LIF LA



‘ | 248
. I ' TABLE 25 - T
. 2

- Factors of safety for test W-3 using the Tensar method

—— e - i S A . ——— T . e e e ok S S e e A S  m wm e i ke e e e SR

mesh no. depth tensile lateral ‘Ka factor of safety
(m} load - strain from
. @ max. - (%) lateral
bearing strain
pressure Ve '
(kN) = . .
£ .23 4 .80 .35
_ using lateral strain
e .46 7 ..82 .35 . FS= 1.14
a .69 .13 . 73 .36
: L ' 1 using axial strain
c .92 13 .51 .32 FS= 1,23
b 1.15 "12.5 .33 .45
a L. 37 12.5 .26 .48

The VSL analysis . shows a definite overestimation of the
bearing capacity of -footings on reinforced wall models. The
"énalysis appears not to be applicable when a surcharge
(strip footing) ~ is added .to the self-weight of the
étructqpe._ Also;'.the VSL method -determines the factor of ¢
'safeﬁg_fér _pulldﬁf failure; since no pullout of the mesh
layers occurred, a.factOt of dsafety higher than reality 1is

&+

calculated.
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Factor of safety agai
test length ultimate d ' b. ‘a Tuax Th, factor
no. of bearing (mm) (m) € (m) (kN} . " of

mesh capacity ) . ~{m) (kPa) safety’
(m) (kPa) ' o

——— e — S . S e i — =y s o e S S gl T T e e e S ——— — —— i ——— T ——— —— -

* conservative value of anchorage factor "
’ experimental wall models did not fail in pullout mode

5.4.1, Analysis by circular arc method

Using the modified_?ishop' analysis proposed in section
5.3.2 for embankments énd adapting the:method for reinforced
wall gﬁ:uctures, an overall .factoé of safety' can be
determined. |

Figure 5.4.1 illustrates the failure surfaces for all
.fthree boltgd wall models. The ﬁailurg surfacéh\ate/gj:cular
approximatioﬁs of the failure surfaces which w;?g‘proposed
in ~chapter four. Three different assuﬁptiéns-of sgress

distributions due to the surcharge 'load are investigated .

(£igure.5.4.2). : .
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fﬁese assumptions will iinfiuerice ﬁhe development of the

shear strengfh of. the backfill soil ‘and the ensuing factor -

of Eéfety for the reinforced wall models. The aséumptions

- . .

aqﬁ{,

1. 1:1 diffusion

2. 2:1 diffusion:-
13

-
-

vertical diffusion (extreme case)

’

Lo~

An ovefall factof,of safety }or the wa11~\§Fructures-is'
ﬁ;oduced for each Sifess‘]diffusion. A subséquent anélysis
taking only the reinforéing +mesh intp!laccount- ‘and"
discounting the contribution from the shear strength of the
backfill soil ié also undertaken and' yieids: a AVery

conservative factor of. safety for' the wall odele. The

)

‘analysis results are presented fn table 27 .

Test W-2 was 'previously omitted from the nalysis~5ince _

the reinforcing mesh wasjnog bolted jpd‘the wall Apanels a5\¥
: . L X .

with the rest of the wall models. The mnglysis of test W-4

_indicates some anomalies which cast dqubt. on “the test
résults. As shown in figure 4.4.25, tWle second wall .panel
«~from-the tbp, waé éctually being puil ‘in by the.surcharge

load in test Ww-4. This demonsgfates that thejreinforcing

mesh was not anchored in ~th babkfill;’ therefore, caution

must be exercised with re
‘ . o

rds "to the results of test W-g. >

Henhce, only tests wW-1 ‘and W-3 can be analysed with
. N . e, . . -

. .. A A N
confidence. - However, there dte two ' variables between

tests
/
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TABLE 27

Factor of Safety againet pullout by circular arc method

test length radius FACTOR OF SAFETY
ne. of of. —— —

slip slip [vertical 2:1 + ' 1:1. ° reinfor-

. circle circle |diffusion diffusion diffusion cement

L . R : only

{(m) (m} ) '
w-l 2.0 2.7 2.25  3.35 3.63 . 0.78
w-3* 1.6 2.1 2.06 2.63 .2.63 - 0.64
w-4 1.8 2.2 1.12 - 2,18 2.45 0.33

W-1 and W-3, rvarying'Iength of mesh and varying distance of
footings_ from 'the wall panels,: which makes a direct

comparison between the tests difficult. '

The limited number of modeis-does not permit an extensiVe.

