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ABSTRACT '

This work analyses and discusses the results and
mechanisms of a laboratory testing prograh on the |
‘interaction between soil and geogrid# durihg pull-out. This. >
researcg.contribUtes-tojthe limited knowledge of reeistance
of geogrids anchored ih.cohesive soil.

Reinforcement in an earth structure must be adequately

safe against ten51le and pull out failures. Pull.out failure
‘appears to be the more cr1t1ca1 in the de51gn procedure due
to uncertalntles in the soil- relnforcement interaction and
pyll out character1strcs. Assumptlons about the magnltude of
the mgximum tensile force imposed in the relnforcement and
vthe distribution of the tensile forces along the
reinforcement.are required in desioh’procedures.

The load transfer method, as applied to axially loaded
piles, was. used to calculate the magnitude. and d15tr1but1on
of the ten51on 1n the geogrids. The Input requ1red for the
computatlon 1nc1uded the pull-out'force—dlsplacementncurves,
5011 shear ;E?ess d1sp1acement curves, the load extens1on

-

curves of the geogrids and‘*he geometrlc characte istics of
B

the geogrlds, all of whac
9 v
Good agreement was found between predlct*ons of the load

o

'f$ expérlmentagiy determlned

transfer method and the experlmental results.

~
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1. INTRODUCTION

1;1 Statement of Problem

Few areas of geotechnical engineering have developed so
quickly as has soil reinforcement: In the past twentv years 
geosynthetics have come to p}éy’a maipr tole ih geotechnical
engineering. Synthetic nets, developed by Nétloq ﬁtd., U.K.,
were used‘fof the first time in 1967 in a civil engineering
project. This field triél, the reinforcement of a soft
ground in Japan, was successful and inspired the?development
of ge.grids(Giroud, 1986). Reinforced soil walls of many
types have been used exgzasiveiy worldwide replacing\
traditional_concrete and timbér'reﬁaihing structures.'The

geosynthetic reinforcement improves the stability of these

structures against shear failure.

Tﬁqﬁggges of failufe of -a reinforcing layer include
sliding failure of the soil mass along the geosynthétic

surface and pull-out failure of the geosynthetic.‘In the

second mode of ﬁailure,'fhe geosy etic has the function of

bonding together the active and passive zones. The

reinforcement must be capable of resisting pull-out from the

restraint zone (Ingold, 1980). The pull-out test seems to be

‘the most adequate test to model this type of interaction
between soil and reinforcement. The mechanism of ;nteraspéon
betwein soil and reinforcement in a pull-bdt test is similar

to th gond_between cohcrete and reinforcement in'reinfogged

r

- conrete structures. The bond under undrained or drained
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shear®conditions comprises shear along thé planar surface of
the reinforcement and bearing against the anchor memhers of
tﬁe reinforcement. Botﬁ méchanisms are fﬁnctions of the
physicél_propefties of the séil, the'gg:mal stress acting on
the reinforcement plahg and the geometry of, the
réinforceﬁént;.The interaction mechanisms between soil énd
réinforcément‘13$6f major conce;n in design méthods for -
reinforced structures.

Many studies have been made on the behaviour mechanisms
in a pull-out test. Most of the studies used granular soils
ana the reinfofcing materials-inciuaed'both smooth and‘rouéh

. v
sheggngﬁtrips of metal and geotextiles of various widths
and lengths. Interaction datanfpr other reinforcements and
soil types are needed. At the ézgsent time, neither a

standard test apparatus nor a standard procedure exists for

the’pull-out test.

1.2 Objective of the THesis
s The main objective o0f this study is to determine the
mechanism of load transfer between soil and reinforcement
for a cohesive soil in a pull-out test. To achieve this
objective, a large pullEbut box appgfatus was designed and
constructed and the test procedure necessary to obtain the

required information was developed.

Y



1.3 Organization of the Thesis

Published information concerning bull—out test methods,
mechapisms of intgractiq?‘between soil andlreinfércehent-and
published results of thége studies‘aré reviewed in Chapter
2. Chépter 3 cont:ins index and strength properties of the
cohesive soil used in this research. Iﬁ addition, th&
geometric and tensile properties of the geogrids are
presented. \

A description of the laboratory agpanatus and the test
procedure and the ihétrumentation employéd_in the .
experimeﬁtal progyam are presented in Chapter 4. The
-experimental results and discussion of thé tests on the
reinforced silty cléy soil aré presented in Chapter 5. The
analysis and discusgion\of'the pull-out test results are )
- included in Chapter 6. ‘

" Chapter 7jpresents thg éummary of the main conclusions
drawn from this research, as\:ell as recommenaations for
future research.. ‘ \

|

\

i



2. LITERATURE REVIEW

2.1 Introduction h " -,1":']5j -

This chapter presents ar summary of the 11terature E R

<y

‘review on pull out tests. The mechanlsm of" 1nteract1on
between 5011 and relnforcement during a pull out -test is
4ptesented. The scale and facto;s affecting the pull-out te'st
results are.deseribed. éhll-out test COnClUSian drawn from

research mainly in granular soil reinforced with either

metal or geosynthetic materials are summarized.
5 S :

Z.é\Furpose of a Pull-Out Teé?i )

The mechanism of feinforcement_in the context of a
’reinforceﬁ earth structure is not a trivial'phenomenon énd
depends on the stress fleld in operation (Ingold 1980). "
This mechanlsm is man1fested in many structures 1nc1ud1ng“
relnforced earth walls where an 1mportant function of_the
reinforcement issto bond the "active ZOne"‘and the
"restrained zone“'ln/the soil mass (Schollsser 1978) |
Figure 2.1 *‘lust{/tes the pul1-out mechanlsms ci failure in
a reinfofged 5011 structure.,Thet:elnforcement must be
capable of‘reéisting puil—out from the restrained zone A
~similar’ mechanlsm occurs 1n relnforced earth embankments.\
Since phenomena such as the development of friction between
soil and reinforcement, the transfer‘of shear stfessvln the’

. L - ~ _
soii~mass,to the reinforcement and the thickness of the zone

of influence of the reinforcement in the soil mass ‘are to be



Gea vy,

b
N
EAILURE SURFACE
;>// 7
ACTIVE RESTRAINED
_ N N/ /
- A B

N\

GEOGRID
LAYERS

NG

Figure 2.1 Pull-Out Failure along Length AB

< z



.,

LY

analysed, a suitable model test is best/described by the

pull-out test (Holtz, 1977). Lee (1978) in a

state-of-the-art paper, drew attention to the research work
: . ' % .
and papers developed in soil reinforcement dealing with

shear ressistance. Different interpretations and some
apparent cpntf&dictions»seemed to exist in the data from
pull-out tests‘and.direct shear tests on granular soils’
ré}nforced with eiﬁber smooth o£ rough sheets and strips.
Some of-the results éppeared difficult to explain in terms
of the usual concepts of shear strength pfoperties of
granular sdgls and sliding friction between materials. The

. _ >
main conclusion drawn from these various studies was that

much work was still required in order to develop generally -

accepted answers.
Figure 2.2 illustrates typical configurations and
]

boundary conditions that haye been adopted for pull-out

-

tests.

2.3 The Mechanisms of Interaction Between Soil and Geogrids

e

in a Pull-Out Test
"Jewell et.al. (1984) presented the mechansims of
intfraction‘between soil and grid reinforcements.  The

intleraction is similar to the bond between concrete and

-

reinforcment in reinforced concrete and therefore is

a

. reflerred to as bond.

i : ’ )
' The rate of change of axial force along reinforcement

embedded in soil is limited by bond strength. The

6—:\
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Figufe 2.2 Typical Confiéurationsmand Boundary Cond;tions
which have been Adopted in Pull-Out Tests (modified from

Jewell, 1980)
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distribution and changes in axial force close to the free

end of the reinforcement embédded in the soil in an
embankment or retaining wall are important to evaluate the
length of r-inforcement required to enable the aiial force
to be generated. Thé axial reinforcement force is caused by .
the development éf’linear soil strains in the direction of
,the reinforcement. Asstiff reinforcement will resist such
strainsﬁwhich, in the case of tensile strains in the ¢
reinforzéd soil, results in axial tensile force in the

. J
reinforcement.

| Only two mechanisms of interaction are applied in the
casé of'pull—out failure since the;e is no soil to soil
resistance developed as there is no reiative movement of the
soil on either side of the reinforcement. The two mechanisms
are:
. soil shearing onvpiane surface areas of the
reinforcement, ahd
2. soil bearing_of passive soil resisténce developed
Aagainst bearing surfaces normal to the direction of the
fqrce to be resis;ed; |

The two mechanisms are illustrated in Figure 2.3.

2.3.1 Mechanisms of Interaction between Soil and
Reinforcement in a Pull-but Test in Drained Conditions
The transfer of stress between soil and reinforcement
in a pull-out test is by two components: friction and_

passive soil resistance or lateral bearing capacity. Both
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b) Bearing Against Anchor Members

Figure 2.3 Bond Between Soil and Geogrid (modified from

Jewell et.al., 1984)
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mechanisms are présgnt in mahy reinforcement systems.
Mitchill (1987) discussed both mechanisms of

interaction. Pull-out tests, model tests and measurements on

full scale structures are used to determine the effective

coefficient’' of friction between soil and reinforcement as

~—
< ™~
~

1

well-as the passive soil .resistance developed against

bearing surfaces normal to the.diréction of force being
réesisted. For example, the values of coefficient of friction
" for strip reinforcements raﬁge ffom 0.5 for smooth
reinforcement and large burial depths to mor; than 1.0 for

rough or fistd reinforcéments and small overburden depth§.

2.3.1.1 Shear between Soil and Plane Surfaces

The shear fOrFe component of bond for a ;einforcement
grid of ‘length L, and width W, placed horizontally in“
granular soil under self weight loading provides the

following maximum force (Jewell et.al., 1984).

RS
ZE)

P, = 2A.a,yz tané :f% . o [2.1]
| L |

where
A = geogrid surface area = WL, .
a, = fraction of geogrid surface area that is solid
Yy = unit weight of soil ’
Z‘.;' | depth |
6> = friction angle between sgil'and rg;nforgement

surface
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2.3.1.2 Soil Bearing on Surface Area Perbendicular_to

the Direction of the Pull-Out Force

The passive soil rggiigénce to reinforcement pull-out
develops éjainst bearing surfaces normal to the direction of
the force to be resisted. This is similar to the preséure Qn
the base of deep foundations in soil. Psgfmeters such as
soil density, foundation depth and size of bearing area have
an important influence on bearing préssures;;They are nét a
function of the soil friction angle.

Jewell et.al. (1984) discussed a theoreticai éstimation
of bearing stress for geo;fids embedded in sand. The
relationship among bearing effective stress o',, Vertical‘
Stress o', aﬁd,soil friction angle is preseﬁtéd in the form
of a chart. The lower bqund curve is associated with a
punching failure mode in sotl (Figure 2.4). In this case,
o', =yz and the felationshipvis:

L}
0y

v
4 n

. 4 _
= e(§+¢)tan¢.tan(%+%)-' ' [2.2]

The upper bound relationship ig found by taking the
‘c?nventional stress characteristic field.for‘a footing

fouhdation (Pféndtl, 1921;:; Reissner, 1923) rotated ﬁo the
horizontal pdsiﬁioqfvThe horizonta1 stress in the soil is
assumed to be o'h=05v=a’n, The relationship is as follows:

~ Y

— = eﬁt?n¢.tan?(%f%) | . {2.3]
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Jewell et.al. (1984) reported that pull-out €es£

»

: %
results from experimental data on grids and anchors embedded

in sand agreed well with the theoretical prediction despite
the large spread and variability of the test results. All
the data were-boﬁﬁded by the lower and uppér predictions
giveh by the previous equations.. |

‘Theoretical expressions for estimating the
- reinforcement pull-out tapécity a;e‘presented by Mitchell,
(1987). For the particular case'of Ténsar geogrid the

expression is as follows:

P = chyz[zastana%.—"n;—xab] | - L [z
o'y
for 5<0.V<1OO
where

S, = space between th consecutive ahchor members

L, = . effective length of reinforcement in the
résisting zone

b = ° width of reinforcement

y = unit weight of soil |

zZ = o depth |

a, = fractiéh of geogrid»surface»area that “s solid

6 = ~friction angle between soil and reinfdrcement»
surface _ -

o'y = bearing effective stress on anchor members

o' = o', = vertical effective stress



o
Figure 2.4 Bearing Stresses on a Geogrid Anchor Member
During Punching Failure, ¢=35°, (modified from Jewell

et.al., 1984 -

L)

13
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- 4
a, = fraction of geogrid width over which bearing

surface extends
t = thickness of anchor member
Two general assumptlons are used for the prediction of the
Tensar geogrid pull-out capacity: thgse are the frictional
and. the bearing resistances between reinforcement and soil.

o'
The limit 5<0l

< 00 stands for the average curve between
lower and upper bound éurves of predictions of %L to héye a4<
fully rough bond. ; -

The derivation~ofaequation 2.4 can be performed by

following the derivation of the theoretical expression for

bond strenéth proposed by Jewell et.al., 19645/

£ = 052322 * o'b g 2::n¢ /\\\\5.‘ ‘» | [2.5]
where (

£ "= coefficient of bond = & . v

B = thickness of anchor members :

S = space between two conseciitive anchor members

a; = a, (equation 2.4)

In Jewell et.al. (1984i, it 1is Suggested that values'off
0',/0', be measured directly 1n‘pull out tests. The length
of the geogrid relnforcement sﬁould be relatively short and
the relnforcement should be embedded in soil remote from
figid{boundaries, The anchor members should be widely spaceé

to ensure that full bearing stress develops on each member.

However, 1if this ratio cannot be determinéd, the pull-out
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.

\&est result tan be used directly to estimate the total bond
ceefficient for the grid. -

Milligan and Palmeira (1987) also discussed the
§rediction of bond between soil and reinforcement. They’.
reported that equations 2.3 and 2.3 assumed that the soil
may be tteated as a continuum. This assumpt}on is not valid
in the case of coarse-grained soils and grids where the

“\
dimensions of the anchor members may be relatively small in

comparison with the average particle size of the soil. They
shewea that the value of o',/0', increases significantly
~when B/Dg, is less than about 15. However, equation 2.2Amay
provide safe design values when B/D;, exceeds 15.

