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ABSTRACT

The considerable increase in using geosynthetics in soil reinforcement made it necessary
to develop methods of measuring the interaction properties and modeling load transfer in
reinforced-soil structures. The large number of factors that influence the soil-reinforcement
interaction mechanism makes it difficult to standardize the equipment design, testing
methodology, and data interpretation procedure. These factors are mainly related to the
- equipment boundary effects, testing conditions, and soil and geosynthetics properties.

In order to develop a methodology for evaluating the interface properties of geogrids, a

large pull-out box and a direct shear box are constructed and instrumented. A testing program

- is conducted to evaluate the performance of the facility and the effect of different testing
_ parameters (e.g. specimen dimensions, soil thickness, box boundary effects, pull-out rate, soil
compaction and relative density, and confining pressure) on the pull-out interaction mechanism
- of geogrids. Standard equipment design and testing procedure are recommended in order to
overcome most of the limitations in the current practice.

A data analysis procedure is established to determine the interface properties and the
confined reinforcement characteristics from pull-out test results. The data analysis incorporates
the effect of reinforcement extensibility on the soil-geogrid interface mechanism. The interface
parameters obtained from the pull-out test results are evaluated through comparison with the

results from tests performed in the large direct shear box.



IMPLEMENTATION STATEMENT

The testing methodology and procedure to determine the interface properties of geogrids
in granular materials are established. The implementation of this research resulted in using the
pull-out and direct shear boxes for evaluation studies and commercial research on several
geogrids and granular soils. The results obtained from these testing equipment are accepted by
the material manufacturers and outside firms as valid and usable.

The boxes are usable now to evaluate the confined behavior of geogrids under like

conditions in highway construction practice and to establish Department specifications. Large

direct shear tests, load-controlled, or displacement-controlled pull-out tests, can be conducted
in performance asseement depending on the needs of the designers.

Further use of the boxes to establish design parameters for reinforced-soil structures will
be achieved at the conclusion of the reseafch p’roject recently started. This project will provide
data on the pull-out properties of geogrids in cohesive soils as well as verification by full scale

pull-out testing in both granular and cohesive soils.

Vil
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INTRODUCTION

The considerable development of local and interstate highway systems in Louisiana has
stimulatéd a growing interest in using geosynthetics for reinforcement of highway embankments
and slopes. The use of geosynthetics as reinforcement elements in such structures imposes an
economical and practical solution against the increasing costs of construction and the necessity
to construct embankments on marginal sites with the available poor backfill soils. In view of the
growing use of these materials, the Louisiana Department of Transportation and Development
(LADOTD) and Louisiana Transportation Research Center (LTRC) have found it necessary to
construct an adequate testing facility and develop an appropriate procedure for evaluating short
and long term performance of geosynthetic reinforcement.

A wide variety of geosynthetic materials are now available for civil engineering
applications (1,2,3). In selecting a specific geotextile or geogrid for reinforcement of
embankments and slopes, the following aspects of performance should be considered:

i)  stress-strain relationship and creep behavior of the reinforcement when placed in the soil,

ii)  pull-out performance of the reinforcement and its load transfer mechanism.
Studies on the stress-strain and creep properties of geotextiles and geogrids are primarily
conducted on unconfined samples (4,5,6,7,8). A testing procedure for determining the tensile
properties of unconfined geotextile samples has been established (3). However, geosynthetics
exhibit a more complex soil-interaction mechanism which raises major difficulty in interpreting
unconfined test results to the actual behavior of these materials in soil. When geosynthetics are
embedded in the soil, their stress-strain properties are significantly affected by soil confinement
(10,11). Non-uniform shear stress-strain distributions are developed along the soil-geosynthetic
interface with a large portion of shear strains being mobilized near the loading application point
(12,13). Consequently, results from unconfined tests differ from those obtained under confined
conditions and can not be used to determine the appropriate design parameters for the soil-
reinforcement systems.

Various modified direct shear and pull-out boxes have been utilized to investigate the
confined material properties, interface shear stress-strain relationships and pull-out resistance of
geosynthetics (14,15,16,17,18). However, standard testing procedure for the determination of

the confined reinforcement properties does not, yet, exist. The large number of factors that



affect the interface jaroperties.of the confined reinfbrcement raises major difficulties if
comparing test results, and results in a wide scatter in the available results (11,19). These
differences in results are primarily due to the use of different testing devices, the associated
boundary effects, testing procedures, and soil placement and cempaction schemes.

The Geosynthetic Engineering Research Lab (GERL) at LTRC was developed to
provide a methodology for evaluation of the interaction properties of the geosynthetic
reinforcement. For this purpose, a large pull-out box and a large direct shear box are
constructed, the effect of various testing conditions are evaluated, and a testing procedures and
data interpretation scheme are established. The report presents the design details, testing
procedure and performance evaluation of the pull-out/direct shear testing facility. An
interpretation scheme and analysis of test results are developed in order to determine the
interface properties and shear parameters at the soil-geosynthetic interface.

The report contains a summarized review of the existing testing equipment and
procedures in order to assess the limitations of the current testing procedures and the effect of
testing parameters on the results. A detailed review of the state of testing and practice of
geosynthetic reinforcement has been previously conducted (19) in order to provide guidelines
for the design of the GERL testing facility. The report presents a description and specifications
of the equipment, instrumentation, data acquisition system, and testing procedure and
methodology. A parametric study on the effect of various testing parameters on the interaction

mechanism and the interpretation of test results are also presented.




OEJECTIVES OF THE RESEARCH

'rcjv__ide the capability of evaluating the confined behavior of different types of geogrids

and geotextiles,
to develop a reliable testing procedure and data interpretation method for evaluation of

th:'e_ short term and long term pull-out performance of geosynthetic reinforcements,

to.evaluate the effect of various testing parameters on the interaction mechanism of

geosynthetic reinforcement and on the performance of the testing facility,
to-develop a data analysis procedure for interpretation of test results and determination
of the interface properties and the in-soil material characteristics,

to establish guidelines for technical evaluation of geosynthetics performance.




SCOPE OF RESEARCH

The scope of this research focuses on testing and performance evaluation of geogrid

reinforcement in dense granular soils. The selected type of geogrid, commonly used in soil

reinforcement applications, is *Tensar SR2". The soil used, a uniform grain size blasting sand,

is selected for relatively ease of handling. The research involves four tasks:

1.

Review of the existing testing Procedures: A comprehensive review of the available
testing equipment, procedures, and data interpretation methods was previously conducted
(19) in order to evaluate the limitations of the current state of practice and to provide
guidelines for the design of the testing facility.

Design of large pull-out and large direct shear boxes: These boxes are designed,
constructed, and instrumented for evaluation of both short term and long term geogrid
performance. The testing facility is desi;gned to provide the capability of conducting two
basic testing modes: (a) displacement-rate controlled and (b) load controlled modes. In
the displacement-rate controlled mode, the geogrid is subjected to a constant pull-out
displacement-rate during the test and the pull-out load is recorded. This testing
procedure (which is most commonly used) provides the interface parameters related to
the short term performance of the reinforcement such as peak and residual pull-out
resistance and front displacement at the peak pull-out load. In the load controlled mode,
pull-out loads are applied incrementally to the inclusion and maintained constant during
a specified period. The displacements along the inclusion are recorded and data
interpretation yields time-dependent response parameters related to the long term
performance of the geogrids.

Performance evaluation study: Pull-out and direct shear testing programs are developed
in order to evaluate the performance of the facility (i.e. the reproducibility of the results
and accuracy of the monitoring system), to assess the effect of the rigid boundaries on
test results, and to provide a data base for development of testing procedures (e.g. soil
compaction, Joading mode and displacement rate).

Development of data analysis procedure: A data interpretation scheme is developed in

order to determine the interface properties of geogrid reinforcements.

4



CHAPTER 1
REVIEW OF THE EXISTING GEOSYNTHETIC TESTING PROCEDURES

The in-soil mechanical characteristics and interface properties of geosynthetics have been
the in-soil mechanical properties of the geosynthetic (i.e. its confined stress-strain

relationship and creep behavior),

ii) the soil-geosynthetic interface properties (i.e. shear stress-strain relationship and pull-out

resistance).

Research on these parameters was conducted using various equipment and testing procedures
which made it difficult to consistently compare the performance of different geosynthetic
specimens. An evaluation of these equipment and testing procedures was previously conducted
(19,20). The fundamental aspects of the state of testing of geosynthetics were reviewed in order

to establish guidelines for the design of the testing facility.

1.1  IN-SOIL MECHANICAL PROPERTIES OF GEOSYNTHETICS

The unconfined stress-strain properties of geotextiles can be determined by testing the
geotextile specimen in a wide width strip test (9). However, when the geosynthetic matenals are
embedded in the soil, their stress-strain properties are significantly affected by soil confinement
(10,11). Results of confined extension tests (10,21) show that the confining pressure increases
the tensile strength and deformation modulus of the geotextile material. Figure 1.1 demonstrates
the effect of confining pressures on the deformation modulus and tensile strength of geotextiles.
The effect of confinement can be more significant on geogrids; since, in addition to interface
shear resistance, lateral earth resistance on the transversal elements restricts geogrid elongation
and increases its deformation modulus.

Currently, no standard testing procedure or apparatus exists for measuring the "in-soil”
stress-strain material properties. Several investigators have determined these properties by testing
geotextiles in modified direct shear boxes (Figure 1.2). In these boxes, the rear end of the
specimen is clamped to the back of the box; while the front of the specimen is subjected to an

extension force. Most of the modified direct shear boxes have dimensions similar to the

5
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conventional ones (21, 22), where boundary effects on the interaction properties need to be
mvestigated. Morec;ver, the elongation properties of large representative samples requires the
use of relatively larger boxes (17,19).