ana1y51s ~of the factors of saféty for different wall
sgructures when the length of reinforcing mesh’ is reduced or
wvhen the footzngs 'are moved closer to the wall panels,
Therefore, the present study - G@n only be regarded as an

initial stepr in the ana1y51s of wire mesh .reinforced wall

structures. ‘

R R NSRRI I PILEN. Sl by
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" Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

L 3

The expe(gmental~testing program previously described in

this study permitted the analysis of earth structures with

hori;ontal }ayers of steel wire mesh. - The programme was

composed of four’ distinct model tests and from these tests

the following conclusions can be drawn:

1., Pullout tests

f o a)

b}

c)

4

-
For an identi¢al-workiﬁg St;ess and ‘'weight, the

standard wire mesh used .as a temperature
reinforcement in concrete floor slabs exhibits a
puilout resistance that is more than five times
fhat of the ﬁeinforced Earth ribbed strips.

If the length of the  reinforcing.strip is grest
enough®that the system is considered anchored, the
Sznpfoliing factor becomes the Structﬁra}
strength of the reinforcing material.

The anchorage factors determined from figure 5.1.1
weré 'obtained"by passing an empirical curve

through the experimental data ‘pojnts affd . must be

 vidRed with caution, 1t should be- noted that

linking the . @data . peints linearif%?would . be
unfeasonabig but . would reduce the safety factors
calculated. in table 265 ”

- 254 -



Triaxial tests

'~ a)

b)

- times smaller).

255

/

The - introduction of wire mesh reinforcement ' in

triaxial tests increases the .load cabacity of the -
structure (1.5 to 3.3 times'greétér)~ apa reduces

the volume change in the teét samples (1.3';0 7.7.

The apﬁarent angle of friction is increased from

35 degrees for the silica sand samples to 39.5
degrees -for the composite samples (wire mesh-

sandi.

Embankment model tests

af

b)

c)

g}

Reinforcing,meﬁh in embankments must be anchored

~

beyond the . probable féilure‘path as to avoid

becoming part of the outwaré sliding mass.

!

The introduction of geinforcing ~ mesh in

embankments increases  the- ultimate bearing

capacity of the embankment by as much a§&j156'

—

percent and reduces the settlement of the footings

by as much as 62 percentf

No well defined failure paths were observed at’

_méximum bearing pressures, however the reinforcing

‘'mesh ., layers assisted in the formation of  shear

surfaces. - C - _ . '
Design methods wutilized in the analysis of wire
mesh reinforéed embankments . do not determine

-
acgurately ‘bearing capacities of large scale model

embankmentiixi;
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4. -‘Wall model-'testi

a)

b}

c)

d)

e}

Tensile forces supplied to the mesh layers in
reinforced wall structures reach a maximum atfé
height of H/3 from the top of the structure.

Attachiné.the mesh to the wall panels distributes

.the confining effect of the reinforcement more

) ‘ .
unifdrmly over the soil stratum, . therefore

increasing the bearing capacity of the structure,

decreasidé "the settlement of the footings and

-

preventing failure by overturning.

The position’ of the pojnt locad in a reinforced

‘wall structure is of greater significance than the

length of embedment when the mesh is anchored into
the backfill. -

No weii defihedt failure paths ‘were observed 'at
failure, ’however when\ the embedment length is

sufficient to provide -anchorage of the mesh

layers, the critical-failure path ,appeafs to

assume a logarithmic spiral 2kape which is

orthogonal to the surface and passes through the

"toe of the wall panels.

In calculating the safety factors, all reinfércing
mesh layers were assumed to be at maximum pullout

load. Pullout of the mesh layers did not occur at

. failure loads, however rupture of reinforéing bars

due to stress - concentrations was . observed.

/

' .'./"

&
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Therefore it can be stated that maximum stress

levels in the reinforcing elements were not
-

reached simultaneocusly throughout the structure,

stress concentrations aepean to be transferred

from layer to layer when bar rupture takes place

in reinfdrcing elements. This phenomenon will
reduce the calculated factors of safety
substantially.

f) Design formulae, with the exception of the Tensar
method, do not simulate accurately the behaviour

of the reinforced wall models.

to the limited number of models that were

constructed, the present study remains incomplete.

Therefore, in order to complemenE this thesis, the author

recommends the following series of tests:

1.
2.

4.
5.

Pullout tests under greater overburden pressures.

Reinforced enbankment tests with varying leﬁgths of

eﬁbedment of mesh and varying geometry.

Reinforced wall tests with ;arying lengths of

embedment of mesh,

~Reinforced wall tests under uniform load cqnditions.

Investigation of polymef’élastic grids as reinforping

elements.

sty
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