LLOUT RESISTANCE OF LARGE GEOGRID
 SPECIMENS IN SITE SPECIFIC SOILS

G. E. Bauer' and Q. Shang?

SYNOPSIS

“This experimental study investigates the anchorage capacity of soil-reinforcement
which consisted of uniaxial polymer geogrids and various soils, Geogrid pullout tests
c_arried out in a large test assembly.

¢ pullout results of four soil-reinforcement systems subjected to three normal stress
are presemed and discussed in relation to soil shear strength properties. The tensile
stribution in the embedded geogrid was estimated from elongation measurements

_r_oement systems and for verifying analytical concepts.

INTRODUCTION

einforced soil structures have undergone a rapid development and have been
umerous ‘geotechnical engineering applications. It has been suggested that
lout test is a more realistic model of soil-reinforcement interaction than the
ear test (Ingold, 1983). The ohjective of the project was to conduct putlout
geogrids in site specific soils. The large test facility allowed the soil to
pl ced under controlled and site specific conditions and to minimize boundary
génerally associated with small apparatuses. This study was aimed to determine
m’:hbrage capacity of soil- reinforcement systems, the soil-geogrid interface
n relation to normal stress and the tensile force distribution in the embedded
A uniaxial geogrid (Tensar UX1600) was tested in different soils, Both
and cohesive soils were used. The surcharge pressure ranged from 12 kPa to
These Jow normal stresses were governed by the long length of the grid
ted:and the tensile strength of the geogrids. The geogrid specimens in contact
soil had dlmenslons of 1.55 m in length by 0.73 m in width. The embedded
rea was 1.13 m®. Data from the pullout tests are of particular significance
ssessment of the anchorage capacily in soil-reinforcement systems. This
es details for the test apparatus, tesling procedure and discusses the test
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BAUER and SHANG PULLOUT RESISTANCE

SURCHARGE ACTUATOR

ANCHORAGE CAPACITY AND INTERFACE STRENGTH COEFFICIENTS

CONCRETE SLAB
DIALGAUGE D,y

The anchorage capacity of a soil-reinforcement system resisting pullout may be DIALGAUGE D

expressed in terms of the soil-reinforcement interface strength as expressed by the i PIANO WIRES . CONCRETE TANK
interface cohesion and the interface friction angle (Jewell et al., 1984);
T, = C, + Gy tan g, . 6! L Ti e et ‘
. ' A RN LI LVDT 1&2

where
ACTUATOR

¥, = soil-reinforcement interface strength
O, = normal stress on the reinforcement

€, = soil-reinforcement interface cohesion

¢, = soil-reinforcement interface friction angle

The interaction shear strength, therefore, can be determined from pullout tests '_' '
by measuring the geogrid anchorage capacity at failure - s
1550 3 gl
o = Ro/2L.B, @ e !
where the factor 2 is attributed to the two interfaces between soil and reinforcement; Note: All dimenslons given fn mmm

and
a) SECTIONAL YIEW

T, = soil-reinforcement interaction strength

L, embedded length of geogrid

B, embedded width of geogrid

R', = anchorage resistance at initiation of puliout failure

{l

I

CONCRETE TANK

The interface strength parameters, €, and ¢p, can be determined from Eq.(1}
and the interaction strength is obtained from Eq.(2).

. — D,

APPARATUS

730

900
<

. .. DI

A schematic diagram of the test apparatus is shown in Fig. 1. The fest tank,
with inside dimensions of 1.55 m by 0.9 m in plan and 1.22 m deep, was made by
bolting together four reinforced concreted wall panels. The inside walls were lined
with polished stainless steel sheets in order to reduce wall friction cffects, A 0.22 m
wide and 0.9 m long horizontal slot was cuf at the mid-height of the front wall in;
order to pull the geogrid through. Foam pads were glued on both sides of the slot to:
prevent stress concentration and soil loss during pullout. The geogrid was gripped by
meetal jaws which were connected to the pullout actuator. :