~- McGown et al. (10) developed a custom-built apparatus (Fi gare 1.3) to evaluate the effect
of confining pressure and specimen size on the confined extension properties of geotextiles.
Their apparatus consists of two air pressure diaphragms, which are placed on each side of the
geotextiles. A soil layer can be compacted between the diaphragm and the geotextile. Their
results, shown in Figure 1.1, demonstrate the effect of confinement and sample dimensions on
the confined properties of the geotextiles. In confined extension tests, shear strains are combined
with material elongation along the specimen. Additional instrumentations to measure the
displacement distribution along the specimen and load at the rear are necessary to de-couple the
shear-extension effect. Knochenmus (23) developed a confined extension testing device (Figure
1.4) in which extension loads on both sides of the specimen and the developed pore pressures
in the soil sample can be monitored.

Attempts have also been made to determine the confined stress-strain properties of the
geotextiles using other devices. A 'zero span’ confined tension test has been proposed (24) in
which the specimen is confined by means of pressure controlled metal clamps. The apparatus
is shown in Figure 1.5. Surface treatments were used on the clamp faces to simulate granular
soil conditions. Several shortcomings of this apparatus are related to the difficulty in simulating
the frictional conditions of the wide range of granular soils on the clamp surfaces. Moreover,
the device does not account for many parameters influencing the confined extension properties
such as soil dilatancy and soil particle interlocking on the specimen surface.

Triaxial tests have also been carried out to investigate the stress-strain properties and
time-dependent behavior of samples reinforced with horizontal disks of fabrics (23,26). Figure
1.6 shows the reinforced soil sample in the triaxial test. In this test, strains in the fabric are
difficult to be monitored and they are associated with different boundary conditions than those

encountered in the field.
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1.2 SOIL-GEOSYNTHETIC INTERFACE PROPERTIES

The shear stress-strain -developed at the soil-reinforcement interface can be monitored in
both direct shear and pull-out boxes. In the direct shear box, tests are usually conducted in
accordance with the conventional procedure of tests on un-reinforced soil samples. The
horizontal displacement required to mobilize the shearing stresses are measured along with the
vertical displacements of top plates. Typical shear boxes, used in determining the soil-
geosynthetic frictional properties, are shown in Figure 1.7. Test results are usually expressed
as the efficiency factor which is the ratio between the soil-reinforcement interface friction angle
(tan &) and the soil friction angle (tan ¢).

Different shear boxes have been utilized to evaluate the shear strength at the soil-
reinforcement interface. The sizes of shear boxes range from the conventional ones (27) and
small boxes of four inches in length by four inches in width (28) to very large shear boxes of
40 inches by 40 inches (17). Relatively large shear boxes of 10 to 12 inches in width are often
used (29,30,31) in order to adapt the large deformations required to mobilize the interface
friction between soil and geosynthetics. Modified direct shear devices, with the lower boxes of
bigger dimensions than the upper ones, are also utilized (16,32). The advantage of using bigger
dimensions in the lower box is the ability in mobilizing higher shear strain levels in the
reinforcement without loss of the shear area.

In the pull-out tests, the rear end of the specimen is free while the front end is clamped
to the pull-out loading machine. Pull-out tests are used to provide the load-displacement
relationship at the facing of the geosynthetic specimen and its pull-out resistance. Since no
standard design for pull-out testing devices exists, box dimensions and testing procedures differ
for every box. The dimensions of the box are usually chosen to reduce the boundary effects.
Figure 1.8 shows typical pull-out testing equipment.

Direct shear and pull-out tests are associated with different testing procedures, loading
paths, and boundary conditions. Consequently, the interface frictional parameters obtained from
both tests can vary. The fundamental difference between the two tests is that the soil-inclusion
interaction mechanism is different. In direct shear tests the mobilized shear strain is uniformly
distributed along the soil-inclusion interface. While in the pull-out box, mobilized strain is a

combination of the interface shear strain and the reinforcement extension.

12

i
: ]




Mormal Displacement

Hormsal Load
e = 2
LosdUppEF A e %Z
' Upp:r Sonl 3 %
Z bnc / ?
. djj?‘ Lovtr Sml :‘ ? _Eﬁ
lFu:bm} 5// Horizontal Displacement
'f“ ROt AR AR ﬁ
20 D %
ANRNNONNNY \\\\\\\\\\\

(a) After Rowe et al. (14)

--~= |0 dsla [ogging

reaction i syslem
A structure ™ E‘ — ) | o
l i ! : |
rollers — oy : i
_\ tidi o .
rubber bag 1.
1
1!
P j load cell
pressure——;t- beerentlf : _ /'reat}ion
Lt —rollers tells - sfructure o
fhe shear load
7
. Jack
soil sample scale
{1mx1m x 1m] 0 0.2 m
A e d

L—_ warcd

. T
FEir

(b} After Palmeira and Milligan (17)
Figure 1.7 Soil-geosynthetic direct shear test devices

13




Lowo ol

HY DrayuLIC
\ P, bt

(a) STS Pull-out Box, after (13)

POTENTIOMETER

; |
T- ! PN AR
‘ | sLeeve
{2 em |
N R B ,
P t + * -
[) ( PP, R P Py
SUPPRORT ] COUNTER
! = ey by - " WEIGHT
A

“GEQOTEXTILE
REINFORCEMENT

(b) After Juran and Christopher, (33)
Figure 1.8 Geosynthetic pull-out test devices

14




The coupled mechanism-of interface shear strain and reinforcement extension results in

on
el ghould incorporate the reinforcement extensibility which makes it more appropriate to

_upiform shear strain-stress distribution along the reinforcement. A realistic experimental

ofm pull-out tests for determining the interface parameters of extensible reinforcements.
. The review of the existing pull-out tests (3,11,19,20) shows a large variety of testing
ment and procedures which makes it difficult to compare test results. It also signifies the

:_ntial effect of different testing parameters on the results. Most of these parameters are

| The pull-out tests reported are often conducted at controlled displacement-rate. Few pull-
" out tests are conducted under load-controlled mode (34). Pull-out testing equipment
should have the capability of providing load-controlled tests in order to permit evaluation
of long term pull-out behavior. |

In displacement-rate controlled tests, a range of pull-out rates are reported varying from
0.004 inch/min (0.1 mm/min) to 0.8 inch/min (20 mm/min). Studies on the frictional
resistance of the geotextile interface in direct shear tests (16) showed little sensitivity to
variations in strain rates. However, in wide strip tests, geogrid tension strength varies
with the applied rate of strain (6). The testing facility should have the capability of
performing tests under different displacement rates to evaluate this effect.

The interaction between the soil and the box side walls can affect the puli-out test results.
Soil confinement is usually applied by means of flexible air-bags to insure uniform
distribution of normal stresses (15,17). The applied confining stresses can be partially
carried out by the side wall friction causing a reduction in the normal pressure applied
at the reinforcement level. This effect can be minimized by keeping the edge of the
specimen far from the side walls (35). Some investigators covered the walls with
lubricated membranes to provide low friction boundary (36). Alternatively, the specimen
width/box width ratio may be chosen so as to minimize the effect of side wall friction.
The interaction between the reinforcement-soil system and the rigid front wall can also
influence test results (37). As the reinforcement is pulled out from the box, the lateral
earth pressure developed at the front face can result in an increase in pull-out resistance.

Results of pull-out tests in boxes with different front walls show that pull-out resistance
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increases as the degree of roughness of the front wall increases (37). Sleeves around the
pull-out slot are incorporated to transfer the pull-out application point far behind the rigid
front wall (13). The effect of sleeve length on minimizing the effect of front wall should
be investigated.

5. The thickness of soil above and below the reinforcement differs in each box according
to its clear height. If soil thickness is small, the interaction between the soil-
reinforcement system and the boundaries may restrain soil dilatancy and affect the
mobilized shear resistance at the interface. Results of pull-out tests on geogrids in various
soil thickness (38) show that as the soil thickness increases, pull-out resistance decreases
until a minimum force state is reached. j

6. Different sample preparation and compaction procedures were utilized to ensure uniform
soil density. Soil compaction is achieved by means of electric jack hammer (39), standard
proctor hammer (29), hand tamping dévices (40) and by mechanical tamping (35). A
hopper with a flexible tube is also used to ensure uniform soil placement in the box (36).

7. Several investigators (13,18,38) clamped the reinforcement outside the box. This
technique results in an unconfined front portion of the reinforcement and, consequently,
in a variation of the effective interface area during the test.

8. For extensible geosynthetics, it is essential to monitor the displacements along the
inclusion in order to interpret the confined elongation behavior of the reinforcement and,
consequently, evaluate the pull-out resistance of the reinforcement in the field.
Extensometers are used (12,13,33) to measure the displacements at various locations
along the inclusion.

The measured soil-geosynthetic interaction parameters are also influenced by other factors such
as the type and geometry of the reinforcement (37), soil grain size distribution and the state of
overburden pressure (11,19). The pull-out and direct shear boxes are constructed to evaluate
the effect of equipment, procedure and testing parameters on the interaction mechanism. A

testing program is implemented for the performance evaluation of the boxes.
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CHAPTER 2
EQUIPMENT DESIGN AND INSTRUMENTATION

DESIGN CONSIDERATIONS

Several testing facilities have been designed and used to determine the interaction
amrr;'éiers of soil-geosynthetic systems. The review of these facilities demonstrated the
aﬁiﬁéant effect of different design parameters on the test results and led to the following design
cbﬁé.idcratjons:

.. Loading scheme: The testing equipment should provide the capability of conducting tests

in both displacement-rate controlled and load-controlled modes. In the displacement-rate
controllcd mode, tests under varicus displacement rates are performed. Load-controlled
tests are required in order to assess the confined time-deformation characteristics of the
soil-reinforcement system.