The degree of interference between anchor members also
influences the values of bond betyeen soil and
reinforcement. When S/B is smaller than 50, the value of
bond will be markedly affected by interfefeﬁce.

The average partlcle size cannot be very large compared/
with the aperture of the grlds otherw1se, 1nterlock of the
soil into the grid 'may not occur. Th1s will¥ reduce the bond.
When the grid aperture size 1is about Lhe same as the soil
Dw size, there is llkely to develop sufflc;ent 1nterlock
'fog.the grid. Mowafy (1986) suggested that the soil particle
size be egual to one quafte: to one third of the smallest =
mesh‘dimenaiéh for meshes immersed in sandyﬂsoill These.
dimensions will provide good confinement resistance

-
~components. ' - ‘
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2.3.2 Interaction betﬁeen Soil and Reinforcement in
Undrained Conditions L‘ZD
Ingold (1984) showed that similar theory can be applied
to the undrained analysis of interaction between soil and
reinforcement in a pull-out mechanism. The equation proposed{
bvangold combines two simple mechanisms: adhesion (instead

of friction) and bearing forces. The expression is as

follows:
T = N.c,Za, + BcuZas‘ . o [2.6]

where the first member is the.product of a hearing capacity
factor, N_j; the undrained shear strgngth of the clay, c,
and the sum cf the areas of the geogrid anchor members, Za,,
normal £b the direction of pull-out. The second térm'relates
the surface adhesion, Bc,, generated on the sum of the
surface’area, Za,, parallel to the direction of pull-out.’
Th%gequation is a gg%eral expression which can be developed
for a planar punched grid or a welded rod grid. |

in his‘theéis, Ingold (1980) used values of 7.5 and 0.5
for N, and B respectively,kwhich resulted.in good‘agreement
between measured and caléulated adhesion factors. The mean
' megfpred valueAQas 0.39 and the calculated value Qas'0.38.
hef?ail was a kaolin clyy Eﬂd’Weldmesh 5119 was used for
reinforcémsnt. He concluddd that siﬁce‘thé factors of
bearing ciﬁacity and adhgs?bn_are reasonable, it indicates

that the éeneral equation 2.6 was of correct form. Koerner,
! ) - :
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Martin and Koerner (tgﬁé) worked on geomembranes and defined
efficiency values which are explained in more detail in

Chapter 6.

Ingold (1984) also showed theAinfluenée é;-iifd
geomeﬁry in the value of the adhesion factor. Ta ing a unit
grid cell and calling n,D the space between two consecutive
ahchor mgs%ersand n,D, tﬁe space.between two.tension
membefs, where D is the‘equivalent member diameter and
rearranging equation 2.6, a élot of dimensionless spacing n,
versus adhesion factor“d 1s presented for yafious valqes of

dimensionless n,. From the theoretical analysis, it was

concluded that a grid with n,=4 and n,>6 was the most

L}

A

efficient in terms of adhesion. factor (e=0.9); however,
la:gi; transverse rod spacing might be very economic. ‘

‘\Milligan and Palmeira (1987) also supported the value
of N, equal to 7.5, a value based on cavity expansion in
sfiff'compacted clay.'They also reportedvthat the‘

interference between anchor members is not a significant

factor for grids of typical g%pmetry with S/B>5,

e

2.4 Factors Affecting the Pull-Out Test Results

The factors affecting the values of the apparent
friction coefficient were reviewed and summéfizea by
Schlosser and Eiiéé (1978)‘énd by McKittrick (1978).‘It is
cleaf that both péak_ana re§idual,values ijf' are functions 

of the soil type, density, effective normal stress,

geometric factors and surface roughness. Figure 2.5
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{illustrates significant factors affecting the values of f‘.
IncreaSIng soil density results in 1ncreased £ because the
5011 friction angle increases when den51ty increases and the
denser the soil, the more dilatant it is.

Relnforcement with roughened surface gives greater
values of f° than smooth strips. The bearlng.force
contribution for a rough strip might contribute
significantly to the value ofJf°. .

As the overburdén suppresses dilation there is a
deorease in f' with_anvincrease in overburaen. In Figure
2.5, y=§ (friction angle between soil and reinforcement -
surface). | | |

‘Palmeira and Milligan (1987) reported on scale a:g
other. factors affectlng the results of pull-out tests of
grids buried in sand. Differences in boundary conditions_and
scale lead to'limitatlons in the modelling of the problem.

Two boxes w?[e used in the research. A small one (25.3
cm long, 15.0 cm wide, 20 cm deep)'and a largegone (100 cm
long, 100 cm wide, 100 cm deep). The normal stress was
appiiec by rubber‘hags filled with wacer in order-to°provide
uniform distribution of the Qertical pressure on top of the
k soil sample. Three types of drybpeighton Buzzard sand.were
used. Mild steel and galvanized steel grids were employed.

| They showed the influence of the top boundary in the
test results. Two tests Qere run, one using a rigid plate to
apply the vertical pressure and'the other a flexible bag

filled with water. A decrease in the friction coefficient
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was obtained when using a flexible top boundary. Both tests
led to values of apparent friction angles higher than the

angle of internal friction of the sand alone.
/ '
—  The ‘degree of roughness of the front wall of the .box

affects the pull-out;test resuits. The. friction coefficient
between soil and relnforcement can be severely overest1matedt
due to friction on the internal side of the front wall,
small scale tests (box dimensions 25.3 cm long, 15 cm wide,
20 cm deep). By 1ncrea51ng the size of the front wall, the
influence is minimized but should be taken into!account for

.

friction coefficient calculations. Figure 2.6 illustrates
L s

the effeét of wall roﬁghnesé on pull-out test results.
 The interference between‘conSecuthe anchor membets‘was
once again investigated. Factors, such as soil particle
size, surface charactéristidé,vdiameter, the spacing and the
number of anchor meﬁbers definitely control the interférencéf
betwéen‘anchOr members. Basea on the concept of degree of
interference’in a grid, another term 1s added to the
expression of bond coeff1c1ent, £°, (Jewell, 1984). The

resulting expression is:

f. - ~tan6'+ 1-DI

B b. . : h
astan¢ 2tan¢ . S . avn '.aB [2.7]
where DI = degree of interference for the grid and soil
P -
DI = 1 - =& ’
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where, _
Pp' = maximum pull-out force for a grid with "n" anchor
members ¢
P, =;meximum pull-ont force for an isolated anchor

member of the same grid _
It wes observed that interferenee became negligible for
values of S/B>50 |

Large scale pull out tests on sand relnforced with
Tensar SR2 were carrieg out by the Department of Civil
Englneerlng at the Unlver51ty of California (1984). The
1n51de dimensions of the gbx were 137 cm long, 91 cm wide
and 51 cm deep. Two pressure cells were installed on the
front end -f the box: cell #1, 63.5 cm below the slot and
cell #2, 17:8 cm above the slot. For the applied pressure of
40.7 kPa, cell #1 measured 33.5 kPa, which gave a value of
K, of aronnd 0.85. During the test, the lateral pressure
increased to some value of~pull—out'force'at failure. Valuezy
of preesure for ‘load eell #2 were not reliable due to
arching eendirions. One test was carried out without the
~ front end of the pull-out box. fhe maximum puil-outAfo:ce
was increased?by 40%.'The increase was thought to be due to
. lack of soil confinement wnich caueed the transmission of
the total normal pressure to the full length of the
relnforcement. Error was also likely to be the cause of the

increase in the pull-out force. r
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2.5 Pull-Out Test Results |

Jewell (1980) conducted a series of pull-out tests as
part of his research, programme. The main objectives were to
investigate whether the pull-out test could model the
interaction between sand and reinfbrcément‘in a shear
apparatus, to investigate how the results from pull-out
tests might be interpreted, and to draw conclusions about
the angle of friction between sand and reinforcement, ¢g
which is needed in the analyses of reinforced earth. The
pull-out box was 25.3 cm long, 15.0 cm wide, 20.0 cm deep.
Thé soil employed.was a denée Leighton Buzzard sana, and the
reinforcements were of three kinds: closed céiled tension
spring type 3, artificially stiffened tensiog spring type 3
and steel grid (bar radius = 0.82 mm). N

He‘qoncluded.that the pull-out displacement .required to
mobilize the peak pull-out force for a grid was
approximately twice as large as for the bar. The_loss.gf
pull-out fofce with continued displacement, after peak, was
much more gradual and controlled for. the grid; Also, the
zone of "influence (zone.oﬁAmajor strain 1in the sandj was
confined to a band of 20.mm thickness above and below the
reinforcement éfid.'The-diSplacements'and strains 1in the
sand were measured using radiography.
er ‘ n anchor méhbers was also

. ‘ v -
investigated during the pull-out test. The maximum pull-out.

The interference betwee

force increased as the number, of bars was increased, but the

SX;I-out displacement required to mobilize the peak force

Eas >
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remained constant and independgnt of the numbér of bars used.;
in the tests.

The load-displacement’ curves of a grid or a bar
.immersed in sand undefgoing shear is different from the
curves in a pull-out |\mechanism. While in the first, the load
does not drop witp increasing displacement, the pull-out
curves have a weli\dgﬁinedvpeak pull-out: force with
displacement. Furthermore, the.pattern of displacement in
i sand in the direction paraliel with a reinforcement grid in
a shear test is very different from the pattern iﬁ pull-out
tests. The magnitude and orientation of the principal
strains which develop in sand reinforced by a grid and
loaded in shear are different from the ones in pull-out.
Figure 2.7 illustrates the patterns of displacement in sénd
“uring 5 direct shear and a pull—out‘test on a steel bar.

2se factbrs led Jewell to the conclusion that a pull-dut
cest cannot model the.mechanism that occurs in sand
reinforcéd by either a grid or a bar in a shear test. This
idea supports the necessity to run pull-out tests.

Jewell (1980) also concluded that the apparent
coefficient of friction between sand and reinforcement
derived fbr a'pull-ogt test was'not a‘fuhdamental parameter
as it depends on the stress levei, either o, or oés. Ops 18
defined as the normal stress on the surface of ciréular bar
féiﬁforcemént, o = f(o, ,K,). | |

Ingold (1980) carried out pull—Qﬁt tests in both sand

»

and clay soils. The reinforcements were polymer net -
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structures, polymer fdbrics, mild steel sheet and steel rod

mesh. The pull-out box had the following internal

dimensions: 50 cm long, 29 cm wide and 30 cm deep. ‘A

réinforced rubber water bag was used to distribute the
normal force. | |
Ingold also compared results from both direct‘shéar and
pull-out tests. While the apparent coefficient of'frictioﬁ
measuredvin the direct shear test for sand reinforced with
polymer nets and steel‘sheet ana'Stéel rod mesh ranged from

+
out 0.86 when measured in a pull-out test.

;gy’to 1, with a mean value of 0.95, the same value was

" For the undrained analyses with kaolin clay reinforced
with either Netlon 1168_(polypropylene; diamond mesh) or
Terran RF/12 (polyethylene‘and polYprbpylene, composite),

the difference was even greater. The adhesion factors

measured in the direct shear test were 0.86 and O.83lfor

N
1

TERRAM RF/12 and NETLON 1168, respectively. The values .
obtained from pull-out tests were 0.16 and 0.18 V
respectively. These reéults are illustrated in ﬁigure 2.8.

The adhesion factor is defined as:

N.c,Za, + Bc la, : .  Q:» '
P T ) ’ . [2.8]

a
%
where P is the maximum measured pulld-out force.
It was concluded that a different mechanism is involved

in the two types of tests. The frictional resistance

observed for the stiffer reinforcement in the shear tests

[}
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B)

Figure 2.7 Pattern of Displacement in Sand Parallel to a

Grid Reinforcement (after Jewell, 1980) a) in a direct shear

test and b) in a pull-out test ¥
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was lower than that in the pull-out test. For the more
extensible fabrics, while theApull—out resistance presented
a pronouncéd levelling of pull-out resistance with
increasing normal stress levels; the values of angle of bond
stfess }enained constant and independent of the normal
stress level,

The limited study of undrained pull-out resistance led
to the following conclusions: the adhesion factor couid be
evaluated from the pullout test results once the nndrained
shear strength of the soil and the geometry of the
reinforcement are known. The measured and calculated 'values
of factors of adhesion were in good agreement. |

Another important conclusion was that factors of
adhesion'calculated from undrainea‘shear box tests were much
higher than those measured in a pull-out test. The reason
for the difference between factors of adhesion measured in
the two tests is likely to be a function of the relative
stiffness of ﬁhe.reinforcement and the soil.

Rowe et.al. (1985) studied the so%l-geotextile/geogrid

interfaée sirength in a direct shear and i o pull—nut b?x.
,The soils used were a conventional granular fi.1l and a
lightweéght £i11 (sawdust). Six kinds of gvntextiles.and
Te#sar SRzageogrid were tested. The results from pull-~-out
tests and direcﬁrshear tests on natural fill (¢=31°) are.
iliuéérated in Table 2.1. As can be seen, the values of
interface shear-frigtion angles are in good agreeme%% winh

one another except . for the Tensar geogrid. The lower /value



Table 2.1 Interface Frictional Angle (after Rowe et

1985)

>

-
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of shear friction from the pull-out ﬁest compared with the
direct shear test is due to the differeoce in interféce
mechanisms. Moreover, a pull-outttest on a single tension
member of the Tensar SR2 resulted in interface friction
angle of 29°., As the Tensar SR2 geogrid consists ofj45%
solids, the apparent friction angle due to soiu-geogrid\
1nterface friction was about 14°, (tan '(0.45tan29° )), and
the other 4° was due to the passive resistance agalnst the:
anchor members.

‘Large scale pull-out tests on sand reinforced with
Tensar SRZ%geogrid, (Department of Civil Engineering,
Univeristy of Califorqia, 1984) resulted in a mean value of

.

shear friction angle of 1.4¢.

Mowafy (1986) studied the pull-out resistaoce mechahism
of meshes iﬁmersed in sanof Steel-moshes, plastic geogrids
and glass grid were tested. The pull—oot box was 102 cm .
long, 23.2 cm wide‘and 38.0 cm deep. The vertical load was
@pplied by lead aﬁgﬁsteel shot.