" ~1500

LENGTH OF EMBEDDED GEQGRID

Note: All dimensions given in mm FREE END OF GEOGRID

The test system consisted of an MTS function generator, a servo-hydraulic D = LOCATION OF LVDT POINTS

controlier, an actuator assembly and a clamping mechanism for the geogrid. The
pullout force was applied horizontally by a 100 kN capacity hydraulic actuator.
equipped with a load cell and an LYDT (linear voltage displacement transformer) to
measure the pullout resistance and the geogrid displacement, respectively. The
actuator was bolted to the reaction frame which in turn was anchored to the concrete

18

b) PLAN VIEW AT GEQGRID ELEVATION

Fig. 1 Pullout Test Apparatus
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BAUER and SHANG PULLOUT RESISTANCE

Palmeira and Milligan, 1989). Two additional LVDT’s monitored the free-end

floor. The pullout rate was 1 mm/min in all tests. This rate has been adopted by other
c_cment and any twist of the geogrid (Fig, 1b). -

researchers and does not guarantee “drained” conditions for all soils, especially in
clays (Ingold, 1983; Jewell et al., 1984 and Mowafy, 1986). This pullout rate was
similar to the rate used by previous investigators (Mowafy, 1986; Ingold, 1983). The
schematic diagram of the clamping device is shown in Fig. 2. Two pieces of stiff:
rubber were inserted between the steel jaws to prevent slippage of the geogrid during
testing. Other gripping devices, such as metal clamps, “liquid” metal and “roller”
jaws, were tried but some slippage did oceur with these grips.

‘The data acquisition system consisted of a Hewlett Packard 9836 Instrument’
roller with a 15 Mbyte hard disk subsystem, a Hewlett Packard 3497A Data
ition‘Control Unit with 15 slots. The computer controlled the entire tcstmg
ure and collected data at predetermined time intervals.

everal trial tests were carried out. The results showed satisfactory repeatability.
ting of the geogrid and tiliing of the slab were negligible.

100 F—a—Q . T T T

SOIL PROPERTIES AND GEOGRID SPECIFICATIONS

three soils were used in this investigation, a medium coarse sand, a well-
led lime-stone aggregate and a reconstituted clay, The clay was reconstituted
m a dry silty clay powder used to manufacture clay bricks. It was compacted to
" Modified Proctor density and optimum moisture content. The choice of the
soils were based on the following considerations:

80 -

60 F
SILTY CLAY

Current specifications for reinforced soil structures generally require the use
f granuiar backfill materials; sand is most commonly used whereas crushed
ock aggregate has the best mechanical properties,

40t

Percent Finer

CRUUSHED LIMESTONE

20 AGGREGATE | . 'The use of a cohesive soil as backfill material could have economic advantages
i nd, therefore, its interaction behaviour should be studied. It should be
oted that the clay material was only partially saturated and drainage condi-
ions in the vicinity of the geogrid are not known.
0 1 1 i 1 i
100 10 1 0.1 0.01 poot - 0.0001 he grain size distributions of these soils are given in Fig. 3. The optimum

ture ¢ontent and the maximum dry unit weight of the soils as well as the plastic
1d: the plasticity index for the silty clay are summarlzed in Table 1.
CLAMP

Diameter of Particle (mm)
Fig. 2 Geogrid Clamping Assembly

Similar to the horizontal pullout system, the vertical (surcharge) loading STIFF RUBBER =n

system consisted of a hydraulic actuator equipped with a load cell and an LYDT:
controlled by the same MTS system, A steel plate, 230 mm in diameter and 80 mm
thick, was attached to the lower end of the actuator ram. The surcharge was applied
through a steel plate to a concrete slab which rested on the horizontal soil surface,
The concrete slab was 150 mm thick and was considered to be rigid. Tilting of the
concrete siab, if any, was monitored by two dial gauges, indicated as Dy and D,;
in Fig, I{a). These gauges were located on diagonally opposite corners of the slab.