Rigid wall boundary effects: The rigid walls of the box influence test results by imposing

boundary conditions on the soil-reinforcement interface. The side wall friction can
partially carry out the applied normal pressure and, thereby, affecting the confinement
at the interface. Side wall friction can be minimized by either minimizing the friction
along the box walls or by increasing the box dimensions to keep the confined specimen
far from box walls. Moreover, the equipment should provide, through modular design,
the flexibility to control sample and box dimensions in order to evaluate these boundary
effects. Sleeves should be incorporated into the design to ensure that the soil-
reinforcement interaction is carried out far from the interfering effect of the front wall.
Soil pressure at the facing should be measured in order to determine the sleeve length at
which this effect is minimal. Tests with different soil thickness above and under the
reinforcement are also necessary in order to evaluate the effect of top and bottom plates
on the interaction mechanism.

Soil placement and compaction: The frictional resistance of the inclusion is influenced
by the relative density of the soil. When interface shear stresses are mobilized, dense

soils tend to dilate. As this dilation is restrained in the box, normal stresses increase at
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the vicinity i)f the inclusion. Furthermore, soil densification increases parti?]e
interlocking in geotextiles and passive resistance of the soil on the transversal elements
of geogrids. A compaction procedure should be developed in order to ensure that the soil
density is compacted uniformly to the desired density throughout the box.

The specimen clamping mechanism: In pull-out tests, the clamping of the reinforcement
to the loading device outside the box leads to an unconfinement of the front portion of
the reinforcement. The unconfined elongation of the front part implies variation of the
interface area of the reinforcement during the test. The clamping mechanism should
insure in-soil clamping of the specimen to maintain uniform confinement and a constant
interface area of the specimen dunng puli-out. ‘
Instrumentation: The soil-reinforcement interaction mechanism in pull-out tests is
influenced by the reinforcement extensibility {12,37). In order to evaluate the frictional
resistance along extensible reinforcement, an interpretation method that incorporates the
inclusion extensibility should be adopted. Accordingly, the instrumentation must be

capable of measuring the relative displacements at different locations along the confined

reinforcement.

In order to satisfy the design criteria of the testing facility, the following objectives are

considered in the design:

1)

1i)

1i1)

vi)

provide the capability of conducting both load-controlled and displacement-rate controlled
pull-out tests,

provide, through modular design of the pull-out box, flexibility in testing with various
sample/box dimensions for evaluation of boundary effects,

minimize the effect of the rigid front boundary by incorporating sleeves of appropriate
lengths in the front wall,

facilitate sample preparation, using a spectally designed sand loading facility, and
minimize operator’s effort in testing and data monitoring by implementing the proper
data acquisition system,

ensure in-soil clamping of the geosynthetic specimen in order to maintain a uniform
confinement and a constant effective interface area of the specimen in pull-out tests,

achieve a standard testing procedure through contro] of testing parameters and
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reproducibility of tast results,.
estabhsh a reliable instrumentation scheme for monitoring displacement at different

Jocations along the geosynthetic specimen and soil pressure at the box walls.

© EQUIPMENT DESCRIPTION
The .testmg facility consists mainly of the following:
" Large pull-out box; the inside dimensions of the box are 60 inches (1.52 m) long, 36
inches (0.92 m) wide and 30 inches (0.76 m) high.
Large direct shear box; the dimensions of the lower box are 60 inches long, 36 inches
wide and 15 inches (0.38 m) high. The dimensions of the upper box are 27 inches (0.68
m) long, 27 inches wide and 15 inches high.
Hydraulic loading syster for each box. The loading system is capable of performing
displacement-rate controlled and load-controlled tests.
Sand handling system. It consists of an elevated sand hopper and a sand vacuum machine
in order to facilitate sand placement, removal and compaction control.
Instrumentation and data acquisition system to control and monitor the input testing and
response parameters (¢.g. displacement-rate, pull-out load and displacements at different
locations along the reinforcement).
Figure 2.1 shows the pull-out box, the loading frame and the sand handling equipment. Figure
2.2 displays the top view of the box. The direct shear box is shown in Figure 2.3. Both box

are constructed with ASTM A36 mild steel. The construction details of the testing equipment

are presented in Appendix A.

2.2.A The Pull-out and Shear box Details

Schematic diagrams of the pull-out box and direct shear box are displayed in Figures 2.4

and 2.5, respectively. The main elements of the boxes are:

1. bottom and side wall steel plates of Y-inch thick. The boxes are assembled in bolted
modular units to permit increasing the box length, if necessary. For the tests performed

in this study, box length is kept at 60 inches.
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Figure 2.1 Side view of the pull-out box
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The level of the hydraulic ram can be adjusted at different heights. The upper plate is
also adjustable to permit -testing soil samples of vanious thicknesses.

The front wall consists of 4-inch by 4-inch rectangular beams. A 2-inch high slot
permits pulling the clamping plates out of the box. In the pull-out box, the front modular
units permit the evaluation of the effect of the rigid front boundary by using slots of
variable opening sizes and facing types.

The rear wall consists of 2-inch by 4-inch rectangular beams. In the pull-out box, five
slots are located in the rear wall to permit reinforcement instrumentation.

The inflated air bag, of 2 inches in thickness, is used to apply the vertical overburden
pressure. The pressure system is able to apply a normal pressure up to 30 psi. A Y-inch
thick cover plate and 4 by 4 inch rectangular beams are used to confine the air bag above
the scil.

The sleeve plates are composed of units of 4 inches in width. The plates are placed on
the top and bottom of the slot in the front wall of the pull-out box. The sleeves minimize
the lateral stress transfer to the rigid front wall during pull-out. The sleeves are designed
in modular units to evaluate the minimum sleeve length Tequired to eliminate the effect
of the rigid front wall.

Two clamping plates of 1/8-inch in thickness. In the shear box, the clamping plates are
bolted to the upper box; while in the pull-out box, they are bolted to the reinforcement

inside the box.

2.2.B_The Hydraulic Loading System
The pull-out load is applied by a hydraulic system. The system includes three basic units:

1. hydraulic ram model Miller H67B (Figure 2.6). The ram is mounted on the loading
frame and applies the pull-out load through the clamping plates. The hydraulic piston of
the ram is 5 inches in diameter and is able to apply an 18-inch maximum pull-out
displacement.

2. Hydraulic power supply unit which consists of a Miller custom-built hydraulic pump of
5 HP and a 20 gallon fluid reservoir capacity and a cooling system. The details of the

hydraulic unit are displayed in Figure 2.7.
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(1) Hydraulic ram
(2) Loading frame
(3} Load cell

Figure 2.6 View of the hydraulic ram and the loading frame
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The pump is able to operate under two loading schemes, namely: (a) pressure-control
scheme; where the pump fluid is controlled by a low pressure proportional control valve,

The pressure is measured directly in the hydraulic ram by a test gauge; and (b) velocity-

" control scheme; where the pump operates under a constant pull-out velocity with

variable pressures up to 3,000 psi (20 Mpa). The pump is controlled to operate under
either of these schemes from the control box unit.

Control box unit (Figure 2.7). The comwnands to the hydraulic pump can be sent
manually by the control keys in the board or through the computer when the control

board is connected fo the data acquisition system.

2.2.C The Sang Handling Facility:

The sand hundling facility is custom-build equipment to minimize the operator’s effort

and control sand placeimnent precedure. The facility is displaved in Figure 2.8 and it consists of:

1.

a heavy duty movable sand vacuum model ’Invincible’. The sand is vacuumed from the
box through a flexible hose, and it is filtered out to a dust container of 3 ft® capacity.
The vacuum machine stores the sand in the elevated hopper.

An elevated sand hopper of 54 ft’ storage capacity. The hopper supporting syétem is
designed to permit its movement above the two boxes. The sand is loaded back to the

box through the flexible hopper outlet.
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2.3 INSTRUMENTATION AND DATA ACQUISITION

The instruments used to measure the interaction response and the input testing .

pa_rameters, for both of the pull-out and direct shear boxes, consist mainly of:
1. a load cell to measure the force applied from the hydraulic loading system,
2. 2 Finear variable differential transformer (LVDT) to measure the displacement at the pull-

out application point,

3. a velocity transducer to measure the applied displacement-rate at the front,
4. pressure cells to measure the soil earth pressure inside the box,
5. manometer gauge to measure the normal pressure applied from the air bag.

Moreover, in the pull-out box, LVDT’s are placed at the back of the box to measure the
displacements at different points along the reinforcement. The specifications of these instruments

and the calibration procedures are presented in Appendix A.

2 3. A Load and Pressure Measurements

The pull-out force is measured by the load celi attached to the hydraulic piston and the
clamping plates as shown in Figure 2.6. The load cell is model-"Lebow 3187 of 20 Kips (88
kN) capacity. A conditioner, shown in Figure 2.9, is connected to the cell in order to read and
stabilize the output signal. Calibration tests are performed on the load cell by applying different
predetermined loads and monitoring its response. A relationship between the applied load (in
pounds) and the output response (in volts) is established.

The earth pressure on the front wall is measured by two earth pressure cells model
'GeoKon 3600° of 30 psi (200 kPa) capacity. The pressure cells are 2-inch (5 cm) in diameter
and consist of two circular stainless steel plates welded together and spread apart by a narrow
cavity. External pressure acting on the cell is balanced by an equal pressure induced in the
internal fluid by an excitation voltage of 15 vdc. The excitation voltage is supplied from a
stabilized power supply (Figure 2.9). Calibration tables to convert the output response (in mv)
to the magnitude of the applied pressure (in psi) are established. The calibration tests are
performed by applying both incremental hydrostatic air pressure and incremental dead weights

on the cells. The results of calibration tests are presented in Appendix B.
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2.3.B Displacement Measurements

The front dispiacement of the geogrid in the pull-out box and the displacement of the upper box
in the direct shear box are monitored by Linear Variable Differential Transformers (LVDTs),
The LVDT's are mounted on the loading frame as shown in Figure 2.6. The LVDT’s used are
model ’Schaevitz’ of stroke length +10 inch. An excitation voltage of 15 vdc is sent by 3
stabilized power supply. Displacement is monitored as the core rod moves inside the LVDT
causing a voltage response equivalent to the displacement. The relationship between the core rod
displacement and the output voltage is provided by the manufacturer.