He divided the mechanisT of interaction between soil
and reinforcement into two mechanisms: the p;imary.mechanism
’is concerned with mechanical properties of the mesh,
interlock between the mesh and the soil and confinement-
provided by the mesh. The secondary is concerned with
interface friction between the mesh and the soil.

v

In order tc evaluate the different pull-out resistance
C =3 )

components, pull-out tests on plane sheets of reinforcement

were run. Among his conclusions, for the Tensat geogrids

N
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-

tested (SS1, SS2 and AR), 70% of the total maximum pull-out
f;}ce was due to interlock and confinement while the other ‘..
30% was due to friction only. In the case of mesh
reinforcement, 93% of the total puli-out resistance was due
to the primary mechanism and only 7% was due to the
secondary mechanism. |

The interlock ané confinement resistance components
depefd on the mesh opening and soilﬂpartine size. From his
study, it was recommended that the soil particle size be
equal to one quarter to one third of the smallest mesh
.dimension. -” |

For the purpose of studying the pull-out resistanc; and
interaction of diffe;enf kinds of reinforcement and soil for
projects of reinforcéd earth walls, fiéld and laborataﬁy
pull—out tésts‘weré conducted on both large and small scales
(Chang et.al., 1977). The field pull-out tests on steel
stfips (3mm thick and 60 mm wide) were carried out on
additionalzdummy steel strips in reinforcéd earth walls at
different elevations during construction., all located on
.Cal-39 Highway in ﬁhe San Gabriel Mountaihs, California. The
111 material was decomposed'grahite-(sandy‘gravel, gravel
sand, silty cléy and g:aQel).

Typical loaa-aeformation curves were obtained that led
to the foliowing conclusions:
i. E?hé maximﬁm tensile stress in the reinforcement is

developed. near the front face of the wall for'any

externally applied“pG;l force.
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‘; 2. The soil will not be strained significantly until the

proportional limit (Yieid point) is reached. At this

point, the load-deformation curve becomes non+linear for

the composite steel strip and soil material (soil-steel

interaction as a composite material).

Two strlps were 1nstrumented 'with strain gauges on both

top and bottom at 1.5 m intervals. The strips were 7 m and
14 m long. For the 7 m long»strip, externally applied pull
load 1nduced addltlonal ten51le force for alpmost the entire.
length of the strlp, howev ", the externally applled pull
load only stressed the 14 m long strip up to 3.1 m into the -
fill. There were no additional forces measured be}ond this
point other than the existing forces induced by the
embankment loadrbefore testing.

Darge scale pull—out tests were.conducted so that the
‘interaction between“the soil and reinforcements could be

understood. The test apparatus consisted of a r1g1d steel

box, 137 cm long, 91.4 Cm w1de and 45 7 cm deep. The max1mum“

normal load 51mul§&tqw‘ﬁ% overburden load up to 15.2 m of

earth fiil. 'a constant rate of 0. 05

mm/min and the front»s dékof the box was removed so that

free unrestrained face of the soil sp:Limen was provided.

The reinforcements used were: bar mesn, smooth bars, solid n

steel plate and steel strips. The soils used were poorly
graded gravelly sand and silty clay

The failure mode resulting from tae laLoratory-tests

‘indicated that all bar mesh reinforcemenL railed because a
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‘;oneshapea soil yédge developed atvﬁhe front'whilé
”lonthudinallbaré and ‘steel strip reinforcement failed
because'of_siippage. The soil-steel plate reinforcement>also
failgd because a small coqe-shéped soil wedge developed.
This mode §f failure is @elieved to répresent full
mobilization of sdil resistance by the development of a
paésivevpressure weage. Other cénclusions drawn were:as

5

follows: . .

1. For the S?Tj/surface areg}\glié: bar mesh—reinforcement
has nearl} six ;imes‘the puIl;out ;esistance of a steel
strip or plain longitudihal bar reinforcement in‘Qz
gravelly sandy soil. .

2. Baf mesh }éiﬁforcementvembedded in dense silty ciean.
soil exhibited greater pull fesistance than"bar‘mesh
embedded in less dense gravelly ssndy soil. ’

3. ﬁn inérease in mesh opening will‘substantially'rgduCe
the puli—out resistance'of:thé bar mesh reinforcement.

4, The skin friction angle between a galvanized-sfeel strip

and granu}arfsoil is only slightly smaller than the

10% smaller than® the inte!ﬂ%}.fricti
for practical design pUrpose%é

SaIXmone»(1978) carried %Pt pull-out -tests on sand

. reinforced with an industrial grade'woven,polyesteri(?eknisk

vav No.600). The pull-out box was 190 cm long, 70cm wide and
X ' : S 3 :
70 cm deep and the normal stress ranged fror tc 41 kPa. A

pressure bag reacting against the pull-ou  _x 1id wes used

a

internal friction angle of 'the soil. It can be takeﬁ‘ég :

on angle of the soil
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to apply the normal.load} A - eological model was developed
from a partial differential equation to predict the lengﬁh
of fabric required for a given puli-out force. Figure 2.9
illustrates some. results for on=22.7'kPa, ¥Yq=17.7 kN/m>.
Holtz . (1978) using the same soil and equipment as
SalémOne (1978), tried to model the méchanism that .occurs in
a pull-out test with a modified wave equation for piles. The
model utilized empirical soil and reinforcement data and an
estimate of the overall tensile fborce cap;E@ty of the

reinforcement to predict the distribution of tensile force

~along the reinforcement. Good agreement was found between

' results from in situ pull-out tests on metal strips (Chang.

. . AN !
et.al., 1977) and this model. Figuré 2.10 illustrates the

comparison between predicted and actual values of axial

97 :
force along the reinforcement.

Table 2.2 summarizes typical results ¢f pull-out tests.

on geosynthetics embedded in cohesionless Sils. Collqis
(1981) reported values of the interface frictional
coefficient between sand ané gravel and geotextilés, for-él

4 4
range of normal stresses, and lengths of reinforcement. The

‘values in the table are referred to fixed lengths of-0.30 m.

The influence of the gradation of the soil, normal stresses
and tensile moduli of the geotextiles, on the value of the

coefficient of interface friction, was investigated. The
: 4

ihterfgée frictional coefficient is defined as:

L 4

tang,,
tang
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T
Y,blere ta_n¢GS = o, v Toax © 2A

ﬁh; = maximum pull-out force

o, = normal stress
Generalfy, the coefficient increases with the decrease
of the gg&géxtile tensile moduli. In Table 2.2, it can be
see; that;%%e values are verj sensitive to the flexibility
of t@évgeotextiles,w(Bidim ﬁ64 (nonwoven polyester) and
Bidi;JArmg), despité*lhe similar angles of friction of the
two. materials (35° and 32°, respectivgly). The variation of

the interface frictional component with the soil gradations

is shown in results with Bidim Arme. embedded in sand and in
B3 ¢ . . . »

crushed gravel.

' The results on nonwoven Typar 3807 show the increase in

the coefficient with the increase in normal stress. The

pattern is not the same for all tests which suggests that

~‘non uniform distribution of the normal stress within the

;ested samples caused the variation in behaviour. A piston

and rigid plate were used to apply and distribute the normal
forces. Another factor that is likely to have influenced the
test results was reported by Schlosser and Elias (1978): the

increase in normal stress causes suppression of dilation in

~the 'sand and a consequent decrease in the value of the

interface frictional angle. The increase of the interface
friction angle with the increase in dry unit weight can be

seen in some results of_Mowafy‘s pull-out tests on geogrids,
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.
sheet metal and polypropylene sheets embedded in crushed
stone. Also, the, contribution of éach mechanism in thé

pull-out failure can be obtained from these results.

.‘f .
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3. PROPERTIES OF THE SOIL AND REINFORCEMENTS :;%

» .
’ ?

3.1 Introduction - FE , {

This chapter discusses the prgggr%ies-ogﬁfhe cohes v ge

N

soil used in the series oﬁ;pull%éut'fgsﬁs apd_g}

of the reinforcements. Propergies such as Atterberg

<0
ot

. . . . . - § o s &@
grain size distribution, compaction curv%,,consolldatlon and. "
N . - s o j—a:'v‘

undrained shear strength from direct shear tests are
presented. Typical curves of force-deformationyﬁof each
reinforcement employed in this research are shown.

i

3.2 Properties of the Cohesive Soil
‘ A
v Q ‘ L]

3.2.1 Index, Particle Size and Specific Gravity Tests
The cohesive soil tested was a well graded silty clay

that was taken from a borrow pit near Devon, Alberta. The

. soil was supplied by the Alberta Transportation Laboratory

which had air dried and bagged the soil in 20 kg batches.

One specimen was prepared and tested to determine the
Atterberg limits and the particle size distribution (ASTM
D421, D422 and D4318)..The ligquid and plast%é/;:;TES'were
42.4% and 21.3%, respectively. The value of the Plasticity"
Index is 21.2%. A typical grain size distribhtion is shown
in Figure 3.1, AS can be seén, from an average of two tests,

23% of the grains are finer than 2um; therefore, the

~activity. is 0.92. The specific gravity of the soil was

measured to be 2.66 (ASTM D854).

40
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3.2.2 Coﬁpaction Curve -

 iThe.telatioﬁship between dry density and Qater content
was dééermined by the dynamic standardncompaction method
(ASTM DéQS)..The optimum moisture content and maximum dry
density ére 23.2% and 1.57 g/cm?, respectively. Figure 3.2
illustrates the compaction curve. | -
3.2.3“Consolidatfon-Test

A consolidation test was run in a sample that was v

compacted with the same specific energy applied to the
pull-out test samples. The iﬁitial mo.sture content was
24.6%, the initial dry unit weight was 15.11 kN/m®, and the
‘initial degree of saturation was 90%. Figurg 3.3'illustrates
the consolidation curve. Theipra@onsolidatién pressure from

l

-the compaction energy of the silty clay is about 165 kPa.

The values of the coefficient of consolidation, c,, were

v

determined for each stage of loading and the mean value is

1.4 x 107° cm?/sec. N

2.2.4 Co sc :dated'Undfaiﬂed Shear Strength

A serie Hf 23 dirgct shear tests was run to evaluate
~he undrainecd .hear strength of the silty clay. The water
:onteﬁ}s and d=nsities of the specimens were varied slightly
to shév their effect on the undrained shear éﬁrength.“The
samples (¢ 5 cm?) were either cut from pull-out test

sempl2s 7 .ediately after the tests or cut from compacted

me? .aples. From each mold, two direct shear samples were

AN
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taken and the samples were consolidated under the same

normgl stresses used in the pull-out tests (20 kPa, 50 kPa
and T@O kPa)

Py

\5 The variation in moisture contents and dry densities in’

Ehe samples were less than those in thevpull-out samples.
Tng""erage moisture content was 24.7% with a standard

de n of 0.4%. The mean value of the initial dry unit
weight was 15.0 kN/m® with a standa /deviation of 0.24
kN/m?, The'degree of saturation was 88.4% avéragep with a
standard deviation of 3.4%.

All tests were run at, a displacement rate_of 0.9 mm/min

which ensured that the test would be run in undrained °
‘conditions. Téole 3.1 summarizes the results of 21 direct
shear tests. The failure enveiope is illustrated in Figure

3.4. The soil parameters are ¢, = 29.6 kPe and ¢, = 19.5°,

" Among the 23 consolidated undrained direct shear test

results performed, only 17 were plotted'in‘Figurq 3.4 due to
variations iwgmoisthre contents .and dry densities.
'An attempt was made tp and a correlation among

m01sture content, dry un1t welght Qegree of saturatlon and

undralned shear strength However, no such correlatlon could

be found and ayerage values were used

A se%ées of consolldated‘undralned dlrect shear tests
PR
was run on the same soil in another testing program. The

enveloﬁe is illustrated ‘in Figure 3.5. It can be seen that
o ’
theg# results (c,=34.2 kPa and ¢,=17°) support the results

7 :
ob?@ined in this research. The mean values andAstandard

B,



Table 3.1 Consolidated Undrained Direct Shear Test Results

on Silty Clay

=
| TEST wi wf INI.UNIT lNl.DRY. St ’PEAK - NORMAL SAMPLE
WEIGHT UNIT SHEAR | STRESS | -
()| (X} [(X) (KN/m3) WE IGHT (X} | STRENGTH | (kPa)
’ (KN/m3) (kPa}
) t | 24.8 | 255 18.6 a9 | es 39.2 so | sLock
2| 23.0 | 23.4 19.5 15.9 35 54.4 20 MOLD
3 {229 236 19.6 6.0 | 96 37.7 46.2 | moLo
] 247 25.2 18.9 5.2 91| s71.0 so | BsLock
s | 25.0 | 25.4 18.2 14.5 84 39.0 50 BLOCK
6] 25.0 | 25.4 [ 18.9 5.0 |92 | 460 51.7 | BLOCK
7225 25.4 | % 36.0 so | -BLock
8 | 24.8 ] 25.6 42.0 20 MOLD
9| 24.8 | 25.6 410 so | woLo
10 | 24.4 25.2 65.0 100 ‘| MoLD
1| 23.1 | 25.0 25.0 20 MOLD
12 | 24.7 | 24.9 4s.0 50 MOLD
13 | 23.9 | 24.4 63.0 100 | MOLD
14 | 24.0 | 25.4 | ¥5s. 37.0 20 - | MOLD
ts | 23.2 | 24.2 19, 42.0 so | woto
16 | 24.0 | 23.7 | ey 75.0 100 | wop
17 | 25,8 | 2503 | e 5.1 |93 | Tas.3 20 | woto
“tg | 248 | 25.2 | 7 19,0 15.2 | 93 a2.0 | 50 | woLD
19 | 24.6 | 24.4 | 8.5 14.9 87 43.0 200 | moto
20 | 24.8 | 24.4 18.6 14.9 88 3.5 S0 MOLD
21 | 24.8 | 2455 18.3 14.7 85 63.5 100 | woLo

44
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deviations, s, of the initial moisture cohtent, degree of

N .

saturation and inisial dry unit weight were 23.5% (s=1.1%),

91% (s=2.5%) and 15.5 kN/m® (s=0.1 kN/m? ), respectively for
‘ oy,

o,
B O

all samples.
4
3.3 Properties of the Reinforcements
Three geogridé were employed in this research: Tensar
SR2, Signode/ITW TNX5001 and ParaGrid 50S. Plates 3.1 to 3.3
illustrate the reinforcements. Table 3.2 presents some

characteristics of each geogrid. The values of peak tensile

strengths were taken from the geogrid manufacturers trade

M
1

'literature.