PULL BAR

W

ENLARGED SIDE YIEW

ONCRETE TANK

In order to measure the geogrid elongation during a test, 0.1 mm diameter
stainless steel wires (piano wire) were connected to cross-members of the embedded
geogrid. These wires were connected to LVDE’s {ocated outside the tank, In order to
minimize friction, the steel wires were fed through thin plastic tubes. The wires were
kept tensioned. by springs and the whole system functioned extremely well, Thig
measuring system was used by other researchers with good results (Mowafy, 1986

20 _ o

=

PLAN VIEW
Fig. 3 Particle Size Distribution of Test Soils
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or the pullout tests where the geogrid was sandwiched between a clay and sand layer
s explained later. The same shear rate as for the cla‘_y specimens was adopted. The
hear strength properties for the test soils are also given in Table 1.

Table 1 Properties of Test Soils.

SYSTEM L c ¢ PL PI  yvg w, Relative The geogrid (Tensar UX1600) was a uniaxial polymer geogrid (Fig. 4). The

KN/m’ % kPa % kN/m® % Compaction, %. pecifications of the grid are summarized in Table 2, In this 111vestlg§t(1101;, a series
. ine the tensile modulus and deformation

Gravel 190 150 40 - - 216 68 83 f tension tests was performed to determine the lensite w .

Sand 176 350 320 _ _ 192 11 92 ropertics of two specimens (i.c., 35 and 17 longitudinal ribs, respectively} at a rate

Clay 180 11.5 745 16° 156 84 213 87 85 {1 mnvmin.

Sand/Ciay - - 295 26° - - - T - [ 155 o |

Note:

T = soil dry unit weight

w = soil moisture content

¢ = soil cohesion

= soil friction angle

TRANSVERSE DIRECTION (T}

PL = plastic limit

PI = plasticity index

Yo = Modified Proctor density of soil MACHINE DIRECTION (3D}

~1

@y = optimum moisture content of soil

e

SECTIONAL YIEW

The shear strength properties of the three soils were determined by direct she
tests. Due to the large size of the soil particles a large shear box was used. The bo
had dimensions of 550 mm in length, 210 mm in width and 380 mm in depth. Norm
stresses were applied to the top of the box by a dead load system. The applied norm
stresses were in the same order as those used in the pullout tests (15 to 25 kPa). T
soils were hand tamped into the box at densities and moisture contents correspondix
to 90% Modified Proctor. This specification is generally adopted for soil plecemer
in the field. It should be kept in mind that the reconstituted clay was not fully saturat
when compacted. Shearing was commenced as soon as vertical settlement had cease
under a given surcharge load. For the clay specimens this occurred at approximatel
two hours at low normal stresses and about three hours at a normal stress of 25 kP
The granular soil specimens could be sheared Wwithin a few minutes after the surcharg,
was applied. The shear rate for the clay specimens was set at 0.006 mmy/min. Shan
(1989) has shown from the results of undrained triaxial tests on the same clay that n
excess porewater pressures were developed when sheared at this rate. For the san

Nete: Al dimensdons glvea ln moa
Fig. 4 Geogrid (TENSAR UX 1600)

For the tension tests, the pullout test apparatus was modified as shown in Fig.
A second pair of clamps was attached to the back wall of the test tank to hold the
cogrid in place. The tensile force was applied horizontally by the pullput actuatm: at
i rate of 1 mm/min. The tensile force and the corresponding geogrid deformation
were recorded.

Two geogrid specimens were tested in tension. The first specimen had the same
imension as the meshes used in the pullout tests, i.e., 1.55 m long and 0.73 m wide.
‘he second specimen had the same length of 1.55 m but the width was reduced to
:38 m in order to check if a variation in width had any influence on the stress-strain

elationship.

and stone aggregate specimens a shear rate of 0.3 mn/min was employed. A series o The tensile modulus of the geogrid was defined as
tests was also performed in which the bottom half of the shear box was filled wit 3)
clay and the top half with sand in order to obtain the interface strength parameter E, = Al/A e

22 23
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CONCRETE TANK
REAR CLAMP CEOGRID FRONT CLAME
‘\\: L ._:\n__/_{ ; X s
. - — -
A T =]
. [H> =
v = TENSION BAR
o = CONNECTED TO
. = ACTUATOR
. =
I:{:.:. [ - 7 o —
‘ - . R ) « 5

Fig. 5 Tension Test Rig for Geogrid

where
AT = increment of tensile force per unit width of geogrid, in kN/m
Ae = corresponding increment of average strain in the geogrid