Non-uniform shear stresses and displacements are developed along the eitensible
reinforcement. The displacements at different nodes along the reinforcement are monitored in
order to determine the reinforcement length which is effectively mobilized under the specified
level of pull-out load. In order to measure the displacements at different locations along the
confined reinforcement, five LVDT’s are connected to the transversal ribs of the geogrids. The
LVDT’s are mounted at the level of the reinforcement on a table in rear of the pull-out box. The
displacement rods of the LVDT’s are connected to thé geogrid by ’tell-tale’ inextensible wires
through slots in the box’s rear wall. The wires are kept stretched by counter weights through the
rear table. A schematic diagram of the LVDT’s connections at the rear table is depicted in
Figure 2.10. A view of the displacement instrumentation of the geogrid at the rear table is

shown in Figure 2,11,

2.3.C Disnlacement-rate Measurements

The velocity transducer is mounted on the loading frame to measure the displacement-rate at the
front of the specimen. The velocity transducer measures the rate of the core rod displacement
when 1t is moved inside the transducer shaft. An excitation voltage of 5 vdc is sent by the power
supply. The output voltage is calibrated by applying several predetermined velocities, and the
equivalent output voltages are monitored. The displacement-rate is measured to verify the

command values sent by the computer when the test is conducted under a displacement-rate

controlled mode.
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D Datﬁ Acguisition System -

The output TESPONSE parameters (i.
re&, Tespectively, by the LVDT’s, velocity transducers, load cells, and pressure cells; are
Lemitted to an IBM-AT micro-computer through a data acquisition system. A schematic
- of the instrumentation and the data acquisition system is displayed in Figure 2.12.

| A data translation board model "DT-2801 AD/DA’ is plugged into one of the computer
ots. The data translation board includes eight differential (16 single-ended)

e. displacement, velocity, load, and pressure)

y m extension sl
D (Analogous to Digital) channels and two D/A (Digital to Analogous) channels. The dual

finction of the board is to:
translate the digital signals, sent by the operator, to analogous ones through the D/A

channels,
translate the analog output signals of the tests to digital form for display and storage

through the A/D channels.
e data input and output are simultaneously monitored and stored in the computer. The data
translation board is connected to the measuring instruments through a screw terminal board

model DT707. The screw terminal board is shown in Figure 2.9. The connection scheme of the

~serew terminal board is:
i) each of the measuring instruments is connected to one of the A/D channels of the screw

terminal,

ii) the A/D channels are connected to the control box in the hydraulic system. These
channels translate the commands to operate the hydraulic loading system for either
velocity control or pressure control.

The data acquisition board is programmed and controlled from the computer keyboard through

the software "Labtech Notebook’. The software supports the data control management and

organizes data display and storage. Figure 2.13 displays a view of the data acquisition control

and monitoring system.
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s " CHAPTER 3
TESTING PROCEDURE AND DATA INTERPRETATION

3.1. INTRODUCTION

Pull-out and direct shear testing programs are conducted in order to evaluate the

performance of the testing facility, the effect of testing parameters, and to provide the data base
for the development of an analytical interpretation procedure. The testing program includes:
i) Unconfined extension tests: These tests are conducted on the geogrid specimens under

constant extension-rates. Results are compared with the index test results provided by the

manufacturers. The purpose of these tests is to evaluate the equipment performance, the
accuracy of the control and monitoring system, and the material extension properties in
the unconfined state.

ii} Pull-out tests: Constant displacement-rate puil-out tests are conducted under identical

testing conditions in order to evaluate the equipment reproducibility and the pull-out

performance of the geogrid. Tests are also conducted with variable testing parameters

(e.g. confining pressure, soil density, and pull-out rate) and boundary conditions to
evaluate their effect on the pull-out resistance. '

iii) Direct shear tests: Tests are conducted on the sand-sand interface and geogrid-sand
interface. The purpose of these tests is to evaluate the direct shear box. Results of these
tests are also used in evaluating the results from the pull-out tests.

iv) Load-controlled pull-out tests: The purpose of these tests is to evaluate the performance
of the pull-out facility under load-controlled modes. Unconfined extension tests and pull-
out tests are conducted on the geogrid. In these tests, loads are applied incrementally and
maintained constant during specific times. Long term (500 hour) pull-out creep test is
also performed to evaluate the confined creep strain of the geogrid.

The methodology and interpretation of test results are discussed in this chapter. The

procedures used in specimen preparation, soil compaction, and calibration of soil density are

presented.
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gOIL COMPACTION AND SPECIMEN PREPARATION

Soil compaction and relative density significantly affect pull-out and direct shear test
sults (11,19). In dense sand, as soil particles are displaced in the vicinity of the reinforcement,

11 tends to dilate. This dilation is restrained by the surrounding soil and results in a normal
ss concenLration at the interface and an increase in shearing resistance.

For a given relative density, soil placement and compaction can have a significant effect
ést results. Uneven soil placement and compaction would result in a sample with a higher
tendency for arching or non- -uniform soil dilation (14,39). Poor compaction of soil layers and
equate geogrid placement may result in differential settlement of the geogrid, which may
d to an incorrect measurement of the interface resistance. The compaction process should be
uately adopted for each type of soil in order to simulate, as closely as possible, the

mpaction process used in the field.

2.A Soil Placement

The sand used in this study is a uniform blasting sand. Its grain size distribution is shown
Figure 3.1. The shear stress-displacement relationship, under different confining pressures,
determined from the conventional direct shear test as shown in Figure 3.2. The results of
hese tests demonstrate a soil friction angle of 34°. Soil dry densities of 99 pef (1.58 t/n’) and
f_'1'0.9 pef (1.77 t/m®) are obtained, respectively, from minimum and maximum soil density tests.
The sand is placed into the box by pouring it from the elevated hopper through a flexible
utlet, The hopper is moved to the top of each of the two boxes to facilitate sand placement.
Figure 3.3 shows a view of the elevated hopper and the two boxes. The hopper is moved during
pouring to permit even distribution of the sand.

| In the pull-out box, the sand is placed in four layers of 6-inch each, leveled and
compacted to the desired relative density. The geogrid is placed on the top of the second layer,
-at mid-height of the box. Figure 3.4 depicts the sand placement scheme in the box. In the
_direct shear box, the sand in placed in two layers of 6-inch each in the lower part of the box.
'The geogrid is placed on the bottom of the upper box and two layers of sand, of 6-inch each are
placed in the upper box. The sand compaction is applied manually using a vibrating electric

hammer on each layer in a regular pattern.
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Figure 3.1 Grain size distribution of the blasting sand
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iew of the elevated hopper and the two boxes
42

3V

Figure 3




>

A

N
L] - ~ 3
D N 0 0

He -
«+ m od —
[ “ 1. L.
[tE} [Nl (e 1L
poN o > P
o o] = o]
_ - .| o
o .< “. - ] ... .. o "

Figure 3.4 Sand placement scheme in the pull-out box
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After compact?bn, the density is measured with a nuclear density gauge model
"TROXLER 3440’, Figure 3.5 displays the soil density measurement in the pull-out box. The
gauge rod is embedded 8 to 12 inches into the soil. The dens;ty 1s measured at different locations
to validate the uniform density distribution in the box. The locations of soil density

measurements in the puli-out and direct shear boxes are shown in Figure 3.6.

3.2.B Compaction Control

In order to evaluate the effect of the compaction procedure on soil density, a compaction
scheme which consists of coupling vibration and hammering effect is adopted. A vibrating.
electric hammer was modified allowing manual compaction of the soil layers.

Calibration tests are performed to establish the compaction effort and scheme necessary
to achieve the required relative density. For the purpose of a performance evaluatlon study,
calibration tests are peiformed thh two different sand placement procedures, namely:

1) Variable falling height: In this procedure, the level of the outlet pipe in the hopper is
fixed. This leads to different sand falling heights from the hopper outlet to each of the
sand Jayers in the box. -

i) Constant falling height: In this procedure, the hopper outlet is connected to a flexible
hose to keep the sand falling height constant from the outlet to each layer.

Under each of these two soil placement methods, different compaction efforts are applied to the

sand layers; namely,

1. No compaction: the hopl;er outlet is moved above the box to permit unifé;rm fill and soil
layers are leveled with minimum disturbance in order to achieve minimum soil density.

2. 40 blows per layer: Soil was compacted by applying 40 blows uniformly at each layer.

3. 110 blows per layer.

4. 200 blows per layer.

Density is measured after compaction of each layer. The relationship between the applied
number of blows and the resulting soil density, for the two cases of variable and constant sand
falling heights, are shown in Figures 3.7-a and b, respectively. These curves can be used to
estimate the number of blows per layer for a specific soil density. The results show that the

constant falling height procedure (which maintains the falling distance constant above each layer)
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Figure 3.6 Locations of soil density measurements
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allows better control of compaction and results in soil densities independent of falling height

The results in the figure also indicate that placement and compaction of the upper sand layer

results in an additional increase in sand density in the lower layers. A systematic and consistent
sand placement, leveling and compaction techniques should be used in order to achieve a

reproducible state of soil density.

3.2.C_Reinforcement Preparation

The evaluation study of the pull-out and direct shear boxes is conducted using geogrid

"Tensar-SR2°. It is a uniaxial high density polyethylene (HDPE) geogrid commonly used in soil

reinforcement. The geometrical configuration and specifications of the geogrid are presented in

Figure 3.8. Specimens of various widths and lengths are tested in the pull-out box in order to
evaluate the effect of specimen/box dimensions on the pull-out results. In the large shear box,
the specimens have the same size as the upper box (i.e. 27-inch width by 27-inch length).