Resdits.from“tensile tests on thevgeogrids are _
1llustrated in Fl%pres 3.6 to 3.8. It should be noted that .
the ten311e curves for the SR2 were measured dur1ng the'
pull-out tests, by two LVDTs placed on anchor members 2 and
3 between the front of the box 3nd the jaw. On the, othe} ﬁj .
hand, the curves for th TNXS5001.and ParaGrld 505 were :’d .
measured in tensile testfs (ASTM D4595 96) on ‘the . Instrbn
Machine. |

The effect of specimen dlmen51ons and stra1n rate upon
the measured force- deformatlon characterlstlds of ’
geosynthetics was investigated by Rowe and Ho (1986f(
Although the SR2 geogrid reductien in modulus measured at a
strain rate of 0.2%/min is approximately 45% when compared
with“vaiues of moduli at a strai}/rate of 10%/min, the

. " ‘
specimen size does not affect tHe values of moduli. McGown

1

@
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Plate 3.1 Tensar SR2

[

/

¢ o
BSARS A et

Plate 3.2 Signode /ITW TNX5001
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Plate 3.3 ParaGrid 50S
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3

et.al. (19845, who studied the load-strain—time Behaviour of
Tensar geogrids tested at a constant rate of strain, noted
that the behaviour was influenced by temperature. Rapid
loading creep tests vere shown to be suitable for the
measurement of the load-strain- time relatlonshlp .0f this
geogrid. The pull-out tests carried out in this research
lasted for 5 minutes each. As the period of time ig/very
small, creep was not considered in tﬁewgsaiysis of the
pull-out test data.

The TNX5001 gebgridqis polyester. Studies by Finnigan
(1977) showed that high tenacity polyester and polyamide
yarns present low levels of creep. Typically about a 1% V
change in. ;ength over 10 years when a yarn is loaded to 20%
of ‘its breaklng load is expected Tensile tests on TNX5001
geogrld e&x ten51on member, by six anchor member samples, at.
different styeln rates (0.009%/min to 2.77%/min) were run
and no signrficaﬁt chahge in modulus was observed. Figure
3.7 illustrates the average curve. -

Two tensile tests were run with the ParaGrid 50S at a
strain rate of 2.7Z§/mih. One test was run on only one
tension member saméleJtaken from an undamaged roll and tpe
~other one on a sample of three tension members by six anchor
members. Significant difference was observed iﬁ the tensile
‘sbrength of the material. The peak strength value for the
one tension member was about 34% stronger than that for(a 3

x Y6 member sample. Furthermore, the failure observed in the

3 % 6 member sample occurred at the junctions which
B '
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E *r a - TNIS001 D4596-86 (STS Consultants)
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W b - SR2 D4595-86 (Rowe and Ho, 1986)
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Figure 3.9 Typical.Force Strain Curves - SR2 and TNX5001
(modified from Beech, 1987)

57



N ) 58

v

suggested that the material was damaged at the junctions
where the tension and anchor members had been heat .bonded.

The secant modulus at 2% strain for the Signode |

, '

material is about 1624 kN/m. For thHe Tensar SR2, the secant
modulus is about 900 kN/m,naverage. It is concluded that
TNX5001‘proved to bevan only stronger, in terms of peak
tensile strength, but also with a higher initial tensile
modulus than the SR2 geogrid. Beeéh, i987, in his paper on
stress-strain relatiénships in reinforced soil system
designs, also méde some comparisonlin terms of tensile
moduli between SR2 and TNX5001 geogrids. His results support
the findings presented herein. Figure 3.9 illustrates hisd ;

results.



4. PULL-OUT "gES'I‘ T
4.1 Introduction

Many tests can be‘émployed to evaluate the magnitude of
the bond developed between soils and geosygthetics; however,
in terms of pull-out resistance,%it‘is imperative to use the
appropriate testing techniques.

This chapter describes the pull-out test. The pull-out
apparafus,lloading systems and instrumentation utilized
during the pqll—out tests are presented. A description of )’

the sample preparation, test procedigég ests performed

in this research are presented.

4.2 Large Pull-out Apéa;atus

A-%Erge_pu;lfout apparatus was designed by mean§ of
" modifiégéions to a Large Diréét Shear Test Apparatus J
. developed by Brandﬁ (1985). The modifications were
introduced in ail four features that cqpprise the-apparatus:
reaction frame, box, hérizontal loading system and vertical
.loading system. |

.

4.2.1 Pull-out Box

The inside dimensions of the box are: 106 cm long, 36
cm wide and 20 cm deep. These dimensions wére based on two
ériteria: 1) the length of the box should be short enough to
avoid rupture of the geogﬁids in tension during the pull-out

tests, 2) the length of the box should be long .enough to
P .
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allow the deve)Ppment of progreséive displacements before

reaching k= ulpimaie strength of the interface. As well,
i .

the original d{Mensioms of Brandt's (1985) direct shear

_apparatus.placQﬂ scome limitations on the dimensiohs of the
pull-out box.

The 51des Pt ;he oy are constructed of two 20 cm high
"c" steel chany®l secxions. TO avoid frlctlon between the
‘sides of the bp® uﬂd'the 5011, two layers of a smooth satin
fabric were plaﬁed bex#Sen the contact (Brandt, 1985). This
fabric has an ygle o Eriction @?‘2.§° wh}ch is lower. than

the TeflOn frlctiorla:gle (around 8.5°).

i

The front And back plates are 1.27 cm thlck Both '
plates bhave a glot 2 «m high that runs the 'full width of the

'box. The purpog® ¢f te slot “in Qhe back plate is to allow

: } % N ) A
the prestresseg wjiges attached to the geogrids (geogrid
*instrumentation) to ¢ one oyt of the box. The middle height

of the slots colncndes W1th the mlddle helght of the soil
. : ) 93
sample, USually 5c:m

' The bottom of the box consists of a piece of expanded

mEtal 0. 362 o th:ck velded to a steel prate wHich has

i

dralnage holea Nrille d at 5 cm centres to allow

consolldatlon g$ the 501l sample. The purpose of the *

o

expanded metal Wmstlls to hold the so0il 1n place durlng a
é‘test. Another g\eoe:of expanded metal 1s placed on top of
“the. sample so ghat sy nmetry in boundary condlt;ons can

represent the f\ehd c ondi tions. This'top mesh‘waa held in

the hor1zonta1 Q1pect10n (vertical movemegjmfree) by means
Y, r,-. . b_'



of two bolts at}the back plate. ‘

The five parts of the pull-out box are bolted together
so that at the end of each testy, th'e progressive
dlsplacements of the geogrid sample can be seen when the box
is taken apart. |

The pull-out box -is heId to the reaction frame hy‘means
of bolts and steel angles to ayoid any displacement during

,the testsT It rests on a reinforced conérete block which

“dimensions are: 100 cm x 100 cm x 27 cm. Plate 4.1

illustrates the pull-out box with the bottom mesh in pla%e.

4 2.2 Horizontal Loading System
. The requirements of the horlzontal loadlng system are
‘agcurate determlnatlon of the pull out gorce and the ablllty
to apply- the pull out force at a constant rate_according to
the drainage condntlons (drained or undrained) and type of

soil uSed’inhthe test (sand or ciaf)'(lngold, 1980). The
method of fixing the end of a geogrid prrogﬁto tensile
testing ha% a significant effect on the maximumetensile
‘strength (Brané and Duffy, 1987).“Neit§ér slippage of the
geogriq nor concentratrpn ofﬂstress at the“jaws are allowedh\‘
during the bull—out test° therefore, dlfferent jaws or
dlfferent ways of plac1ng the geogrid in the ]aws are
requ1red for good pu11 out test performance.

N

A ¢onstant strdin rate of approx1mately 3%/m1n (12

a

' <5
mm/mln) was Selected in order to ensure that the test

,condltlons would be wpdralned. The_constant Veloc1ty was

™
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imposed by a motor mounted on the double "I" beam frame

attached to the concrete block.

In order to minimize stress concentrations at the point ’5%

of "grabbing" the geogrid piece, appropriate steel jaws were

| designed. For the SR2 material, the first anchor member was

v

*

held dfrectly‘by these jaws. For the TNX 5001, epoxy was
"required to cesg the f1rst anchor member into the jaws,
otherwise, the test: yould not be p0551blg due to sllppage of
the geogrid‘sampler The epoxy, by Interstress Ltd, had a
verf slow rate of ouring (about 24 hrs);-therefore, the
maximum temperature reached during the process did not
damage the geogrid.properties. In the case of the Paragrid
508, the same epoxy was used, and pieces of steel‘rods (3.
mmldiameter) were ysed to tie‘thé fibers that were taken out
of the geogrid members. |

in‘orderhtO'maintain the jaws in the same alignment of
the pull out force, a support table was ‘mounted w1th
adjustable helght and length. compatlble w1th the travel of
the loadlng iistem requ1red to run the tests ThlS table was
screwed in the "L" Dbeam flanges. TWo roller plates were usecd
to ellminat> fr1ct10n between the jaws and support table.

The-pull—out.force uas.measured by~e'loadlcell {(sy -
20790) with a capacity of 4500 kg that was mounted between_«

the ]aws and the traveL arm of the motor. The travel of the

horlzontal loading system is 15 cm whlch proved to be enough

to run the pull-out tests. All features that comprlse the

horizontal loading system are shown on Plate 4.2.

'
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was based on the one used by Brandt (1985). Some

64"
£

4.2.3 Yertical Loading System ‘
%Hg)flexigledvertical loading system consists of a

series of prismatic elements forming a pyranid shaped

loading head. Since this system of loading allows

differential settlements, in case the soil is not

homogeneous, it ensures that the distribution of normal

4

. A}
stress is uniform.

In this research, the flexible vertical loading system
modifications were reqguired in the assemblage of the
prlsmatlc elements in order to fit thetpull out box
dimensions. The whole conflguratlon weighs 210 kg. F1gure
4.1 and Plate 4.3 illustrate the head loadlng

*

The pyramid shape is a well known efficient method used

to dlstrlbute concentrated loads. The shape is frequently

used in -shallow foundatlon»de51gns and it rs one- of the‘most

X : .
appropriate configurations to transfer load from pillars to

v

_5011 mass. Another appl1catlon of th1s system 1s in the

laboratory, %here pyramld shaped loadlng heads are used w1th

some conventlonal shear box apparatus to- transform the
| ]
vertical point load into a uniform stress (Brandt ‘1985).

Two rows of prlsmatlc steel elements are used to form

.

the pyramld Thg flrst layer con51sts of 48 prlsmatlc

elements w1th trlangular cross sectuon. ThlS f1rst layer

covers the whole sample. For the second layer 24 ‘elements ,§>

-~

axe used, éach one transferrlng 1ts load to two others from

“the first layer. Another,12,prlsmat;c elements: form ‘the ‘ l
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third layer and again, each of them rests on top of the two
others from the second layer. The next layer consists of

eight flat steel bars (5 cm x 2.5 cm) and restsﬁat the

center of the pyramid element apex. These eight bars receive .
the loads of four other steel bars (5 cm x 5 cm) and

. i )
finally, an "I" beam (IOJcm'hrgh) receives the concentrated

‘~load from the leyer system. -

J

»In order“ “ﬁlnate shear -and tor51on forces in the

soil sample;‘ arlngs and small steel bars are placed
between the conta§%s of the steel bars, therefore, only

pormal 1oads are transferred t. the 501Lksample,“?
qg = N

and welghts; The 1evers-con31st of two 10 cm high "I1" beais

;means of 12.threaded .rods (the concretetblock

reactinﬁ‘against the reaction frame. The ratio of the levers °

is 8:1 and they are 2.5 n long which a}lows the application

i i

of 58 kN of total force (29 kN per leveé) The levers are

levellediby means of their two reaction points which are

mounted 'on screws. . ORI 8

Modlflcatlons were 1ntroduced to the reactlon frame
@Q -
Yokés wgég bull*‘at both ends to a_low the placnment of the -

S
~

pull-out box. The height was also 1ncreased by 20 cm due to *

the height of the head loadlng configuration. The reaction

tframe con51sts of extended web "H" steel sectzons 10 cm hlgh

and 10 w1de whlch are attached to the concrete block by

reinforcement). - ’ ,



"t
t e
. S [
5.0

L

AN

LRER R

K

", Figqure 4.

-
v

1 Verti;ai Head Loading

Y

BY
A @éé {

dimensions in cm

66

el

-ETNSG

en W
£ 5

e



-3

“ag

Plate 4.3 Vertical Head Loading

3

a7



-

o
4.3 Instrumentatlon

' The pull-out test 1nstrumentatlon can be lelded into
two types: the pull-out box™ instrumentation and the geogrid

sample instrumentation.

4.3. 1 Pull out Box Instrumentation
In order to evaluate the passive force that mgy develop

in the 5011 at the front end of the box durlng a puw

test, four load cells are mounted between the frontﬁ%nd of
- the box and the.bok sides to measure the soil pressurevon
the front end. The location of the load‘cells‘isvsuch that
no bending moment can be transferred to the soil‘sample‘anv
the front of the'box. Each load cell has a capacity of 4kN,

They were manufactured at the Machine Shop of the Civil

Engineering Départment.

The soil‘sample consolidation or change in height was
monltored by two LVDTs (Llnear Var1able Differential
"Transformer) in contact with the top rows of the prlsmatlc
elements. One LVDT was  placed at the front of the sample 4. 5
om from the . front plate and the other one, at the back of

the sample, 4.5 cm away from the back plate.

4.3.2 Geogrid Instrumentation

| ~The 1nstrumentatlon of the geogrld samples can be'
d1v1ded 1nto two parts. the 1nstrumentatlon of the geogr1d
sample inside the soxl mass and the 1nstrumentatlon of the

"geogrid sample'outs1de the pull-out box.‘
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Thé,outside instrumentation was used to measure the
force-strain behaviour of the geogrid material and the
‘horizontal displacements at the point of application of the
pull;out fbrce. This instrumentation consisted offFﬁéfLVDTs
piaced at the middle width of some of the geogrid‘anghdff
members. One LVDT monitoEed the horizontal displacéments of
- the second anchor member while thé other,ﬁVﬁT monitored the
differential horizontal'mOQements betwéen the second and the
tﬁi;d anchor members. This procedure allowed the |
determination of the force-strain curve of the SR2 sample -
material during each pull-out test. It qé important to nété
that the holes drilled in the geogrid cross members in order
vto hold the LVDT supports, did not affect the rigidity (EA)
of the material. Unfottunately, éhe same procedure could'nét
be followed for the other two geogrids becauée the method tg
" support the LVDTs did not seem adequate-dué to Ehe geometry
of the geogrids. The use of strain gauges (either resistance
or Bison) was out of question due to the large rangé of
strain vaiues-expected/(about 10%) .