Unit tensile force against geogrid strain for the two specimens are piotgec'l
Fig. 6. The two relationships are in good agreement. At small initial strain, the init
tangent modulus, as shown in Fig. 6, had a value of

E,, = 1732.8 KN/m

60 T T T T T T T

0.38 m wide specimen

-~

,
l‘ B
s0 b /| Fee . Z : .

s
o1
3 0.73 m wide specimen

4 Z
0r "l A Eg T
1

Unit Tensile Force (kN/m)

20t B P 4
P
/
S
WL e 1
o i 1 1 1] 1 ] 1
0 i 2 3 4 5 € 7 8

Average Straln in Geogrid (%)

Fig. 6 Tensile Force vs Geogrid Strain Response
24
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alue is about 40% lower than that given by the manufacturer (Table 2). Over a
n range from 2% to 6%, the tensile modulus remained fairly constant and had a

MEASURED

¥ = 155 mm
& = 21 mm

¥ = 6mm
1732.8 kN/m

688.1 kN/m
(2 to 6%)

N.AGB

(a) 1.55 m, length
_sizes 0.73 m, width

: (b) 1.55 m, length
0.38 m, width

1 mm/min

fbduét Catalogué, 1987

cngth
trand spacing, Fig. 4
ngth-
ber thickness, Fig. 4
troke limit

Table 2 Properties of Tensar Geogrid (UX1600).

Rirand & Bearing member Apertures:

gth (adjacent bearing member spacing), Fig. 4

MANUFACTURER
PROVIDED®

High density polyethelene
Roll length 30 m

Roll width { m

Roll weight 34 kg

MC°® 137 mm

TD® 17 mm

open area 60%
6 mm

2918 KN/
1022 KN/m

129.5 kNm

43.8 kN/m

single strand

102 mm/nin

25
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¥, = 688.1 kN/m : :
i tests were conducted in order to determine the maximum allowable surcharge load

This value is about 30% lower than that obtained from a single strand, as given by without causing tensile faiture of the geogrid.

the manufacturer (Table 2). ‘ _ ]
The effective normal stress on the reinforcement plane in each reinforcement

system was estimated from the weight of the soil mass located above the reinforcement
ane, the weight of the concrete slab and the surcharge load applied by the hydraulic
m. Rabbaa (1981) determined the influence of side friction in tanks on vertical
stress distribution with depth. Based on his results the reduction of the normal stress
 the reinforcement plane, due to wall friction, was in the order of 5% to 8% near
the-walls. The influence of wall friction, therefore, was neglected considering the

atively large plan area of the tank (0.9 m x 1.55 m).

The strain ‘rate dependency of polyethelene is well known. It has been reported
that as thf: strain rate decreased from 100%/min to 1%/min, the secant modulus
defreases in the order or 40% and the corresponding tensile strength decreased by
60% for po]yethele.:nc monofil (Zanten 1986). As already mentioned, the' clongatio%
rate was ! mm/min for the tension tests conducted in this investig’ation and 10)
miymin for tests by the manufacturer, Thus the difference in tensile modul; as found
from the experiments in relation to those reported by the manufacturer can ‘bei

attributed to two main differences : (1) sin i )
t H : gle strand versus i
difference in strain rates. multistrand grid and (2

The experimental data of the tension-deformation behaviour are summarize

in Table 2, together with data provided by the manufacturer, TEST PROCEDURE

All geogrid specimens were cut to the same size, i.e,, 1.55 m long (10 transverse
members) and 0.73 m wide (35 longitudinal ribs). Each soil, having the appropriate

oisture content, as listed in Table 1, was deposited in layers in the tank and then
compacted. The geogrid was placed on the soil surface when the compacted soil had
iched the mid-height of the tank. Thin piano wires were then firmly atfached with
ecial clamps at the designated geogrid transverse members, threaded through plastic
bes and extended to the outside of the tank and connected to LVDT 3, 4 and 5
(Figs. la and 1b). The placement and compaction of the soil was then continued
til the tank was filled. In-place soil density was measured by a nuclear density
cter. The deviation of in-place densities in the three tests for each soil-reinforcement
stemn was within + 2.5%. The concrete slab was put in place after the soil surface
h_a'_d been carefully levelled in order to ensure an even and uniform contact. Then the
archarge was applied and the settlement was recorded. The last phase of test prepara-
i consisted of installing and connecting monitoring devices and performing an
perational check on all instrumentation and actuators.