In the pull-out box, geogrid specimens are bolted to the clamping plates and placed over

1 ft of sand. Sleeves, of various lengths, are used around the clamping plates at the front wall.
Figure 3.9 shows the placement of the geogrid in the pull-out box. In the direct shear box, the

geogrid specimen is placed at the interface between the upper and lower parts of the box inside

the upper box. Figure 3.10 displays the placement of the geogrid in the direct shear box.
The displacement distribution along the geogrid in the pull-out box is measured by five
LVDT’s connected to the transversal ribs of the geogrids. Figures 3.11 displays the locations
of the displacement measurements along the geogrid. The LVDT’s are placed on the rear table
and connected to the geogrid through non-extensible wires. The wires extend through 1/2-inch
plastic tubes embedded in the sand to prevent the frictional resistance of the sand to the
movement of the wires. A sand layer of 1 ft thick is placed above the reinforcement, and the
air bag is placed above the sand. The air bag is covered by the cover plate and the confining

plates. Confining pressure is then applied from the regulated air supply.
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Figure 3.8 Geometric configuration and specifications of TENSAR-SR2
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Figure 3.9 Placement of the geogrid in the pull-out box
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' DISPLACEMENT-RATE CONTROLLED TESTS

A Tinconfined Extension Tests

nder the displacement-rate controlled mode.
| Geogrid specimens of 1-ft width and 3-ft length are tested in the unconfined state. The
ront end of the specimens are bolted to the clamping plates while the rear ends are clamped to
e rear wall of the pull-out box. A computerized monitoring procedure is employed to operate
r_he hydraulic pump to render a constant pull-out velocity of 0.15 inch/min (i.e. strain rate
0.4 %/min). Table 3.1 displays the testing parameters in the unconfined extension tests. The front
isplacement, the pull-out velocity, and the load are monitored during the test. Figure 3.12
displays the unconfined load-strain relationship of the geogrid. The results in the figure

demonstrate the reproducibility of test results.

Table 3.1
_'UNCONFINED EXTENSION TESTS ON GEOGRID

Test Specimen Dimensions Strain rate
width length (%/min)
(ft) (1)
TEST#1 1 3 _ 0.40
TEST#2 1 3 0.42
TEST#3 1 3 0.44

53




Load (Kips/ft)

Unconfined Extension
Sample 1 ft width x 3 ft length
> Strain rate 0.4%/min
4 -
3 -
2 |-
- ——— TEST #1
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................. TEST #3
0 1 L 1
0 5 10 15

Axial Strain (%)

Figure 3.12 Unconfined extension test results on the geogrid
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J-out tests are performed on the clamping plates without the geogrids. Figure 3.13 displays
out teéi results on clamping plates of 1 ft and 2.5 ft widths under cbnﬁning pressure of 7

_:'(%ES_KN/mz) and average soil density of 106 pcf (1.7 /m®). The results depict an interface

-otion angle of 20° between the soil and clamping plates. The frictional resistance of the
aihbing plates is subtracted from the results of pull-out tests on geogrids.

Pull-out tests are conducted on Tensar-SR2 geogrids in order to evaluate the equipment
srformance in pull-out testing and the interaction mechanism of geogrids in pull-out. Soil
sity of 104 pef (1.67 t/m*), confining pressure of 7 psi, and puli-out rate of 0.25 in/min are
ntained for each test in order to evaluate the repeatability of pull-out test results. Six pull-out
tests, under the identical set of testing parameters (Set No. 1), are performed. Table 3.2 presents
‘testing parameters in this set. Figures 3.14 and 3.15 display the load-displacement
lationships of the geogrids in pull-out tests of set No. 1. The figures provide the peak pull-out
sistance, front displacement at peak, and interface stiffness modulus. The results display
milar values, and confirm the reproducibility of results and the precision of the testing
equipment.

It should be noted that the large direct shear box can be modified to operate as a second
P’ull-out box. In this case, the upper box is removed, the clamping plates are bolted to the
geogrid, and 1 ft of soil is placed above the geogrid. Modifying the large direct shear box to run
i:iull—out tests permits the accurate validation of the monitoring devices in both boxes. Moreover,

.the time required to run creep tests demands the use of the second box in creep tests while
Eonducting displacement-rate controlled tests in the first one. For the purpose of evaluating pull-
out test results when another pull-out box is utilized, some of the pull-out tests are conducted

in the modified direct shear box (i.e second pull-out box). Test D-104A is one of the tests

conducted in the second pull-out box. Pull-out test results in Figure 3.14 display similar values

from both pull-out boxes under the identical testing conditions.
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Table 3.2

TESTING PARAMETERS IN PULL-OUT TESTING SET NO. 1

Test Geogrid Dimensions | Pull-out | Confining | Avg. Soil | Sleeve | Soil
width length rate Pressure density length | thick.
(ft) (ft) (in/min) (psi) {pcf) (inch) | (ft)
Test-A3 1.0 3.0 0.25 7.0 103.6 12. 2.
Test-A4 1.0 3.0 0.25 7.0 104.0 12. 2.
Test-AS 1.0 3.0 0.26 7.0 104.5 12. 2.
Test-A7 1.0 3.0 0.27 7.0 104.2 12. 2.
Test-A8 1.0 3.0 0.26 7.0 104.1 12. 2.
D-104 A 1.0 3.0 0.25 7.0 104.2 12. 2.
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Figure 3.13 Frictional resistance of the clamping plates in the pull-out box
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Pull-out Load (Kips/ft)

Pull-out Test on Tensar-Sr2 Geognd
| Conlining pressure 7 psi
Avg. Soil Density 104 pcf

pull-out rate 0.25 in/min

Front Displacement (inch)

Figure 3.14 Pull-out test results on geogrids, Set No. 1

58




- Pull-out Test on Tensar-Sr2 Geogrid
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Figure 3.15 Pull-out test Results on geogrids, Set No. 1
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Another set of puﬁ;out tests are conducted on the geogrids with an average soj] dry
density of 106 pcf (1.7 /m?), eonfining pressure of 7 psi, and pull-out rate of 0.4 in/min. The
testing parameters of this set (Set No. 2) are presented in Table 3.3. The load-displacermney
relationship of the geogrids is displayed in Figure 3.16. The comparison of test results of set No.
2 and set No. 1 demonstrates the effect of the change of testing parameters on the pull-py
resistance of the geogrid. The effects of the variation of testing parameters (e.g. soil density,
confining pressure, displacement-rate, sample dimensions and boundary conditions) on the pull-

out response of the geogrids are discussed in detail in Chapter 4.

Table 3.3
TESTING PARAMETERS IN PULL-OUT TESTING SET NO. 2
Test Geogrid Dimensions | Pull-out | Confining | Avg. Soil | Sleeve | Soil
width length rate Pressure dens.ty length | thick.
(ft) (ft) {in/min) (psi) (pcf) (inch) | (ft)
Test-C2 1.0 3.0 0.41 7.0 105.5 12. 2.
Test-C3 1.0 3.0 0.40 7.0 106.0 12. 2.
Test-C4 1.0 3.0 0.38 7.0 N/M* 12. 2.

* Not measured
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Sample 1 ft width x 3 ft length

Confining pressure 7 psi -
Avg. soil density 106 pef
Pull-out rate 0.4 inch/min

TEST-C2

Displacement (inch)

, Set No. 2

Figure 3.16 Pull-out test results on geogri

61




the rear table. Flgure 3.17 d1splays typical time-nodal displacement relationship of the geogrig
1n Set No. 1. The results in the figure demonstrate the progressive load transfer mechanisy
aJong the geogrid:

i)

1)

1ii)

diffe

reproducibility of the monitoring system are demonstrated.

out tests, the displacements at different loading levels are plotted along the length of the geogrid
in Figure 3.19. The figure shows that, at an early stage of loading, the displacements of the
front nodes are mobilized while practically no displacements are mobilized at the rear ones
(nodes 4 and 5). At this early stage of pull-out loading, the front part of the geogrid experiences
an extension response without slippage. The displaced length of the geogrid is its effective
adherence length. At a later stage of pull-out loading, the geogrid reaches its peak strength, the
rear node undergoes displacement, and the geogrid experiences a combined extension-

displacement response. o

ent tests in Set No. 1. The repeatability of the displacement measurements and

The dlsplacements at different nodes along the geogrid are monitored by the LVDT's

At the front node (i.e. at node 0), the slope of the front displacement verses time is
practically constant and is equal to the controlled pull-out displacement rate.
At the early stages of pull-out response, the differences in the slopes of nodal-
displacement curves manifest the progressive load transfer along the geogrid. At this
stage, most of the pull-out load is carried out by the front part of the 'geogn'd,
Consequently, higher strains are mobilized at the front part of the geogrid with
practically no strain at the rear nodes.

The slopes of time-nodal displacement curves become practically equal at the later stages
of testing, indicating that the geogrid extension is fully mobilized along its length. At this
stage, the geogrid moves as a rigid body without any further extension. The specific
point on the displacement curve where the slopes become practically equal indicates the
occurrence of the slippage failure of the reinforcement which is attained at the peak pull-

out resistance,

Figure 3.18 displays the displacements at the front and rear nodes of the geogrid from

In order to illustrate the progressive load transfer mechanism along the geogrid in pull-
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Figure 3.17 Typical time-nodal displacements measurements in Set No. 1 tests
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Figure 3.18 Time-nodal displacements measurements in Set No. 1 tests
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The measured .nodal displacements, from different tests in set 1, are normalized w;
respect to their front displacements in Figure 3.20. In this figure, displacement distributigy
along the geogrids are plot&ed at peak load and at 60 percent of peak load. The combined effec't_'i;
of geogrid elongation and interface shear resistance on pull-out resistance is displayed. Pull—out_:_
resistance reaches its peak at the displacement where the frictional resistance at the soil~geogr;d'é-
interface is fully mobilized. Mobilization of shear strains require different magnitudes of_:':
displacements for different soils/reinforcement types, and depend on many factors that wouy]
affect the interaction performance. These factors are mainly related to the type, geometry ang .

extensibility of the geogrid, the shear strength properties of the soil, and confining pressures,
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Figure 3.20 Normalized displacements along geogrids in Set No. 1 tests
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3.3.C Direct Shear Tests

In the direct shear test, the clamping plates are bolted to the upper shear box which is
permitted to move between the lower box and the confining beams on its top (see Figure 2,5)..
A direct shear testing program is conducted to evaluate the equipment performance. The testing
parameters of the direct shear tests are reported in Table 3.4.