The instrumentation-of the geogrid sahplés insiéé the .
box.conéisted of prestressed wires plaéedvalong the géogrid
léamplgsﬂ The prestgess_was necéssary*to Qlfﬁihété,
}difféfeﬁtiéi vertical mowements aldng'fﬁe wi%é»éﬁring

"cgppactioQ of.the soil sampie. The horizontal displac?ménts
of sevén anehof*members wefe‘monitgred by seven ‘LVDTs. The
wirei(0.4.mm‘diémetér),.géhufaétured by Paxam Metals
Limited;vhas a high elastic modulus. One end of the wire was

——
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sewn in three holes (1.016 mm diametet) drilled at. the
centerlline of each.of the seven anchor members that were
' monitored.‘The other end was attached to the LVDTs placed at -
the back of the pull-out box. Extensions were welded to the
cores of the LVDTs and nylon threads were tied to‘these core
ektensione. From the other end of the thread, 1.5 kg weighte
were hung in order to pfestreés the wires inside thé soil
sample. Plate 4.4 illustgates the prestress system. The
‘tensile stress in the wires was abont 18.7 Pa which wa% only
.a small fraction of the yielding stress found in laboratory
test results. Also, the hcles drilled in the anchor members
" did not affeet the geogtid éﬁoperties.
Friction between the soil and the lengths of wire was
avoided by simply placing them inside st;ong plastic tubes"
(ID=3.18 mm). Detail of the inside instrumentation of the

‘geogrid samples is illustrated on Figure 4.2,

4.4 Sample Preparation

L The pull-out sample preparation can be divided into two
'(4‘3pa:ts: the soil sample preparation and the geogrid sample

2

_-% preparation.

: PR v _ ‘
‘4.4;1 Spilnsample Prepardtion s e S
B o . ) , N
' The 970 kg of. a1r dried, crushed soil that would be =~ ™

. used 1n the pull out test series was mixed, homogenized and“v/

A{

g se?atat§d into 30 kg ‘bags. For each test water was added to

65 kg untxl the final moisture content ranged from 24% to
-x S ‘~__’,,,“ f:bgs_
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Plate 4.4 Detail of the Geogrid Ihstrumgntation'Outside
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25%. Consistency in moisture‘contentvwas quite difficult to
achieve due to the laﬁge quantf?y of soil required for each
pull-out test. Loss af moisture also occurred very quickly
from evaporationvduriné preparatio& and, compaction due to

the high silt content of the soil. The process of mixing and

took about 25 mimutes. The soil was then

homogenizati
A \n

\ . ’
divided int e batches and cured in a moisture room, for

24 hours toé.allow moisture content equalization. Since the

period of curing time influences the dry dé%sity—moisture
content relationship (Casagrande and Hifschfeld, 1960), a

curing time of 24 hours was selected as the standard for all

tests.

kness of the Soil Sample . i *

A
does ~'
PE 22

”ﬁ;hls study, a graphic solution was proposed

ant 51mp11f1cat10ns such as the exlstance of

'1nd the wedge. ThlS simplification was necessary
‘dﬁé't¢ the severe requirement which implies that for the
steady stagé motion} every soil ‘el'ement must have. the same
velocipyrdith respect to ‘the wedge:at all times.

Analysis showed that for the geogrid SR2, Qhésé‘chSS-J
member was the thickest (4.4 mm)bamong twi geogrids tested,
the soil samplé Height could be as thin as 3 cm. As the |
geometry of the box was designed ﬁorvé soil sample tkickness .
of 10 cm, this value was adopted to ensure that the top and
bottbm boundaries would affect the s0il deformat;Pns during

f



pull-out , ‘

The work by Brand and Duﬁfy (1987) suggests that the .

'hthlckness of clayey so1l be - at 1east 15 2 cm when testing ‘

the geogrld Tensar SR2. For thlckness greater than 15. 2 cm

the normal stLess load1ng system wouIa not influence the

pull- out force results. chever, their method .of applying
L

the normal load (hydraulic jack on a metal plate) _makes

this conc1u51on not applicable for the apparatus used in

. . . N t.':,;: ’
w,‘th1s research - : peart

:74.4 2 Geogrid Sample Preparation Q; ~
" The geogr1d spec1mens were cut to the appropriat

'lengths wlth t1n snlps The lengths alwags coincided\With.

S

the dlrectlon in whlch the geogrld batches were,roll d. For.

the SR2, the pieces consisted of 15 an@%or'members.and 15
tension members (34.5 cm) for the TNX 5001 16 anchor
members and 9 tens1on members (32.6 cm) and for the FaraGrid

50S, the samples were \l9 members long and § members.w1de'

'(3455'cm)§ The hemk step was to measure the léngths between
g , _ .

v . S : o ; . >
two consecutive anchor members-andvtne wtdtns‘of each anchor

member. Mean values were evaluated for later reduct;on of -
the pull- out test data. The 1nst&umentatlon of the geogrld
was carried out as expla1ne6'1n Sectlon'4 3.2, ~Table 4,

presents the avekage distances from each 1nstrumented anchor

]

member to the front end of the pull-out box.
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N 4.5ﬁTest Procedure and Tests Performed . AN g

3

4.5.1 Tests Performed . .
4.5.1.1 Calibration Tests .) :

~

The calibration testg were‘qecessary,since_the pull-out
. test procedure was not yet\standa}diiea. The first four
tests were used to callbrate the performance of the
apparatus, the pull- out box 1nstrumentat1on and the
consistency of the strain rete. Density :and mo;sture content
. controls were thecked. mhe density wes conttolled by !
heasurements of heights of each‘layer of tﬁe‘samples during.
compaction. The height vaiues were taken allfover‘the
sample, withﬁan average og 15 to 20 points per iayer. For

b .
the calibrdtion tests, 6nly the Tensar SR2 material was used

-~

as reinforcement as it seemed to be the easiest to .work with

because no.epoxy was required to place the geogrid in the
jaws.

S,

4.5.1.2 Other Tests
. ' , : : ~ , ~
" Another twelve . pull—out tests were performed. The tests

were straln controlled at a rate of about 3%/m1n (12

v
)

‘mm/mln). The normal stress’ range was llmlted by the capac1ty
t -~he pull-out reactlon frame* therefore, 20 kPa, 50:kPa,
e 100, kPa conflnlng stresses were chosen for all tests}

For most tests, moisture content values wete taken .
before’ m1x1ng the 5011 (hygroscoplc m01stufe conteng}//]ust
after m1x1ng.the 501l,vbefore compaction and_at-the end of

2 s o e

J

-
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n,
3 ~.

“'the tests. The variation between before compaction and end

- of test moisture contents was approximately 1%.
v » NI .

~

4.5.2 Test Procedure / .

'section, |

%he\ffﬁe pieces that comprlsed the pull- out box were
bofted together. The fonr load cells at the front end were‘
assembled and prestressed in order to have a rellable’
response during the test. The satin fabric pieces were laid
on both sides of the box and the bottom plate was divided
into 21 rectangles for—compacfion_oontrol purposes. The .
first layer of aoiliﬁas placed and eaehirectapgle took
approximately 1.15 kg of so0il. This_method'of placing the
soil in the box wasérequired since each layer must be level
after compaction. - ' | |

Immediately after placement the~soil.was compaCted

dynamlcally by a. hammer w1th a steel plate (12 x 12 cm? ).

'attached to one end This hammer welghs 4.5 kg whlch is: the

Same as the Modzfled hammer"but tne-hemght of drop is only
217.5 cm. The helght of drop was limited by the dlstance
»between the reaction frame and tbp of each layer. Therefore,
‘tthe energy applled to the soll sample was 50% of the

"*Standard Proctor Energy* 440 blows per layen. The dry
3

’dens1ty r/ﬁultlng from thlS qompacflon effort ranged from

”51‘49 g/cm’ to. T 58 g/cm’z B

BRY

77

The procedure for elght good tests is described in thle\

P



When the compaction ot}she.first layer5}aszfinished
the layer was levelled ,Aéain” .the top of the sample was
' d1v1ded into 21 rectangles and half of the weight of 5011
used in the ilrst layer was. placed 1n the pull-out box. The
geogrld sample was then placed on. top of the loose ‘soil" and
the horizontal loading system was assembled The back LVDT
support was mounted and the lengths of wire prestyessed.'The
other half layer of soil was then placed as before and_the
sample compacted. Wax was used on both the fgont‘and back
slots t - seal ‘the openings avoiding moisture contenﬁ'loss .
around hese ateas{ i o '
The thlrd layer followed the same procedure as the
\first layer. The expanded metal was placed on top of the‘
sample and a few extra blaws were appl{ed to it in order to
make it penetrate fhe soil“sample. This extra energy effort

- -~

did not affect -the dry density values since the moisture.

il

content ‘of the sample was higher than the optimum m01sture

COntent A polyethylene sheet was placed on top of the
expanded metal to prevent moisture content lbss by
evaporation ; . . : _A‘ f(

The assemblage of the vertical loading gystem was done{
1mmed1ately after compactlon and levelling of the third
layer "The two LVDTs used tovmonltor consolidation of thew
soil sample were placed on top'of'the prismatic elemencs
(one“at the front and the other at the back of the box). The

soil sample was loaded with the confining normal stress and.

o left; to’ consolldate overnight



It is 1mportant to note that measurements of helghts

4were done at the end of each layer after levelllng so that
v

the den51ty could be evaluated.
The next step con51sted of assembling _ the LVDTs at the
' back of the box in order to monitor the horlzontal
dlsplacements,of,thebseven anohor members of the.geogrid '
sample. The piece'ot.geogrid thatv;as out othhe box, at the_
back, Qasfcarefuily cut and the wax at the‘front end of'the
bo} was removed. All instrumentationfwas hooked up to the
ta Logging Acquisition System and)the pull-out test was
ready to start. »
At the end of the test the instrumentation was taken
foff of the gbogrid'sample, and it was cut -to the length of
the box.;Thngeogrid sample was then weighed and its
'equivalent thickness was evaluated in‘order to'calbulate the
den51ty of the soil sample. v | »
The evidence of - sllppage and bearang fa1lure between

"ar‘ '

A\the soil “and gr1d were’ clearly observed after testlng when

~the 51de of thé box waa.rehoved especxally for the tists
I/

It will be shown that the load cells at the front end

run with SR2

3

of the box changed their readlngs (they: loosened) dur1ng

compactlon. Consequently 1t was.not p0551b1 to aluate the
value of Ko durlng compactlon. The changgg/ghzlejdings'are ,
" likely due to the v1brat10n of the box - bottom plate durlng By

s,

compact1on. As,well,-the,v1brat10n'o£ ‘the bottom steel plate
' mayfdontribute to andﬂexplain‘the variation’of'dry density

¢



‘caused by the ‘consequent variation in compaction energy.

The consolidated undrajhed pull-out test is a quick-

test ‘to run, about, 5 minutes. On the other hand, its

assemblage takes about -8 hours.

80



~ 5. PULL*OUT TEST RESULTS

$a1vlntt6duction-
The following sectiohs present the.resultS-offthe
kpull out ‘test program with 51lty clay soil reinforced with
td% geogrlds: SR2" and TNX5001 The results of the pull—out
tests with ParaGrld 508 are shown in Append1x A These L
. results were not analysed: due to- the grlds fa111ng

_prematurely because of damage at the junctlons of the

members.

~“,’V\'.

.5 2 Pull -Out Test Results |

A summary of the laboratory’pull—out data 1is presented
in Table 5A'ﬂ The values of initial moisture contents;were
used for all'calculatlons of the dry unit welghts. The
,dlfference between the initial and f1nal molsture contents
is probably du to evaporatlon during compactlon not
,consolldat10n° therefore, the f1nal mo1sture content may be
more representatlve of the actual test €Ond1t10n5. An‘

average vqlue of 24. 9y - 1s Found for tne initial m01sture

h7¢ontents The average value&’@f dryﬁbnlt weight and. degree
of saturation are 15.1 kN/m® and 89.6%, respect;vely.'
Consolidation of the specimenshunder’the normal stresses was

L ‘N,‘.‘ .
small, averaging around 3.8% strain. = .
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N [ ‘
5. 2.1 Pull-Out Force . . R
r Figures 5.7 and 5.2 show the pull out curves for
. reinforced 5011 wlth SR2. and TNX5001 respectlvely The
X

, disglapj_‘ ts are measured relatlve to anchofﬁ&ember 2.
) ow that 1n all tests, the fallure ccurred,by
pull out&raghér than rupture of the geoSynthetlcs. Also, tﬁ&f
pull-out res1stance de&elopshat a faster rate, in terms of
displacement, for the oeogrid that preé)nts the hlghest
modulus (TNX5001). This is an 1mportant p01nt since in |
de51gn procedure, the\controlllng factor 15 ‘the .pull- out
resistance at a spec1f1c dlsplacement inot at fallure of the
reinforcement. Whlle the maxlmum pull out force 1s moblllzed
during the first 20 mm to 50 mm’ of dlsplacement for the~ ’
VTNX5001 geogrld, for the SR2, 1t is moblllzed between 40 mm
and 60 mm of displacement, - -

Test numberi3, Tensar‘SRZ: 20 kPa;:had a.lower value of

moisture content compared with the other-three tests in the,

 same category. Therefore, the shear strength of the¥soil in
this test is higher‘than those of the other*threegtestsv'
R despite the dry densities being alik Consequentdy( the
max imum value of the pu?i?out force for test number.3 is

'hlgher (about 31%) than ‘that for test number ¢ (50 kPa)

whlch is. about 9% more humld

| v \
5.2.2 Progressive Horizontal'Displacement \ /
In. Chapter 4, the geogrid instrumentation was f

presented. Thefprogre551ve dlsplacements of each -

e
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’instrumentedyanchor member‘(AM) were recorded every five
seconds'during the pull-out teste. Figures 5.3 to 525 and
~Flgures 5.7 to 5.10 show the progressive displacements of
these «nchor members for tests that were run with SR2 and
TNX5001, reSpectiVely The relative distance of AM2 to'the
front end of the pull out box is shown in Table 4.1,
Therefore, the dlsplacements of AM2 shown in these Figures
are not at the front end of the box, O to 4 mm of strain
(dependlng‘on the‘value'%f theApull—out force.took place
between AM2’and’theefront eﬁd of the pull-out box. The
curvature in the 1n1t1al part of the progressive horlzontal

dlsplacement curvesashows the stretchlng of the geogrid. The

progresalve displacement can~be better visualized in the SR2

geogrld due to its lower ten511e modulus compared to TNX5001
geogrld When the curves b come* llnear and parallel shear
sl1d1ng is fully moblllzed along the entlre length of the

‘9\

relnforcements. R
‘ Anchor.member 2 (AM#2) 1s located odtslde,the-pull-out
»bo%.‘Table:4.1‘should be referred to for further‘details.
5.2.3 Passlve‘Eorce at the FrontvfaCe_of the,Soilhgﬂmple

The horizontal forcee;against the front face of the
pull—out sample were recorded for each tist. FiguréSVS.ll‘to
5.14 and Pigures 5.15 to 5,18 present the results for tests
with SRé and TNX5001 'respectively‘ Load cells'1b(lcl) and

load cell 3 (1c3)" are located 2.5 cm below the center line

of the slot and load cells 2 and 4 (lc2, lcd) are located

A
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2.5 cm above the center line of the slot. Table 5.2 presents

—

ﬁhe resultss An éQerage of 11% of the maximum pull-oiut force
. is transmitted to.the>soil in a passive way. The maximum and
" minimum vélues are 18% and 6%, respectiveiy.