. A complete set of the test data included the pullout resistance (in kN), the free
displacement of the geogrid (in mm), the surcharge load (in kN}, the vertical
acement (in mm) and the geogrid displacements at five locations (in mm), D,
5.0, D; (Fig. 1b). Bach test lasted about two hours,

SOIL-REINFORCEMENT SYSTEMS

Four soil-geogrid systems were investi i i
. gated. All soils were compacted in layers
in the test tank at 90% of Modified Proctor density as'in the direct shear tests.y '

1. San'd-system. Th_e geggrid was embedded: in the compacted sand deposi
R }ée;vmg atdry %Tt weight of 17.6 kN/m® and a moisture content of 3.5%, :
« Llay-system. The compacted silty clay had a dry unit weight of I N/’
and a moisture content of 11.5%. g B ol B0 IV

3. Sand-clay-system. The lower half of the test tank was compacted with silty

the geogrid was placed on a clay base overlain by a granular embankme
4. Aggregate-system. The geogrid was embedded in a compacted crushed lim

stone aggregate having a dry unit weight of 19.0 kN/m® i
content of 1.5%, ¢ ' T and & moiu

The minimum thickness of the soil layers below and above the reinforceme
lx:'as; 0.6 m. For the c]ay—sy_stem, the pullout tests were carried out after the settleme
: gd cease.d under the applied surcharge load. Due to the low normal stresses. verti

mpression was quite small. A summary of the physical i Soi
e e i phy properties of the soils a

. The pullout test was terminated when either of the two situations occurred:

1. The pullout displacement reached a value of 100 mm. This displacement was
sufficient in all soil system to reach a residual vafue for pullout resistance. A
check of the geogrid specimens after a test was done for any physical damnage

Three pullout tests were carried out for surcharges of 0, 5 and 10 kN, respectivel and to verify that the grid was not plastically deformed.

Tl_le surcharge was kept constant in each test. The normal stress intensity on t
reinforcement 'plane was governed by the tensile strength of the geogrid, As t
normal stress increased to a critical level, tensile failure would oceur., Several tri

26

+2. The pullout force reached the capacity of the actuator. The pullout load
actuator was set to shut off when its capacity was reached. This occurred
twice in the crushed stone aggregate system under high surcharge loads.
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he measured pullout force divided by the width of the geogrid when the embedded
nd starts to be displaced is termed the anchorage capacity, R',, of a reinforcement.
‘his definition has been adopted by Jones (1985).

The anchorage capacity, R',, of the geogrid is defined in Eq. (5) (in kN/m).

OBSERVATION

) The pullout force applied by the actuator at the free end of the geogrid is
resisted by the shear stresses mobilized along the embedded part of the geogrid. This
stress transfer mechanism can be visualized in several stages as indicated in F
7.

The anchorage capacity is not necessarily the maximum pullout resistance
btained in a pullout test. This is shown in Fig. 8 for the different soil systems. After

e he anchorage capacity is reached, the embedded end of the geogrid starts to be
R STRESS ulled through the soil and additional shear stresses are mobilized. The increase in
o) Stane n-o| | ] ( | - ullout force, after the anchorage capacity was reached, is due to slipping of the grid
A N elative to the adjacent soil. The increase in strain after the whole geogrid starts to be
e OE(mm_/ Bn led out was explained by JTones (1985). He attributed this increase to mobilization
the bearing capacity of the soil caused by the transverse members of the embedded
wimel oo | | | I | grid. Also in order for the geogrid to be pulled through the soil, the particles
RS D=0 erlocking with the grid apertures have to be dislodged or dragged along, and
S 4 \ onsequently mobilizing more soil strength in the vicinity of the moving geogrid. The
POBILIZED SHEAR STRESS nitoring of the displacement of the embedded end of the grid is essential in order
aStize1 o determine when the anchorage capacity is reached or, in other words, when the
o Nl I T whole geogrid starts to move through the soil mass. The shear stress distribution
R B ’ ng the geogrid is not uniform as indicated by the non-uniform displacement
R A measured at several points on the grid. This aspect will be discussed later with reference
Fig. 9. -
S L
FULLOUT FORCE - N : ;"4 = s . | | . i