The frictional resistance induced between the upper box and the confining beams is
-measured in tests 'Shear-A’ and ’Shear-B’. In these tests, confining pressure is applied without
sand in the box in order to calibrate the frictional resistance of the shear box. Figure 3.21
displays the results of these tests. The frictional Tesistance is subtracted from the results of
direct shear tests on sand-sand and sand-geogrid interface.

Direct shear tests are performed on the sand-sand interface, without the geogrid, in order

to evaluate the shear stress-strain characteristics of the sand. Figure 3.22 displays the results of

these tests. It should be noted that tests in the large direct shear box result in a soil internal
friction angle (¢) of 27. Nevertheless, a soil friction angle of 34° is obtained from the
conventional direct shear tests results for similar soil relative density. The results demonstrate
the influence of shear box dimensions, and the associated boundary conditions, on the shear
resistance of sand. However, the evaluation of the effect of the box size on direct shear test
results is not in the scope of this research.

Direct shear tests are performed with the geogrid samples at the interface. Geogrid
specimens of 27 inches by 27 inches are placed on the bottom of the upper shear box. Figure
3.23 displays the results of these tests. A soil-geogrid interface friction angle (8) of 28 degrees
is obtained. Figure 3.24 depicts the shear stress-displacement relationship at the soil-soil and
soll-geogrid interface. An efficiency factor (tan ¢/ tan d) practically equaling 1, is obtained

from these tests. The results conform with other reported efficiency factors for geogrids (2,11 ).
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Large Direct Shear Box [No Sand]
Confinig pressure 7 psi
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Figure 3.21 Frictional resistance of upper box in direct shear test
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Direct Shear Tests [Sand-Sand]
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Figure 3.22 Results of direct shear tests on sand-sand interface
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Direct Shear Tests [Goegi'id—Sand]
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Figure 3.23 Results of direct shear tests on geogrid-sand interface
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Direct Shear Tesls
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Figure 3.24 Effect of reinforcement on the frictional resistance in direct shear fest
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3.4  LOAD-CONTROLLED TESTS
When geosynthetic reinforced samples are subjected to sustained loading conditions, 1her
strain response consists of an elastic strain followed by a time-dependant creep strain (FigIJre.-
3.25).-‘The main design concerns for the long term stability of the reinforced earth structures are:
i)  to predict the long term creep displacement under a constant pull-out load,
i)  to evaluate the critical creep load (or creep strain) below which creep rupture is unlikely
to occur.

The critical creep pull-out load can be determined by subjecting the specimen to a
stepwise increasing load over a time interval. This interval can be determined at each load level
when the deformation is stabilized. The critical creep load can be established following a
procedure similar to that used for ground anchors (41), which is illustrated in Figure 3.26. In
this procedure, the measured front displacement for each load 1is plotted against Log time (T).
An upward concavity of the creep curve indicates an accelerated creep failure. The slope of the
displacement versus Log (T) is plotted against the applied puli-out load to determine the critical
creep load Tc.

A limited number of load-controlled tests on 'Tensar-SR2’. geogrids are performed in the
pull-out box. The conditions of these tests are described in Table 3:5. The purpose of these tests
is to evaluate the performance of the testing facility under time-dependent stepped loading
conditions. The loads are incrementally applied to the inclusion and maintained constant during
a specified period. The induced loads, displacements and displacement-rate at the front are

recorded during the tests.

Load-controlled extension tests are performed on the geogrid in the unconfined state. In
these tests, geogrid samples of 1 ft wide and 3 ft long are tested. Increasing loads are applied
to the samples starting from 10 percent of the maximum strength of the unconfined geogrid. The
loads are increased to 40 percent and 70 percent of the maximum strength. Each load increment
is kept for 120 minute in order to evaluate the load-displacement monitoring system (Figure
3.27). The axial strains versus the time relationship from these tests are displayed in Figure
3.28. In this figure, creep strains induced by a specific loading are determined as the sum of
the strains produced by the previous load increments (42). This concept of strain superposition

is 1llustrated in Figure 3.29.
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Ifbad—Controlled Extension Tests
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Figure 3.27 Loading scheme in load-controlled extension tests

<0

Load-Controlled Extension Tesis

—_
[#)]
¥

at 70% Tmax

Axial Strain (%)

()

at 10% Tmax

0 H ] 1 H
0 100 200 300 400 500
Time (min)

Figure 3.28 Axial strains versus time in unconfined load-controlled tests
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Stepped load-controlled pull-out tests are performed on the geogrid. In these tests :'th

specimens are subjected to different loading levels defined as percentages of the maximuym puﬂ

out resistance (Tmax) obtained from displacement-rate controlled tests. Figure 3.30 dlsplays th
loading scheme. Geogrid specimens of 1 ft wide and 3 fi long are tested under confinip
pressure of 7 psi and soil density of 106 pcf. The front displacements, at each loadig
increment, are displayed versus time in Figure 3.31. The displacement-rates appear stabiliz
with ime during the testing period. However, geogrid specimen may exhibit unstabilized Cree
displacements if tested for longer periods of time. The evaluation of confined Cree

characteristics of specific geogrids in pull-out is not within the scope of this research.

Table 3.5
STEPPED LOAD-CONTROLLED TESTS
Test Test type Stepped loads Confining Soil
(% of Tmax) pressure density
(psi) (pch)
Load-Ul unconfined 10% - 40% - 70% - -—-
Load-U2 unconfined 10% - 40% - 70% - ---
Load-1 pull-out 5%-8%-30%-50%-70% 7.0 106.0
Load-2 pull-out 30%-50%-70% 7.0 N/M
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CHAPTER 4

INTRODUCTION
The soil-reinforcement interaction involves three basic load-transfer mechanisms:
lateral friction on the soil-reinforcement interface as in geotextiles, strips and bars,
passive earth pressure on the transversal elements of geogrids, welded wire meshes and
bar mats, and

particle interlocking as in the geotextiles and geogrids.

fad transfer in most of the geosynthetic materials is a combination of these mechanisms. Figure

1 displays the load transfer mechanism between the soil and geogrids. Mobilization of these

material properties (e.g. its type, geometry, extensibility and creep properties),

soil characteristics (e.g. its relative density, shear strength and grain size distribution),

iiiy  loading conditions (e.g. overburden pressure, displacement-rate and testing boundary

| conditions).

Figure 4.2 illustrates the relative contribution of each Joad transfer mechanism in different types

of geosynthetics.

The major objectives of the performance evaluation study are:

i) to assess the sensitivity of test results to the changes in the testing parameters and the

precision of the measurements under different testing conditions,

S 1) to evaluate the effect of boundary conditions and other testing parameters on the

interaction mechanism of geogrids, and

iii)  to establish a data base for the development of a reliable interpretation procedure for
pull-out tests.

For this purpose, a parametric study is conducted and the effects of the main testing parameters

(i.e. geogrid specimen size, rigid box boundaries, displacement-rate, soil compaction and relative

density, and confining pressure) on the pull-out interaction response are investigated.
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a) Friction Between Soil § Surface

b) Soil Passive Resistance

Figure 4.1 Load transfer mechanism between soil and Geogrids
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4.2 EFFECT OF TESTING PARAMETERS ON PULL-OUT RESPONSE
The pull—out facility is designed to permit evaluation of the effect of the differeni

parameters on the pull-out response. The main parameters considered in the performan(;e
evaluation study are:
a) dimensions of geogrid specimen,
b) sleeve length,
¢) soil thickness above and under the geogrid,
d) pull-out displacement rate,
e) soil relative density,

f) applied confining stress.

4 7.A Effect of Reinforcement Dimensions

The development of soil-wall friction along the box walls can influence test results. The
applied confining pressures can be partially carried by the friction along the side walls (37).
Consequently, the confining pressure near the side walls can be reduced. The effect of side wall
friction on the confining pressure is investigated by measuring the normal pressures at different
locations in the box. Two pressure cells are placed horizontal\}y at the level of the geogrid
specimen. The cells are located near the box center and near the box walls. Figure 4.3 displays
a schematic diagram of the locations of the pressure cells in the box. Different confining
pressures are applied and the magnitudes of normal pressures are measured before pull-out
loading. The measured pressures at the two cells are displayed in Figure 4.4. The results
display a reduction in the applied pressures near the box walls.