‘It was ogserved that load'celis 2 and‘4 (above the
center line of-the‘let) recorded very low or even
Cnmpression (—3-va;ues. The ‘geogrid level aftér coﬁp?ction
is likely to be tﬁe regngj i.e., the geogrid level was
below the center linelaf the slot which during the tests,
’caused\a rotation of.ﬁhe pull-out box front face and
compfessive forces were recorded in load cells 2 and 4.

IfF;he soil were fully saturated and the pull-out test
run in completéiy undfainéd céndi;ion, the- increase .in
normal stress at thé geégrid lgvei caused by the increase in
hdrizoh£a1 pressure would nét affect the results of the
pull{outltest because the éhear.strength of the soil would
not(change in this condition. On the other hand,'passive

{‘; -

failure of the soil at the frontzof the box could take

place. At the end of each test, fhe soil samplecwas examined

carefully'épd no sign af rupture éould be detected. Table
5.2 summarizes feSults of the ;aximumfvalues of péssive
for;e againstithe'soil sample. | _

n S _ . : : '
«5.2.4 Vertical Displacémeht During;Testsﬂ
One LVDT (C#Tg placea on top of a prismatic elemeht,

14.5 cm from the. front end and~aﬁother one (C#3) placed at
, Ny ;

_ ) | I ‘ \
the back, 14.5 cm from the back end,‘monitored‘the vertical
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displacement during the pull-out test. Figures 5.19 to 5.22
and Figures 5.23 to 5.26 present the fésults for tests
reinforced with SR2 and TNX5001, respectively. In these
plots, the negative values represent dilation and the
positive ones represent compression of the soil sample.,

I£ can be seen éhat_the magnitéde of the vertical
displ;cements’is very small, around 2% of the soil'sample
height. Furthermore, dilation occurred in the samples
reinforced with TN§5001, on the other hand; compression
occurréd‘in those réinforced with SR2. However, there is no
siénificant reason for the different behaviors. The junction

L4

thickness of the TNX5001 is approximately three times o .

T~

smaller than that of the SR2. Taking this into account, one

would expect the soil sample. reinforced with SR2 to dilate

rather than the one with TNX5001.
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6. LOAD TRANSFER~APPROACH TO PREDICT THE TENSILE FORCES

ALONG THE GEOGRIDS

6.1 Introduction’ . -
' . 4
"The . load transfer and stress distribution between

reinforcements and soil needs more careful definition for
most earth reinforcement systems. Much of the data avallable'
,pertaln to relnforced earth and granular backfill. ,
(Highway Research Report 290, 1987). ‘ ®

The study of how the load is transferred to the soil-
SUrroundlng an ax1ally loaded pile is presented by Coyle and
Reese (1966). Beech (1987) ‘made an approach based on- Coyle
and Reese s load transfer method to predlct the pull out
tension as a functlon,pf the'd}splacements of reinforcement

e

material.
The aﬁproach that is shown in this chabter is based on
the same method by Coyle‘and Reese (1966). It is impdrtant
to notice that in all figures in this;chapter, the symbols
stand for experimental resultg while the lines represent
either.fitting curves or resdits from theoretical analyses.
6.2 An Analytlcal Approach Based on the Load Transfer Method
. An analytlcal approach is presented which predicts the -
tensile forces along the reinforcement from shear strength
propertles of the soil, tensile and geometrlc propertles of
the geosynthetics and pull-out test results. It is inportant

that the dlstrxbutlon of the elor.gation (strain) of the
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geogrid bé taken into account because the Same shear

strength will not be mobilized at all points along the

reinforcement. | |
. In the load transfer approach, the analysis is one

dimensional; therefore, a geogrld tension member is d1v1ded

’1nto a series of elements. The shear stress 1is assumed to be

constant along each element, on the other'hand, the tension

‘within each element decreases from one end to the. other.

Pu

QOnsequently, the straln along each element also decreases
as do the displacements at the beginning'of each element.
The(smaller displacement at the beginning of “‘element i+1
results in a smaller shear stress beino generated along
element i¢1'Fh§“ that along element 1i. Theh;esult isva;
decrease in mohiliied shear reslstance along the'geogrids.

F1gure 6 1llustrates the model of interaction between 5011

and geogrld used ‘in thfs analysis. A similar model was used

by Brandt (1985) to reglesent the ‘behavior of a

011 concrete 1nterface.‘

“ud

6.3 Spil and Relnforcement Parameters Co

Knowledge of the relnforcement force-strain propertles

R

'-and shear resistance of the soil as a function of

1

. dlsplacement are requ1red‘for the load transfer~approach.

The geogrid force-strain propertles and 5011;Ahear strength

are dlscussed in Chapter 3./In the case of’ the SR2 geogrld
due\fo the non-constant rlgldlty of, the tenslon members,

1

coupllng ten51le curves were used in whl@h parameters (a and
, W
‘ . B .



b) obtained in constant cross section tensile tests were.
used to fit the force-strain curves (actually an av;raéé
deformation between two consgcutive anchor members) obtained
during the pull—§ut tests. The o0 vs e curves (tensiie tests
on constant cross section of SR2 anchor member) were fitted

i;z. The resulting values of a and

using the expression o =

b were used to fit the curves F x e obtained during the

pull-out tests as followss:

o, = axial stress
F, = pull-out forces

A; = cross sectional area of element i

m
I

; elongation or strain of element i

Rearranging .the 1attef equation,
(F,/A,).Db
€ = (a-(F,/A.))

The sum of e; should cointide with the value of e measured
during the pull-out test. The SR2 tension member has a
constant thickness but the width varies. A constant cross

section was obtained by cutting the ends of the tension

member, resulting in a constant width. Figures 6.2 to 6.9

-
4
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1llustr- e these tensile curves for the SR2 geogrid.

6.4 Inferaction Between the fSoil and Reinforceménts-in #
Pull-Out Test
The mechanisms df.interacfioh in a pull-out tiest in
undrained conditions are discussed in Chapter 2. The two
mechanisms are: shear along the piane surface of the
geosynthetic and bearing or paésive resistance agéinst the
anchor members, | |
| The effect of inteSEerence between geogrid anchor
member; was not taken into account since S/B>5, (Milligan
"and Pélmeira, 1987). The values éf S/B are 120 and 22 for
the TNKﬁOQl and SR2, respectively; |

The equation to determine the maximum pull-out force 1is

3

. : =
Py = 2 T,.2 .a..8 +‘fu.Ab.Nc [6.1]

as fbllows:

u

where

-‘
1}

'peakwundrainea shear strength’of»the soil

>
n

total plane area of the geogrid (WxL)

o

B¢ . . . .
% of solid area in the geogrid.

]
]

B = interfacial stress factor

>
o
n

cross section area where bearing forces act

z
1}

c coefficient of‘bearing capacity

6.4.1 The Interfacial Stress Factor, 8
ne interfacial stress factor is defined as the

adhesion of the reinforcement plan area to the soil. It is a
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e

func;ion of the surface éregfgf the reinforcement embedded
in soil, ﬁhe surface roughness of the reinforcement and the
overburden pressure at the levél of the Teinforcement
(Jones, 1985; Peterson andxAnderson, 1980).

{ ;ngblé (1980), carried out undrained pull-out tests oﬁ
kaolin clay reinfor;ed with Netlon 1168 and Terram RF/12.
The undrained shear strength of the kaolin ciay'wasv34 kPa °
for Q = 35%;.5 - 95% and Y, = 1.80 g/ém’. Netlon 1168 is a
diamond mesh manufactured from polypropylene, while Terram
RF/12 is a composite, 67% polypropylene and §3%
‘ponethylene, Ingold used B = 0.5 to formulate the Jndfained
pull-out resistance équation; A very good agreement was
found between calculated and measured results.

Values of the interfacial stress factor (B8) can be
estimated from reinfbrced direct shear EeSts. In these
tests, the efficiency in terms of total interfacial‘shear

'strengﬁh is defined as follows:

where

Tt

fl

total interfacial shear strength

Q‘
1]

peak shear strength of the soil

undrained ¢hear strength

E . 1, = 1t » - (/;/j

rp(l—asj + 1,.a,.8
E - (a,-1) _
B =—F"" ’ | T

8

™
—‘
[t}
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o

where a, = % of solid area of the reinforcement. Table 6.1
summarizes the_values of the interfacial stress factor for
SR2. and TNX5001 immersed in Cevon silty clay. The values of
efficiency and undrained shear strength (from consolidated .
undralned ‘direct shear tests) are from the_;esearch done by.
. Bobey (1988). It is seen that not only the,velues of B for
the TNX5001 are higher ' “n those for the SR2, but also,
they behave in an opposite pattern: while-fcr the SR2;, B
.increases with the increase'in normal stress, for the
TNX5001 B decreases with the increese in normal stress. No
ev1dence was found for the decrease in the efficiency of the
TNX500 1 wh1ch led to the decrease of B with normal stress.,

Koerner, Martin and Koerner, 1986, presented én»
_extended work on the shear strength of Qarious geomembranes
and a number of dlfferent cohesive 50115 Adapted direct
shear tests wer@“@egi@imed allowing for a determination of

& m&W‘

adhe51on and frlct Lﬁ%gle values. They reported an

efficiency .of moblllzat;on which is deflned as follows:
2+
E. = c,/c
B, = 6/¢

where
E. = cohesion efficiency
E, = friction angle efficiency

c, = adhesion of geomembrane to soil

Q
1]

cohesion of soil

o
1]

friction angle of geomembrane to soil "’
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¢ = friction angle of soil

Drained direct shear tests were carried outito evaluate
both the soil and the interfacial shear strehgths. Table 6.2
illustrates values of B for HDPE geomemhb-ane immersed in two
types of cohesive soils which appear to be close to the .

13

Devon silty clay. It is worth noting that SR2 is
manufactureé‘afom high dens;ty\peiyethYlehe (HDPE).'The‘high
values of B for the HDPE im;Ersed in Delaware River\:laYey
' silt resulted from very hiéh cohesion efficiency (88%) which
‘was an exceptlon among the other results. Moreover as
reported by the authors, for smooth liner mater1als, a very'
'hlgh adhesion would 1nd1cate strong interaction or bonding
between the liner and the fsoil whlch is- not llkely to. happen
wigh 1nert liners and these kinds of soils.

Baséd'on these results, a constant value of B=0.5 was
used to analyse the resultsfof pull-out tests reinforced
-with SR2. A higher value of B for the TNX5001 dld not

&
reégzve enough llterature support therefore, B=0.5 was also

‘assumed in the analysis. -

P -

-
. . - - ) .
. . - )
’ + j ’ i

6 4.2 The Bearing Capacity F?ctor, N

[of

The bearing capac1ty factors for a deeply burlé’
7cyl1ndr1cal member vary w1th adhesion, a, from about 9 to
12 wlth about 10. 5 for typlcal values of s+ AN

alterﬂatlve calculatlon based on cavity trpan51on suggests

that rm Stlff compacted’clay fllls,“a value of Nc=7.5 may be
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Table 6.1 Valués of the Interfacial Stress Factor from

Consolidated Undrained Direct Shear Tests

. j N
NORMAL *| UNDRAINED|  EFFICIENCY INTERFACIAL STRESS
STRESS | SHEAR - FACTOR
(KPA) | STRENGTH
(kPa) SR2 | TNX5001 | . SR2 TNX5001
an *—""\
/

20 40 0.75 0.97 0.44 0.93

50 - 60 0.76 0.92 | " 0.47 0.81
100 99 0.77 0.87 0.49 0.69,

Note: % solid area (SR2)
: (TNXS5001)
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appropriate (Milligan and Palmeira,'19875.

For a etrip foqting embeddéd in clayey soil N@=7 5 has
been used (Skempton, 1951; Bergado, Bukkanasuta and iél
Balasubramaniam, 1987) to compare predicted with '
experln nt~l results of pull out resxstance of Tensar SS2
“and bambcuc grids 1mmersed 1nrc1ayey soil and weathered clay
soils. Ingold (1980 and 1983), also used N.=7.5 for the
undrained analysis.of the pyll-out teetsﬁﬁﬁecausejof good
agreement between date'yere reported,lit is‘conciuded.that"

3

N.=7.5 is a reasonable assdmption. L.
"
6.5 ‘Analytical Determination of the:Tensi1e Forcee Along the
Reinforcements .
Firstly, the geogrid tension membefs’afe divided into
111 and 94 elements for TNX5001 and’ SR2 mater1als
respectlvely. Flgures 6.10 and 6.1 1llustrate both cases.,
Some assumptions were.made in’order,to solve the
'problem: ' T _?" |
1. The interfacial’stress factor,-B, between‘soil and
geogrid waseassumed,to be 0.5 fdﬁ:both geogéids (Figu:e
2.3,
2. The bearing capacity coefficient (N_) was assumed to be
7.5 (Figure 2.3).
3. The bearing forces against the anchor memBerelare
concentrated at ﬁhe element at the junction between

anchor and tension members.