B, : Displacement al Free Eod (Actuator} Ra: Ancherage Capacily

By t Displacement at Embedded Fnd
AD 1 Rate of Displacement

-------
-

Tig. 7 Mobhilization of Pullout Resistance

Stage 0. No pullout force is applied yet to the grid. The only stresses acting o
the mesh are the vertical or normal stresses from the soil overburden plus the appli

Normalized Pullout Force

N

1 T
!13"
1
!
1
|
|
|
1

S |

|
Y
"..‘I

A

1

1

I+

1

vy

132

‘ -
1

h

1

t

I

1

surcharge load, At this stage there are no shear stresses mobilized and no grid di [Ra____ el "
placement has occurred. ‘ N~ lay
) L end/Clay i
Stage 1. The applied force causes tensile strains in the mesh. The tensite force. g
resisted by shear stresses mobilized at the soil/geogrid interface. During this stag 5
shear stresses are mobilized along the free end part of the geogrid. The free end of th ! s p” p p P 700

mesh is-displaced (2, > 0) but the embedded end has not moved vet (D5 = 0).

Pullout Displacement (mm)

Stage 2. As the free end of the geogrid is further displace the pullout resistan
increases. Eventually the embedded end of the geogrids is also displacement but at.
smaller rate as the front end. In other words the geogrid is stretched as indicated b
the relative displacement of the two ends (D - Ds > 0). The unit pullout force, thati

28

Fig. 8 Normalized Pullout Resistance vs Geogrid Displacement
29
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The anchorage capacities calculated from the applied normal stresses for each

o 2k MONITORED PULLOUT FORCE 1 soil reinforcement system are quite consistent, as shown in Table 3. The average
& value of R, for a particular system, therefore, is taken as the anchorage capacity for
3 20 AGGREGATE A this system. Table 3 also gives the values of the maximum pullout resistance, R,,, for
- 3 ‘S - . each system as obtained from pullout tests and in the fast column the ratio of R,/R,
P A is presented.
g ,
=
5 12 y Table 3 Summary of Anchorage Capacity
E G SAND/CIAY :
o 0.8 . System 0, R, R, R, R, R, R, R/ Rm
% kPa kN/m Ave. kN/m Ave,
E 0.4 -
k: Sand 121 209 140 307 2.04
T T r— 163 247 147 148 416 206 202 0.73
’ ’ ) ' ' ’ ’ ’ ’ ' 204 332 157 458 1.97
Distance to Free End (m)
Clay 133 175 106 . 358 217
: : 174 200 093 09 393 182 185 0.52
Fig. 9 Tensile Force Distribution along Geogrid 21,6 242 090 41.8 1.56
.- Crushed 129 367 230 63.7 398 0.58
Aggregate '
. Stagt:: 3. As the geogrid is further pulled tl}rough t_he soil, a maximum pullou Sand/ 12.1 250 1.67 352 234
resmtaqce is reached and the two E.:nds of the grid are d'1splace{_l at the same rate, as Clay 163 299 147 1.52 428 212 216 0.70
shown in Fig. 7d. The average strain and the pullout resistance in the geogrid remain . 204 359 142 509 201
constant. _
ote:

4

RESULTS AND DISCUSSION

» ¢ Normal stress on reinforcement plane

R, : Anchorage resistance

R, : Anchorage capacity (normalized anchorage resistance)

Rq(Ave.) : Average of anchorage capacities from the three pullout tests

'm © Maximum pullout resistance

R * Normalized maximum puliout resistance

n{Ave.} : Average of normalized maximum pullout forces from the three pullout
€sts.