The effect of the side walls can be reduced by selecting the width of the geogrid
specimen to keep the geogrid under uniform normal pressure and away from the side walls. In
order to rationally evaluate the geogrid width, which is sufficient to minimize the effect of side
walls, geogrid specimens of 0.5 ft to 2.5 fi width are tested in the pull-out box. Pull-out tests
are conducted on the geogrids in confining pressure of 7 psi (48 KN/m?) and average soil density
of 106 pef (1.7 t/m’). Table 4.1 displays the testing parameters used in these tests. Figure 4.5
displays the placement of the 2.5 ft wide geogrid specimen in the box. The results of the pull-out

tests are depicted in Figure 4.6.
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Table 4.1
PULL-QUT TESTING PARAMETERS FOR EVALUATION OF GEQOGRID DIMENSIONS

Test Geogrid Sleeve Soil Pull-out | Soil Dry Com‘“m:'mgj

Dimensions Length Thick. Rate Density | Pressure

length x width

(ft) | (inch) (inch) (in/min) {pcf) (psi)

WwW-0.5B 3.0 x 0.5 12 24 0.14 105.9 7
Ww-0.5C 3.0 x 0.5 12 24 0.14 106.0 7
WwW-1.0 A 3.0 x 1.0 12 24 0.15 105.7 7
Ww-1.0 B 3.0 x 1.0 12 24 0.15 105.8 7
W-1.5 A 3.0 x 1.5 12 24 0.13 105.8 7
W-1.5B 3.0 x 1.5 12 24 0.14 105.7 7
W-2.0B 3.0 x 2.0 12 24 0.12 105.5 7
w-2.0D 3.0 x 2.0 12 24 0.12 105.8 7
W-2.5 A 3.0 x 2.5 12 24 0.12 105.4 7
W-2.5B 3.0 x 2.5 12 24 0.12 105.8 7
L-1.5 A 1.5 x 1.0 12 24 0.15 105.6 7
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results in Figure 4.6 show “that the }_:;ull—out resistance/unit Qidth of the geogrid are
';all}’ equal when specimens of 0.5 to 2 ft width are tested in the box. A reduction in the
A __;;iaull-out resistance is displayed when geogrid specimens of 2.5 ft are tested. The results
ig st a minimum distance of 0.5 ft between the geogrid and the box -walls in order to
inate the effect of side wall friction.

~ The displacement distribution along the length of the geogrid is not uniform (see figure
| Consequently, pull-out resistance of the geogrid is a function of the length of the
grid. Results of pull-out tests on geogrid specimens of 1.5 ft and 3 ft lengths are displayed

iigure 4.7. The results show that the increase in pull-out resistance is non-linearly related
ie increase in the geogrid length. An analytical procedure, incorporating the effect of the
grid’s length on the pull-out resistance, is required in order to interpret pull-out resistance
for geogrids of different lengths. An analytical procedure to evaluate the effective length of

ggpgﬁd specimens under different pull-out loads is presented in Chapter 5.
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Load (Kips/ft)

Geogrid Tensar-Sr2
Confining pressure 7 psi
*| Avg. soil density 106 pcf

-
-
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"
-

. Geogrid 1 ft width x 1.5 ft length

! ! ] I

0 0.5 1 1.5 2 2.5

Front Displacement (inch)

Figure 4.7 Pull-out test results on geogrids of different lengths
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t of Sleeve Length

can affect the measured pull-out resistance. As the reinforcement is pulled-out of the box,

: 'pressure develops against the rigid front face and results in an apparent increase in the

pull-out resistance (37) are shown in Figure 4.8. An apparent increase in the shear resistance

the soil-inclusion interface with the increase in the soil-front wall friction angle.

The effect of the rigidity of the front wall can be reduced by incorporating sleeves around
‘slot in the front wall. The sleeves transfer the pull-out application point inside the soil mass
beyond the rigid front wali, In order to evaluate the effect of sleeve length in reducing the
gid front wall effect, pull-out tests are conducted with different sleeve lengths, namely:

no sleeves,

4 inch sleeve length,

8 inch sleeve length, and

12 inch sleeve length.

;'"_I_‘he first set is performed on geogrids under an average soil density of 104 psi (1.67 t/m*) and
a pull-out rate of 0.8 in/minute (20 mm/minute). The second set is performed under a soil
density of 106 psi (1.7 t/m’} and pull-out rate of 0.4 in/minute (10 mm/minute). The testing
parameters of these sets are displayed in Table 4.2.

Figures 4.9 and 4.10 display the pull-out test results of the first and second sets,
- respectively. The results demonstrate a significant increase of the pull-out resistance when no
sleeves are incorporated. The pull-out resistance of the geogrid decreases as the sleeve length
increases. Such decrease in pull-out resistance is mainly due to a reduction in the lateral soil
pressure at the front wall.

The lateral soil pressure, developed at the front wall, is measured in Set No. 1 using two
earth pressure cells fixed on the box rigid front wall at 3 and 8 inches above the sleeve. Figure
4.11 depicts a schematic diagram of the Jocations of the pressure cells on the front wall. The

lateral earth pressure on the front wall for different sleeve lengths is monitored during pull-out.
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- Test Geogrid Sleeve Soil Pull-out | Soil Dry | Confining
: Dimensions Length Thick. Rate Density | Pressure
length x width
(ft) (inch) (inch) (in/min) (pch (psi)
Set # 1:
Test-Pl 3.0 x 1.0 0 24 0.80 104.0 7
Test-P2 3.0 x 1.0 8 24 0.81 104.4 7
Test-P3 3.0 x 1.0 12 24 0.80 N/M * 7
Set # 2:
S—OA 3.0 x 1.0 0 24 0.40 105.7 7
S-0B 3.0 x 1.0 0 24 0.39 106.3 7
S-4 A 3.0 x 1.0 4 24 0.42 105.9 7
S-8A 3.0 x 1.0 g 24 0.40 106.4 7
S-8B 3.0 x 1.0 8 24 0.40 106.0 7
~Test-C2 3.0 x 1.0 12 24 0.41 105.5 7
- Test-C3 3.0 x 1.0 12 24 0.40 106.0 7

: * N/M = Not measured
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Figure 4.11 Schematic diagram of the locations of earth pressure cells
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The measurements of the lateral pressure are displayed in Figures 4.12-a,b and ¢ for

with no sleeves, an 8-inch sleeve length, and a 12-inch sleeve length, respectively. The

ifial lateral pressures recorded in both cells are approximately equal at the beginning of the

ests. Figufc 4.12-a shows that the lateral earth pressure in the upper cell (cell No. 2)
stantially increased during the tests when no sleeves are incorporated. When sleeves of 8 and
nches are incorporated. Figures 4.12-b and ¢ show a slight increase of earth pressure at
the upper cell, while earth pressure at the lower cell remains practically constant.

The results demonstrate the significant affect of the sleeve length on the development of
rth pressure at the front wall. The use of 8-inch sleeve length results in a substantial reduction
the earth pressure on the front wall, The increase of the sleeve length from 8 to 12 inches has
actically no effect on the development of lateral earth pressure. The relationship between
sleeve length and lateral pressures on the front wall is shown in Figure 4.13. The effect of
eeve length on the displacement distribution along the geogrid is shown in Figure 4.14. The

jgures show that the increase in the lateral earth pressure during pull-out is negligible when a

Jeeve length of 12 inches is used.
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Figure 4.13 Effect of sleeve length on lateral earth pressure
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Figure 4.14 Effect of sleeve length on pormalized displacement along the geogrid
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ffect of Soil Thickne )
teractlon between the soil, the geogrid, and the rigid boundaries above and below

ull-out test results.. These rigid. ‘boundaries can cause an

i the normal stresses in the v1c1mty of the geognd surface 1f the soil thickness is small

tram the soﬁ dllatancy Moreover, friction. can develop between the bottom rigid

and the so11 and consequenﬂy, increases the mobmzed shear stresses at the interface.

n order to mvesugate the effect of the thickness of the soﬁ on the pull-out response, pull-
are performed in soil samples of dlfferent thlcknesses namely

soil thickness of 4-inches above and 4-1nches under the geognd

s0il thickness of 4-mches above and 12~1nches under the geognd

il thickness of 12-inches above and 12-inches under the geogrid

,soﬂ th1ckness of 16- mches above and 12-mches under the geognd

bove tests are performed on geognds under a conﬁnmg stress of 7 psi (48 KN/m?) and a

Ty den51ty of 104 pef (1.67 t/ m3) The parameters of these fests are dlsplayed in Table 4.3.

ffect of soil thickness on the pull-out response of the geogrid is shown in F:gure 4. 15 The

- demonstrates:

The decrease in soil thickness results in an apparent increase in the pull
of the geogrid.

The increase in the soil thickness from 12
seermn to have more effect on the pull-out resistance of the geogrid.

-inches to 16-inches above the geogrid does not

The displacements along the geogrid nodes at peak pull-out resistance are normalized with

pect to the front displacement in Figure 4.16. The displacements distributions for different

1 thicknesses show that a decrease in soil thickness results in an i
it affects the distribution of mobilized shear stresses along the

ncreases shear resistance at

interface. Consequently,
ogrid and reduces the effective adherence

thickness of 1 ft above and under the geogrid reinforcement (a total
t of the upper and the lower boundaries on the pull-out response.

ength. The results lead to the conclusion that a soil
of 2 ft soil thickness) is

Enfficient to eliminate the effec
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Table 4.3 .
PULL-OUT TESTING PARAMETERS FOR EVALUATION OF SOIL THICKNESS?

Test Geognd | Sleeve | Soil: | Pull-out | Soil Dry
T Dimensions Length Thick. Rate Density
- length x width :
(ft) (inch) (inch) (in/min) (pcf) (psi)
Test-Bl 30 x 1.0 12 16 0.25 103.3 7
Test-B2 3.0 x 1.0 12 16 0.25 103.6 7
TestB3 | 3.0 x 1.0 12 28 0.25 103.8 7
Test-A3 | 3.0 x 1.0 12 24 | 025 103.6 | 7
Test-A4 3.0 x 1.0 12 24 0.25 104.0 7
Test-B4 3.0x 1.0 | 12 8 | 025 | N/M* 7.