4. In order to have the tensile force equal to zero at the
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end of the reinforcement length, the value of the peak
:yghear"strength was calculated assuming that the ratio
between ‘measured and calculated maximum pull—éut forces
bé eqﬁél to one. This assumption allowed the undrained
sheagpstrength of the soil at failure to be calculated.

Fiéu;es 6.12 to 6.19 illustrate the fitting curves of

_the soil undrained shear strength, based on this
Wﬁéssumption.

" The fourth assumption was made after many attempts to
aéhie§e convergence. The computation of the forces along the
Igedgrid length proved tq‘be véry sehéitive to some variables
in the problem such as the soil shear strength and the areas

fofﬁthe elements. The latter however, could be determined -

mofelaécurately.aThe values of peak shear strength resulting

~from this assumption are in good agreement with the pull-out

soil sample characteristics such as moisture content, dry"

fv'density and degree of saturation, as well as normal stress

~

under which the samples were consolidated.

”Fér the computation of the tensile force along the
length of thé‘geogrids, an equaﬁion such as y = ax,/(b+x) wa’s
used to fit the eiperimental data for both the soil shear '
.strength and tensile force x strain of the geogrid
bahaviour. Thé parameters a and b for the geogrid tensile
behaviour and A and B for the soil shear strength are shoﬁn
in Table 6.3. The equétipns”involved-in the iteration are:

v

Geogrid
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ae al(x,=x.,)/1) | : o
Fi = bre = BF((x,x.0/T0 - A - [6.2]
whgre ' ‘ '
F, = pull-out force at the beginning of element i (from
><j>m the pull-out test results). ‘ '

a,b = geogriddforce x/;ééain fitting curve parameters-

X, = displacement of element i (from the pull-out‘tqﬁt
results)

1 = lengfh of element ’ :

A, = cross section area of element i

Xiey = displacement of élement i;T, unknown.

From. equation 6.2 the value of X;., 1s computed,

Soil:
Fi=Fj., = 2 . 7 . A, = mobilized shear force along element i.
4
A.Xi41
Fi-Fi., = 51;::— X Ap; x B x 2 : [6.3]

Eensile force at the beginning_of.element i+1

soil shear strength fitting Curye parameters

Ap, = plan area of elemént 1

¢

B = ‘interfacial stress factor = 0.5.
At ‘the junctions, besides the shear forces, bearing

forces are included in the calculations and equation 6.3

a

turns out to be:_ .
A.x, : : '
= Brx, X (2Ap;.B + Ab,.N_) [6.4]

a

F.-F..,

1 b
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N, = bearing'capacity'factor = &5 . {

. , o } o AN

Ab, =  bearing area of element i -~ g) & xﬂgg ‘

3 . v RS- I R Y e

From either equation 6.3 ‘or 6.4}4;‘ the ¥aitA is .0

' : : o S A "5
evaluated. Substituting the 'value of ;he axial fotce - ..
. § 4 : ot o

transfered, F;,, in equation 6.2, the displacement Xi.p iénak
computed. The process is repeated and if at the end of the
geogrid lehgfh the value of forcg is not equigjto zero, the
whole calculation ié repeated assuming different values of
.F, and x; ;riginally from the pull-out test results. When
convergencg'is achieved, the displécementsvénd tensile
forces along the length of éeogrids are plottéd. Figurés‘
6.20 to 6.27 and 6.28 to 6.35 illustrate the displacements -
and tensile féfces along the geogrids. For this study, nine
stages of pull-out forces or displacemnents were analysed for
each of the eighB’ﬁests presented. The tensile force
‘distributions correspond to the displacement curves along
the gebgrids for each pqll—out test.

It is noticed éhat the.theorétical é;rves of
displacement, for the tests &ith SR2 geogrid, and ﬁhe curves
of distribution of tensile forces, for tests with both -
geogrids, are not»smdoth; The reasons for the lack of
smootﬁness are the non—constant~rigidity of the SR2 tension
member and the assumption ma§e of concentrating the bearing
forces at the junctions.

The.maximum value of pull-out force is mobilized when

the whole geogrid 'sample starts to move; therefore, the

distribution of axial force'along the geogrid keeps
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Table 6.3 Soil Undrained Shear Strength Parameters and _

Geogr1d Tensile Parameters

-
L
R N
!
GEOGRID | NORMAL | GEOGRID TENSILE SOIL SHEAR STRENGTH
STRESS -| PARAMETERS - PARAMETERS
(KPA)
SR2 20 - a=115500 & A=47 .25
b=3.95 K B=0:20
T i ‘
SR2 50 - a=105000 A=35.94
, ' ' b=7.0 . B=0.25
SR2 51 'a=100000 :  A=42 .4
o b=4: 37 : B=0.20
SR2 102.5 a=190000 A=65.0
b=9.5 ' B=0.15
TNX5001 20 a=102. 1 Az43.0
: b=4.29 B=0.15
TNX500 1 50 a=102. 1 Az60.5
.  b=4.29 B=0.10
TNX5001 | 51.7 az102. 1 A=61.6
N b=4.29 B=0.075
TNX5001 | 100.7  a=102. 1 A=75.0
: b=4.29 B=0.085
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increasing until the maximum pull-out force is redched.
Beyond this point,. the‘pﬁll—out force reaches a plateau and
the tensile force curves along the geogrids should be
coincident. This can be neticed in the plots of axial force
aieng the geogrid. |

, It is noted that inm the figures of prcgressive

dlsplacements along the geo@%idg gthe theoretical curves do

not f1t the experlmental @ata;périectly, especially for the
flrst_th:ee or four stages of the pull-out force, of the
TNX5601, when failure is not reached yet. Two points,
cor;esponding to AM4 and AMS5 are delayed systematica%}y when
‘compared with the data from other ancﬁor members. The reason
ie likely to be due to twisting of the jaws in the
horizontal plane. Since the wires were fastened to the
anchor members diagonally, the twist of the jaws caused one
side to ehe geogrid to move prior to the other. ‘ 1
The attemptnfo.make the.hﬁtEéfégial stress factor
greater thanQO.S'fpr Sie TngOOJ,:%ie.'O.7 to 0.93, proved
to Ee useless sihce:the pull-out force at the front end of
the box had to be increased by 50% and almost 100%,‘
respectively, to obtain reasonable distribution of tensile
force along the geogrid, i.e., tehsile‘force equal to zero
at the back end of the reinforcement. Fiéure 6.44 and 6.45
illustrate d}splacements and' forces along TNX5001, 20 kPa

for B=0.70. @ :, -

<
Y, e

The values of pull-out forces measured ahd predicted in
the analysis are shown in Fiqures 6.36 to 6.43. The

N
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agreement between the va;ues is- very encourag1ng in terms ofe
the approach presented in thlS analy51s.

‘When comparlng the ex1st1ng results from the pull out
tests w1th the theoretical results from this calculation,
the 1oad transfer approach seems to be promising, This is
shown in the flgures of dlsplacements along the geogrlds as
well as in the figures of pull out forces measur'ed and

predicted in this analysis, -

6.6 Effect of the Reinforcement Tensile Moduli ‘on the
Pull-Out Resistance | -
“The force-elongation modulus (or tensile modulus) is a
measure of the slope of ‘the force- elongatfwn @yrve The
units of modulus are kN/m (force per unit® w1dth) ‘In this
section, the effect of the geogrid tensile moduli onuthe
pull-out resistance is sthdied. | |
| Assumlng that the force X straln curves presented in”
Chapter 3 are satlsfactory, comparlson in terms of ten51le
forces along the geogrlds will be made. F:gures 6L46 6.47,
6.48 and 6. 49 illustra&__the comparison of predlcteo tenSéle
forces along the geogrids SR2 and TNX5001 for 4 mm, 8 mm and.

. 22 mm .of pull-out dlsplacements .The resu1ts for SR2 51 kPa
are compared w1th TNXSOOl 51,7 kPa, as we@l as,'SR2 102.5
kPa with TNX5001 100.7 kPa. These were the only possible

?

comparisons since the variations in moist_.re contents, dry

LY

‘densities and degrees of saturation did not_alIOw“further

analysis. It can be observed from these figures that for
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this soil, the TNX5601 geogrid mobilizes higher tensile:
force than the SR2 for the same dlsplacements. Th1s occurs
because! the TNX5001 has higher tensile modulus than the‘SR2
geogrid. The dlfference JS?abeht 80% for the secant modulqs
at‘2% strain with a ‘strain rate of 72, 77%/min. The
dlfference 1n the dlstrlbutlon/ét ten51le»force is largerh
for smaller pull-out dlsplacements because the dlfference in
‘1n1t1al tensile moduli is also larger. For alarge
displacement (22 mm), Figute 6.49, the difference 1n the
dlstrlbutlon of- tensile force along the two geogrlds is

smaller than that for a small pull—out displacement (4 mm),

6.7 Contr1but1on of each Mechan1sm of Interaction between
So1l and Geogr1d in the Total Pull Out Force
Assuming that the values of the 1nterfac1al stress
factor B=0.5 and the coeff1c1ent of bearlng capacrty N.=7.5
are feasonable, the contr1but1on of each mechanlsm that
takes part in the pull-out mechan1sm can be assessed

(Ingold( 1980),

P,D?nd' : x : %Pa ,'-r .Pb .
l.Pde"’ = ma;inumapullfqutfforce "
”Pa i = fotce“dne to adhesion
P, = force due to bearlng |
Pyona = ZA B+ 7 Z;N !

Table 6.4‘summa:12es each contr1bﬁtion,

o\

. 2 N : ' .
It is shown that the shear forces on the plan surfaces

of the gecgrid-prevail over the bearing forces against the
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~ Table 6.4 Contribution of Eg’:h Mechanism in the Ma ximum ’ T
Pull—,Odt Force ) ' . % | ' o
J < ; * ' ]

\ - o " v' A . .
& N /

TEST | GEOGRIby] NORMAL | PULL-OUT | .Pa Pb
STRESS. | FORCE | = |
(#) | | (kPa) L UKNY | (KND | (KN

~ v

—

SR2 177 | 875 | 6.93 11.82\
SR2 102.5 | " 13.53 | 10.70| " 2.81
k2 | 20 | w982 | 7.78 | 2.04 |
.55

.77

AL I S

SR2 50 | 7.46 | 5.91
TNXS5001 | 20 | 7.08:° | 6.24 |

TNX5001 | 100.7 | 12.56 | 10.89| 1.34 |
TNX5001 | S1.7 | 10.2 - | 8.84 | 1.10

® N Ot b Wal

TNX5001 | 50 10.0- | .8.78 | 1.08
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anchor‘members For the Tensar SR2.geogrid, 79% of‘the
max1muh ppll -out force is due to shear forces along the
surface of the geogrld while the same mechanlsm represents
88% qé?—ZHE Signode TNX5001. The remalnlng 21% and 12% are
due to, bearlng forces agalnstvthe anchor members of the
geogrids It should be notlced -that theSe contrlbut&onsK

~ldepend on the geometrlc propertles of the reinforcement,
graln 51ze of the 5011 and soil den51ty and shear strength
| From Flgure 6 50 it 1s seen that for the mechanlsm of shear

on the plan area of the geogrlds the soil shear strength

a ’

preva1l' over the;geometr1Cﬁpropert1es. ¢

6.8uDesi§h Procedure to Predict the Requaired Anchoring
A‘ Length of{SiGeogrid

Thefloaa trahsfer approach&presented in this research
can be used in a des1gn procedufe to predict the requ1red
anchorlag length of a geoqrid in a relnforced retaining wall
or a relnforCed slope. - ;_ /
e : N

The requ1red parameters for the ‘design procedure are:
Plr max imum allowable tensile force in the reinforcement
(at the potential failure surface)
X% allowable displacement of the reinforcement (at the

potential failure surface)

;Force—strain prbperties—eé/;;%>geogrid for varying
strain rate and temperature.
Stress_strain curve of the soil for a range of normal

stresses. ,
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by

Geometrie properties of the geddrid.
- Intecfacial stress factor (B) between soil and polymer -
surfaces.

 Bearing capacity factor (N.) for the reinforcement

.
——

geonet iy,

The fhterfaéial stress factor can be obtained from &z

pull-out test on a single tension member An initial length

Toas

of the relnforcement is requlred to start .the. calculatlon
The cr1ter1um for the anchorlng length would be to have no
force: (F 0) at the end of the relnforcement The caleulatlon '

Q

should follow the steps explalned in. -Section 6. 5
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.15 =
4 7 osR2 (Pa)

4 JSR2 (Pb)
12 . o TNX5001 (Pa)
4 & TNX5001 (Pb)

Po 'ond“ P‘b (kN)

A3

0 20 . 4 60 80 100 120
NORMAL STRESS (kPq)

S T

%,
AN

\ 7,

s

\

Flgure 6 ‘50 Contrlbut;on of Each Mechan1sm of Interactxon'/;\.ﬂV

between 5011 and Geogrld in the Max1mum Pull Out Force

I



7. CONCLUSI’ON"S AND RECOMMENDATIONS FOR FUTURE RESEARCH
7.1 Summary
| The purpose of this reseerch program:was to determine
thevmechanism of ioad transfer oetween a‘cohesive soiliand
three kinds of geogrids. Due to material damage,vohe,geogrid
could not be fully tested. In addition, a large—pull—ouf
appétatus was designed‘and coﬂsoructed and a testing
procedure_eas developed for this research. A total of 12
cohéolidatedvundrained pul ;out:tests on silty clay soil and,
two types of geogrids ere-pé;formedﬁ,The experimental
results of eigh£ tests have been reported in Chapter 5. The
results from two tests pérformediwith the third type of
-geogrid are presented in Appendix A,

An approach, based on the load %ransfem method applied
to plles loaded axially, was formulated to predict the
ten51le force distribution along the geogrlds. The . 1nfluence
of the tensile properties of the geogrids was used to

evaluate the results from this approach;
7.2 Conclusions

7.2.1 Analyses and Results

The load transfer method can be applied to predict the
,pull;out mechahism of soil-geosynthetic re® 'orcement |
‘systems. The tensile moduli of a geosynthe ‘- will influence

"~ . 5
its pull-out characteristics and the hijher the tn~nsile

184
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modulus, the more efficiently the'geosynthétic develops
pull-out resistance in reinforced soil structures. -

The bond strength of the geogrid,junctidns did not
affect the results of the distribution of tensile force in
the geogrids with the clayey soil used in~this research. The
TNX5001 junctions (welded) are not ag strong as those of the
’SR2. Despite this fact, the former presented a higher
pull-out modulus than the latter. | \

' For.the type.of soil used in this study and geometric
characteristice of the geogrids, the mechanisms of shear on
thefﬁianag surface gf the geosynthetics prevail over the
mechanisms'of bearing against the geosynthetic anchor
. members. The surface shear force was 88% and 79% of the
total maximum pull-out force for the TNX5001 and SR2
geogrids, respectively. The rgmaining 12% and 21% of the

pull-out force being accounted for by the mechanism of

bearing.