The relationship between the normal stress on the embedded geogrid and th
pullout force is lingar for the limited normal stress range tested. The normalize
pullout force, therefore, can be defined as the pullout force applied by the actuato
divided by the surcharge load acting on the reinforcement, or

R =R/ (5,L.) “

where R’ is pullout force per unit width of geogrid, 6, is the normal stress, and L, i

the length of the embedded geogrid. The anchorage capacity is then defined as th ;
normalized pullout force at initiation of displacement of the embedded grid end :
{Jones, 1985), -

R, = Rj/(o,L.) - ' &)

where R, is the anchorage capacity of the reinforcement system in terms of normalized
pullout force, and R, is the measured anchorage capacity of a particular geogrid.

30

!

Figure 8 shows the relationships between the normalized putlout resistance and
he free end displacement of the geogrid for the four soil-reinforcement systems. This
gure shows clearly an increase of pullout force beyond the anchorage capacity,
owever, after R, is exceeded, a small increase in the pullout force will induce
relatively large displacement due to slippage occurring between the soil and the
eogrid. The amount of increase in pullout force beyond the anchorage capacity is -
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largely dependent on the specific reinforcement system, as shown in Fig. 8. The
residual pullout resistance is reached when under continued grid displacement no
further resistance is mobilized. At this stage (stage 3 of Fig. 7d) the rate of displace-
ment of the two ends of the geogrid are the same, .
The average strain within the geogrid can be estimated from the difference;
of the relative displacements between any two measuring points on the embedded
geogrid

S = (D;-D; 4 M AL

where
! average strain from the i* grid point to the (i + 1) grid point
D, displacement of the i grid point
D; . 7 displacement of the (i + 1)™ grid point
AL; = gauge length, ie., distance over which grid elongation is monitored
The average tensile force over a section of an embedded geogrid, therefore, ca
be estimated from

Fo=E, S =123 )

where F'; is the tensile force in the geogrid; E, is the modulus of the geogrid dete
mined from the tension test results given in Fig. 6. It should be noted that the tensi
modutus is a function of the average strain in the geogrid, as shown in Fig. 6. Simila
to the normalized pullout resistance, the tensile force obtained from Eq. (6) can b
normalized because of the linear relationship between the effective normal stress an
the tensile force in the geogrid.

€

i

JFi = Fi / (‘G,nLe) (8
where

I, = normalized tensile force in geogrid
on = effective normal stress; and
© L, = Length of the embedded geogrid

The normalized tensile forces obtained from Eq. (7), at the stage when th
anchorage capacity was reached for a particular soil/reinforcement system, are plotted -

against the distance to the free end of the geogrid in Fig. 9.

. An understanding of tensile force distribution over the embedded grid length is
of importance for the design of a reinforced soil structure incorporating geogrids. .
Currently a linear tensile force distribution is normally assumed for design purposes
(Jones, 1985). A pullout test in which the strains are monitored in the geogrid will |
clarify some aspects of the distribution. As shown in Fig. 9 the pullout test results
indicate that the tensile force distribution over the grid length is not linear. The '
tensile force is highest at the leading end of the embedded geogrid with a rapid
decrease towards the rear part. This can be attributed to the relatively low stiffness of °

32
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the geogrid which reduces the efficiency of load transfer in the soil, as indicated by
Ingold (1983). It should be pointed out that stress concentrations at the pullout slot
weére minimized as much as possible by adding compressible foam pads around this

:opening (Fig. 1a).

The pullout tests in the sand system were conducted at normal stresses of 12.1,

6.3 and 20.4 kPa, respectively. The corresponding anchorage capacity and maximum
yullout resistance are given in Table 3. The average anchorage capacity of the sand-
system is 1.48 in terms of normalized pullout resistance. As shown in Fig. 10, the

lationship between the normal stress and the geogrid-soil interaction strength was

taken to be linear over the narrow normal siress range used in this study. An inter-
face friction angle of 36° was obfained.

T 3 T T T T
24 - S0IL : SAND a 1
7 = 17.6 kKN/m
¢ = 82°
20F oo -
Camn)
& PULLOUT RESISTANCE
A 16 | -
&
a
ﬁ 36
[T .
-+
[ 32?
|+
[
a8 .
v SAND SHEAR STRENGTH
4 |- .
0 LY 1 L 1 1 1
0 4 8 12 16 20 24

Normal Stress (kPa)

Fig. 10 Shear Strength and Pullout Resistance-Coarse Sand

+ The tests in the clay-system were conducted at normal stresses of 13.3, 17.4 and
21.6 kPa, respectively. The average anchorage capacity of the clay-system was found
to be 0.96 in terms of normalized pullout resistance (Table 3). The low anchorage

. capacity may be due to the fine soil particles of the silty clay providing little interlock

with the geogrid apertures.

The linear relationship between the normal stress and the soil-geogrid interface
strength yielded an interface friction angle of 18° and an interface cohesion of 2.5 kPa
13
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(Fig. 11). It should be noted that the interface friction angle is close to the soil b ' T ' T T
friction angle, i.e., 16°. On the other hand, the interface cohesion is significantly lower 24 1 B0IL : SAND/CLAY i
than the soil cohesion. The friction angle and adhesion between the polyethelene
sheet and the silty clay were measured as 9° and 0, respectively. The small cohesive 20l .
coefficient is obviously due to the smooth surface of the polyethelene material. . , .
In the sand/clay-system the normal stress levels were the same as those for the s PULLOUT RESISTANCE
sand-system. The average anchorage capacity of the sand/clay-system is 1.52 in terms & 18y _
of normalized pullout resistance (Table 3). The effective normal stress and soil- @ 33"
geogrid interface strength relationship yielded a soil-geogrid interface friction angle P o
of 33", compared to the sand/clay interface friction angle of 26°, The soil-geogrid Lz 26 1
interface cohesion was found to be 3.0 kPa (Fig. 12), similar to the value of the e
sand/clay interface cohesion (2.9 kPa). o sl
w2 £— INTERFACE SO]l, STRENGTH |
T T T T T T -
24 |- solL : SILTY CLAY . 41 K
20 1 0 L 1 1 L 1 1
0 4 8 12 16 20 o4
= Normal Stress (kPa)
RS PULLOUT RESISTANCE
n Fig. 12 Shear Strength and Pullout Resistance-Coarse Sand/Siliy Clay Interface
w
34
g Al e | the soil particles with the apertures of the grid. The opening to grain size ratio is
7 :iv(;fsined as ﬂi‘; ratio of the smallest grid opening to the average soil particle size. It
CLAY SHEAR STRENGTH ™ proposed that the optimum ratio should be in the order of 3.5 (Sarsby, 1985).
b | ¢ ratio in the aggregate-system was 4.5.
Table 4 summarizes the soil-geogrid i
. grid interface strength
. 1 | . 1 ' | soil-reinforcement systems. gth parameters for the three
0 4 8 7 16 20 24 In summary, the features of an embedded geogrid under a pullout force include

he nonuniform tensile force distribution over the embedded length and the attain-
ment of the anchorage capacity (as defined carlier) before the maximum puilout
esistance was reached. Both of these features should be investigated further in order

o determine the perf e o
ystern. performance of embedded geogrids in a soil-reinforcement

Normal Stress (kPa)

Fig, 11 Shear Strength and Pullout Resistance-Silty Clay

As mentioned before, two of the three pullout tests in the limestone aggregate-.
system were terminated when the actuator reached full capacity. The maximum pul
oul resistance therefore, could not be obtained. In spite of this, the crushed ston
aggrepate exhibited the best pullout resistance of all soils. At a normal stress of 12.
kPa, the anchorage resistance was 36.7 klN/m, giving an anchorage capacity of 2.3
in terms of normalized pullout resistance (Table 3), higher than the correspondin
values of the other systems. This high value is obviously due to the good interlock o

CONCLUSIONS

-~ This paper presents the results of a labor i
_ 2 ¢ atory test program using a large pull-
ut test facility. The following conclusions can be drawn from the study. P

34 . . 35
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Table 4 Soil-Geogrid Interface Properties and Strength Coefficients.

¢ ) < Dy

kPa kPa
Sand- 0 32 0 36°
system
Clay- 745 16° 2.5 1g°
system
Sand-
clay- 292 26° 3.0 33°
system
Note:

¢ = soil cohesion

® = soil friction angle

¢, = soil-geogrid interface cohesion

@, = soil-geogrid interface friction angle

I
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