\

T

7.2.2 Test Apparatus :and Procedure &

" This study showed that the large pull-out appara;hs was
appropriate for the study of load transfer between so}l and
geosynthetic\??$g£orcemelts. The gﬁsting procedure developed
- for this_research was :ulcable for assessing the
disﬁribution of axial . >rce along the géogrids. The
inStrumentation used to measure the disp&acemehts of
different pbjnts-aighg‘the éeogrids proved to be acéurate

for this scale of testing. Finally, the load cells located
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)

at the front of the pull-out box proved to be a very
- o S 4
reasonable way to measure the passive force against the

front of the soil sample. Values of passive force ranging

,

L..m6 to 18% of the total pull-out force were measured.

g [} \\\

. - . .
7.3 Recommendations for Future Research

P

1. The méé%itudeé and mechanisms of drained pull-out tests
on reinforced siltf—EIEE_ﬁéEHS'further sfudy. / |
2. Interaction experimental results for other :
reinforcements and soil types are needed, ‘especially for
those thch dévelop the majority of the{r résistanée}by
bearing against the anchor members ahd.byﬂcombined
friction or 'adhesion and bearing
3. &The flexible vertlcal loadlng system should be replaced
‘by an air or water pressure bag. Thls would save time
and‘energy during the assembly,of the pull-out test
.apparatus. . - ) o
4. More data on the interfacial stress factor and its

influence on the distribution of force on the geogrids

are needed.
re, de
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A. PULL-OUT

~

TEST RESULTS ON SILTY CLAY SOIL REINFORCED WITH
PARAGRID 50s
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_ Tablé,- A.1 Pull-Out Test Results on Siltyilay Reinforced

with ParaGrid 50S.

TES. | NORMAL Wi g| NAT.INI. | DRY

(#) STRESS | 'DENSITY | DENSITY

MAX. FORCE :(*)

(kPa) | (%) | (kN/m3) | (KN/m3) (KN/m)
At | 8o 24.5 18.8 15,1 26.2
A2 20 | 26.0 | 13.1 | 15.2 19.4

(*) Geogrid failure at junctions. -

v
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Table A.2 Force on Front End 6f the Soil Sample

?

193

TEST | . max. FRONT END LOAD CELLS SUM/.
PULL-OUT - | CoMAX
- FORCE - PULL-OUT
| | et | 1c2 | 1e3 | 1c4 | sum FORCE
(#) (KN) (kM) | (KN) | (KN) | (kN) | (KN) (%)
: 9.24 |-0.04 | 0.29 | 0.10 | 3.10 | 3.45 |  37.%
2 | 4.25 0.16 | 0.25 | 0.56 | 0.02 | 0.99 23.3
s

(+) Compression

(-)

Tension

4
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Figure A.3 Progressive Horizontal Displacement, Par

. kPa
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B. CALIBRATION AND COMPLIANCE OF PULL-OU™ APPARATUS
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Table B.1 Calibration Factors Correlation Coefficients

for Linear Variable Differential Transformers

//
LVDT * | COEFFICIENT r
(#) {(V/mm)
1 1.5664 0.99998
2 1.5256 0.99998
3 1 1.2230 0.99980,
© 4 5.6398 0.99994
5 5.8086 0.99992
6 1.1866 0.99998
7 1.5509 0.99996
8 4.6937 1.00000
A | ¥6.2450 0.99997
B -3.8358 0.99995
c#1 3.5445 0.99905
C#3 3.3100 0.99990
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C. Lis%(ing of the Basic Program -hich Calculates the Axidl
Force and Displacemgnts_along “he Geogrids SR2 and ‘TNX5001
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INPUT
DATA

cALCULAT ION

PLOT,

CHANGE
PARAMETERS

QUTPUT

=

Figure C.1 Flow Chart
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5 CLS
20 REM $STATIC
50 DIM AC120, TS(35,5), TS$(35), F(98)
60 REM $DYNAMIC
70 DIM XSC1,1), XS$C1),YS(L, 1), YS$C1),PV(1, 1, 1), NP(1), XY (1, 1
), LNHXC1, 1), LNHYC1, 1), LIG$(1), GRIDS(1), SMB$1), LLG( 1), AAG( 1
), AAS(1),MEANC1) : REM "GRAPHIC SCALE"
DEF FNX(X,F, AG,LG)= (F*X/AG+F*MEAN(NOFC/2+4)/100/AG*LG ~ME
ANCNOFC/2+3) %X/ (F/AG-MEAN (NOFC/2+35)
DEF FNF(X,F, A, B, SR)=F-(A*X/(B+X))*SR
INPUT "ENTER 'TST’ FILE NAME ";BBs$
OPEN "I", #1,BBS.
INPUT #1, NOFC
REDIM NP(NOFC#2), ARGNOMES (NOFC), LGNMS$ (NOFC *2)
INPUT- #1, TITX$, XSCL$, XL, XU, XS
INPUT #1, TITY$, YSCLS, YL, YU, YS _
INPUT #1, TIT1$, TIT2$ .
FOR I=1 TO NOFC : INPUT #1, ARQNOMES$(I) : NEXT I : CLOSE
#1 - .
XSCL$="("+XSCL§+") "
YSCL$="("+YSCL§+")"
 NPMAX=0
FOR J%=1 TO NOFC
OPEN "I",#1, ARQGNOMES (J%)
INPUT #1, NPT

IF NPT>NPMAX THEN NPMAX=NPT ‘ ¢

CLOSE #1
NEXT J% :
NOFC=NOFC*2 :NPMAX=95
XYDM=C (NPMAX+2) *NOFC) +150
REDIM PV(NPMAX, 2, NOFC), XY (XYDM, 4), LNHX(NPMAX+2, NO
FC), LNHY (NPMAX+2, NOFC)
' REDIM MEAN(NOFC/2+4), FR(NOFC/2), LIG$(NOFC),GRIDs$(
2) SMB$ (NOFC), AAG(NPMAX) AASCNPMAX) LLG(NPMAX)
OPEN "I, #1, "GEOM. DAT" .

FOR I%=1 TO 95 !

INPUT #1, A, PV(I%.l NOFC/2+1), LLGCI%), AAG(I%) AAS(

I%) .
AAGCI%)=AAGCI%)*1E-4 : LLGC(I%)=LLGCI%)*10
FOR J%=NOFC/2+2 TO NOFC
PVCI%, 1,J%) Pvi;§t2L§OFC/2+1)
NEXT J% . -
NEXT 1%
CLOSE #1
FOR J%=1 TO NOFC/2
100 OPEN "I, #1, ARQNOMES (J%)
110 INPUT #1,NP(J%), LGNMS (J%)
120 FOR I% =1 TO NP(J%)
130 INPUT #1,PV(I%, 1,J%),PV(I% . ,2,J%)
' PV(I%, 1,J%)=PV(PV(I%, 1,J%), 1, NOFC/2+1)

140 NEXT 1% : CLOSE #1 -\

NEXT J%
GOSUB 9000
FF$="0UT"



.

GOSUB . 10000 -
END ‘
9000 INPUT "ENTER ‘CHT’ FILE ";AA$
OPEN "I", #2, AA$
FOR J%=1 TO NOFC/2+4
INPUT #2, MEANCJ%)
NEXT J%
FOR J%=1 TO NOFC/2
INPUT #2, FR(J%)
- NEXT J% . . 1
CLOSE #2 v

N

RETURN 0

10000 FOR W1%=1 TO NOFC/2 . -
WO%=NOFC/2 (
NP (W1%+W0%) =95 .
LGNMS CW1%+WO%) =LGNMS CW1%) +"CORR. "
PV(1,2, W1%+WO%) =MEAN(W1%)
F(1)=FR(W1%)
AREA=AAS (1) *1E-%
F(2)=FNF(PV(1, 2, W1%+H0%), F(1), MEANCNOFC/2+1),
MEAN(NOFC/2+2), AREA)
PV(2,2, W1%+WO0%) =FNX(PV(1, 2, W1%+WO%) F(2), AAGC

-

1), LLG(1))
| ".FOR W2%=3 TO 94
AREA=AAS(W2%-1)*1E-4
"A=MEAN(NOFC/2+1) : B=MEAN(NOFC/2+2)
F(W2%)=FNF(PV(W2%-1, 2, W1%+W0%), F(W2%-1),
A, B, AREA)

"PV(W2%, 2, W1%+WO%) =FNX(PV(W2%-1, 2, W1%+W0%
J,F(W2%), AAG(W2 -1), LLG(W2%-1))

IF PV(W2%, 2, W1%+W0%) <O OR PV(W2%,2,W1%
+W0%) >=PV(W2%~-1, 2, W1%+W0%) THEN PV(WZ% 2, W1%+WO0%> = PV(WZ% 1,
2, W1%+W0%)>

IF F(W2%)>=F(W2%-1) OR F(W2%)<0O THEN F(
W2%3)=0 : PV(W2%, 2, W1%+WO%)=PV(W2%-1, 2, W1%+W0%) ~

NEXT wW2%
. AREA=AAS(94) \
- F(95)=FNF(PV(94, 2, W1%+W0%), F(94) MEAN(NOFCV2+1
), MEAN(NOFC/2+2) AREA)
© PV(95,2, W1%+W0%) FNX(PV(94 2, W1%+W0%),F(95), AA

G(94), LLG(94))

IF PV(95,2, WL%+WO0%) <O OR PV(95, 2, W1%+WO%
)>=PV(94, 2, W1%+WO%) THEN PV(95, 2, H1%+WO%) =PV (04, 2. W1%EWO%)
IF F(95))=F(94) OR PV(95, 2, W1%+WO%)=PV(9
4,2, W1%+WO%) OR F(95)<0 THEN F(95)=0 : PV(95, 2, W1%+WO%) =PV
94, 2, W1%+WO0%) |
A$=FF$+RIGHTS (STR$(W1%), 1)
OPEN "O", #5, As .
PRINT #5,95;", FORCA ";W1%

* FOR II%=1 TO 95 : PRINT #5, PVCII% 1, NOFC/2+1) ;
,";FCII%) : NEXT II%

R CLOSE #5 . .
10002  NEXT Wi% ~
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AAAS=FF$+". DSL"
OPEN "O", #5, AAAS
FOR IJK%=1 TO 95
PRINT #5, PVCIJK%, 1, NOFC/2+1); ", *;PV(IJK%, 2, 1 +NOF
€72):" ";PVCIJK%, 2, 24NOFC/2); ", ";PVCIJK%, 2, 3+NOFC/2); ¥, *; PV
(IJK%, 2, 4+NOFC/2); ", *;PVCIJK%, 2, 5+NOFC/2); ", *; PVC IJK%, 2, 6+N
OFC/2);", ";PV(IJK%, 2, 7+NOFC/2); ", ";PV(IJK%, 2, 8+NOFC/2); ", ";
PVCIJK%, 2, 9+NOFC/2)
' NEXT IJK%
CLOSE #5
10004 CLS
RETURN
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The input data required to run the program consists of

the foliowing files:

BN

ﬁﬁ%E.CHT These extension file names are required by
J the program.
~\
NAME.TST
NAME. PSS }
GEOM.DAT This file name should not be changed.

All these files should be'generated-as ASCII codés and
‘as sequential files. Most .of the commom text editors_
available‘up to now, substitute é sequence of ASCII spaces -
by a "TAB" code for a sequehce‘of typed blank space. When it
is read by a Basic program, it is interpreted as a zero or
space depending on the caée; therefore,uit.is suggested that
no blanked spaces be typed when creating the files. The used
separatga charactér\is eqﬁivalent to ASCII code comma,
althouéh any other'charécter accepted by EASIC can be Qsed.
The following files are examples.of how to input data. If
.too many elements are used in the discretization of the
gension mémber,‘it 1s suggestd that thé'files be converted
to Random Access type because in this mode, stfaight access
of data can be done and array dimensioning>§?n be avoided

: , o

(either "static" or "dynamic"). It is important to note that
valI units should be compatible aqcording to definitions in.

the thesis text.

NAME, .PSS
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4

In these files, the experimental data from the pull-out

tests are listed. It should be according to definitions in

Section 6.8 and Figure 6.20

N, K

unit

X Yy

GEOM.DAT

~(number of coordinates,\itage of fo;ce)f

3

Yy, = pull-out displacement measured during

X, length from front end of box

pull-out Eest

Th's corresponds to what is.shown in Figure 6.10 for

SR2 and 6.11 for TNX5001. The units should be compatible

with each other.

position

No. of length cross section
elements of element of element *. area
@; -1 -1 i ai-

i i ;;Q' ll al

1 * 1 1 1“1#1 a1¢1

n n ln an

b \\.
NAME .CHT

Xy measured displacement at front end of two
Xy, - Stages of pull-out force ‘
A

soil shear strength parameters

.
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a geogrid tensile parameters
b
F, measured forces at the front end of the box
Fy for 2 stages of pull-out forces
NAME, .TST

This is the manager file of the program. It calls all the N
stages of the tesg
N

Length, cm, 0, 1%0, 10

/}/Force, kN/member, 0, 10, 1 . ) ' N
A, :
Bottom title, Top title
" NAME1.PSS

NAMEN. PSS

: OUT?UT Files
-OUTl
OUT.DSL
In OUT,, the forces x length are iis;ed for‘each stage
.analysed. |
In OUT.DSL, the.diSplacementé“x.length are listed'for each

stage analysed.

Tbese output files are all ASCII sequencial files, using



PAR

‘"commas" as the separater character. Since most spreadsheet
‘programs available for plottihg can 1mport these kinds of ‘
files (for ex. Lotus .123, AS-EASY-AS, among others), it is.a

1

trivial task to put the results in a graphical form.