* N/M = Not measured |
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Geogrid Tensar-SR2
Confining pressure 7 psi
' Avg. soil density 104 pcf
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Figure 4.15 Effect of Soil thickness on pull-out resistance
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I_ t ‘of Displacement-Rate -
rrently, no standard testing procedure that specrﬁes the drsplacement—rate for pull-out
For unconfined extension tests, “ASTM Desrgnataon D4595-86 ‘recommends a
rate of 10 +3% per minute for the wide stnp method test. Wide strip tests on

n—
at drfferent strain rates (ﬁ) showed that the geognd tension strength varies according
’11ed rate of strain. However in pull-out tests, reinforcement reaches its peak strength

ower strain levels which suggests selecting lower displacement-rates in order to monitor

havror at these strain levels.

nts values of puli -out displacement-rates used by different investigators. Drsplacement—
from 0. 004 t0 0.6 rnch/mrnute (0 1'to15 mm/mrnute) In ordef to investigate the-

splacement—rate on pull-out response, tests are performed on geogrids under drfferent‘

splacement -rates, namely

E@V 45 m/mmute (4 mm/mmute),

' 0:80-in/minute (20 mm/minute) _ |
tests, an applied normal stress of 7 psi (48 KN/m?), and different sets of soil densities
ed in Table 4 5. Figure 4.17

e of 7 psi (48 KN/m?), a soil

0.4 in/minute. .

rrcally maintained. The parameters of these tests are display
lays the pull-out response of geogrids under a conﬁmng pressur
density of 106 pef (1.7 t/m?) and dlsplacement rates -of 0.15 in/minute and
results of pull-out tests on geogrids tested il a soil density of 104 pcf (1.67 t/m’) are
layed in Figure 4.18. The results in both ﬁgures show that as the pull-out rate increases,

post- peak softemng of the pull -out load is also
ults in the figures, it is difficult to

e peak pull-out resistance decreases. ‘A more
10Wn with the increase of the pull out rate. From the res
etermine the effect of the pull-out rate on the interface strffness modulus.

The effect of the displacement-rate on the geogrid pull-out resistance is displayed in

igure 4.19. The displacements along the geogrid nodal points are normalized with respect to

the front displacement (i.e at node 0) and are plotted along the geogrid In Figure 4.20.
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ull—out tests, previous studies are conducted under different drsplacement-rates Table
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The figure demonstrates a mobilization of shear displacement at the rear nodes when geo

are tested at higher dlsplacement -Tates.

The results in Figures 4. 19 and 4. 20 show that the peak pull-out resistance appear
be less sensxtlve to the changes of dzsplacement—rates under 0.25 in/minute. These results su

the use of low dlsplacement-rates (in the range of 0.25 in/minute) in pull-out tests.

Table 4.4 .
COMPARISON BETWEEN DISPLACEMENT-RATES IN DIFFERENT PULL-O
BOXES (19)

Box: Testing Method

" Displacement-rate

- Caltrans Box, (39)
[54"x36"x20"]

- V. Elias Box (40)
[367x36"x18"]

- STS Box (18)
[48"x30"x18"]

- Uta.h State Univ. Box (35)

- Drexel Univ. Box (18)

"~ Univ. ¢f Grenoble (,41)

Displacemeént-rate pull-out on
geogrids

Displacement-rate pull-out on
metal strips

Displacement-rate pull-out on
geogrids

displacement-rate pull-out on

‘wire mesh

Displacement-rate pull-out

Displacement-rate pull-out on
geotextiles -

2% /minute
(0.17 in/minute)

0.1 in/minute
0.004 in/minute "

0.04 in/minute

0.01-0.6 in/minute

0.25 in/minute’ *
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Geogrid Seeve | Soil | Pull-out | Soil Dry| Confining
. Dimensions Length | Thick. | Rate '~ Density | Pressure
length x width o o \
() Gnch) | Gneh) | (n/min) | (pcf) (psi)
| 3.0 x 10 12 24 | 040 105.5 7
30x 10 | 12 | 24 0.40 | 1060 | 7
30x 1.0 | 12 24 0.15 105.7 7
30 x 1.0 |12 2% 0.15 105.8 7
3.0 x 1.0 12 24 0.25 104.5 7
30x 1.0 | .12 . 24 025 | 1042 | 7
3.0 x 1.0 12 24 0.40 103.6 7
3.0 x 1.0 . | 24 0.40 103.4 7 -
3.0 x 1.0 12 2 0.80 NM*| T
'N/M = Not measured
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Load (Kips/ft)

Geogrid Tensarw'SR‘_Z L

51 Confining pressure 7 psi

Avg. soil density 106 pcf
| Pull-out rate 0.15 in/min

et - die """‘D\.ﬂ.‘.‘.‘-

~ Pull-out rate 0.4 in/min

1 2 3

Front Displﬁ_acement (inch)

Figure 4.17 Effect of displacément—rate on pulil-out response

108




Geogrid Tensar SR-2
Confining pressure 7 psi
Avg. soil density 104 pcf

Pull-out rate 0.25 in/min

.’—’.”.-.—‘.m“h..“ \ L] »
e I (L4 in/min

aype
P LI L T

7 _.o".-. . . ' TN A,
0.8 in/min

"
'\ﬂnn..,"_'-"
-
.'--"-...._
"Taa

1 !

0 1 2 3 4

Front Displacement (inch)

Figure 4.18 Effect of displacement-rate on pull—but response
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E Geogrid Tensar SR-2
a 8 . Confining pressure 7 psi
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S '
A .
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Pull-out Rate (in/min)

Figure 4.19 Effect of displacement-rate on pull-out r&clstance

- Geogrid Tensar-SR2
Confining pressure 7 psi

o | ! ] i
0 1 2z 3 4

Geogrid Nodes

Figure 4.20 Effect of displacement-rate on normalized displacement along the geogrid

Nodal Displ./ Front Displ.
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of Soil Den it el _
"ctional resmtance between the soil and the reinforcement is highly influenced by
;;densuy (11,19). Dense soils. tend to. dilate: ‘when shear. stresses are mobilized
forcement interface. As the dllatancy is _restram_ed by the surrounding soil, normal

= at the reinforcement level and, conseouenﬂy, increasing the shear resistance at

- to evaluate the effect of relative soil density on the pull-out response, tests are
in“soils compacted to different dry densities; namely:

soil density of 102 pef (1.62 Um) (soil relative density 30%),

rage soil density of 104 pef (1.67 t/m’) (soil relative density 50%),

rage soil density of 106 pef (1.7 t/m’) (soil relative density 70%),

rage soil density of 108 pef (1.73 t/m’) (soil relative density 85%).

are tested under a conﬁmng pressure of 7 psi (48 KN/m’) and different sets of
ed in Table 4.6, The results of

sz
__‘ent«rates The parameters of theése tests are display
e dlsplayed in Flgures 4 21 and 4.22. The figures demonstrate an increase in the’

ut resistance and interface stxffness modulus of the geogrid as so1l density increases.

pull out tests; sand is placed in four layers in the box, leveled ‘and compacted to- the
compachon, densxty ‘

r‘?’?d by a nucle'ar d_e_nsylty g_auge, and an average density is calculated from nine dlfferent

1l den31ty is considered acceptable within +0 5 pcf :

desxred so1l density. The compactlon and density control procedures pemuts the evaluauon

pul-l—out-res1stance due to changes in the soil dens1ty in the range of +1.0 pcf Results of
tests with different soil densities are compiled in Figure 4, 23 The figure dlsplays the

ion* of pull-out measurements and demonstrates the effect of soﬂ dens1ty on pull—out

Soﬂ compaction increases the Jateral earth pres

‘the mobilized frictional resistance at the interface. Consequently,
are restrained under high soil densities. The effect of soil density on

shear displacement and
igation of the geogrid

mobilized shear displacement is demonstrated in Figure 4.24..
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sure on the geogrid transversal elements
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In Figure 4.24, the nodal-displacements along the geogrid, at peak pull-ou
normalized with respect to the front‘displac_cmént. The higher soil density results i
shear stress concentration at the vicinity of thé point of application and, consequently;

shorter effective adherence length. Low soil density leads to a more uniform distributi"oﬁ

interface shear stresses along the reinforcement.

Table 4.6
PULL-OUT TESTING PARAMETERS FOR EVALUATION OF SOIL DENSITY %3y’
" Test Geogrid Sleeve | Soil | Pull-out | Soil Dry
: Dimensions Length Thick. Rate Density
length x width _
(ft) (inch)  (inch) (in/min) | (pcf)
Set#1: o
D-101 A 3.0 x 1.0 12 24 022 101.1
D-102 A 30 x 1.0 12 24 0.22 102.1
~Test-A8 30 x 1.0 12 24 0.25 104.1
D-104A | 3.0 x 10 12 24 0.24 104.2
Set #2:
W-1.0 A 30 x 1.0 12 24 0.15 105.7
W-1.0B 30 x 1.0 12 24 0.15 105.8
D-108 A 3.0 x 1.0 12 24 0.25 107.7
D-108B | 3.0 x 1.0 12 24 0.24 107.5
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Geogr;d Tensar SR-2 -

s| Confining pressure 7 p51
) Pull-out rate 0 24 m/mm
gt
E'( - Soil density 104 pcf
R-ARL o~ -
S e Qe
S, L - - T T ——
3 7 Soil density 102 pcf

| 1 |
j '
% i N ; ]

Front Displacement (inch)

Figure 4.21 Effect of soil—density on pull-out respbxise of geogrid

6
Geogrid Tensar-SR2
5! Confining pressure 7 psi ;
g A Soﬁ Density 108 pef 7'
B Soil Density 106 pcf
09‘ : y ‘.""'Tf.’.'.::: ........ ——————
% 3} /_/'
= ) _ —
Sl 4 Soil density 104 pcf
- P
1
of p — 3 4

Front Displacement (inch)
Figure 4.22 Effect of soil density on pull-out response of geogrid
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42.F Confining Pressure )

The effect of confining pressure on the frictional resistance of the reinforcemen
demonstrated by several investigators (10,12). Figure 4.25 displays the effect of the
of conﬁmng pressure on the conf'rned extensmn propertres of geogrids. The increase in
pressure results in an increase in the shear resistance along the interface. The effect
pressure on the shear resistance of geogrids is displayed in Figure 4.26. Moreover, the
in confining pressure increases the passive resistance of the soil and particles interioc ng
the transversal elements. The restrained elongation results in an apparent increase of e
strength and the stiffness modulus.

Two sets of tests are conducted in order to evaluate the effect of confining pres ur

set of testing is conducted ‘under specrfic soil density while maintaining ldentr
parameters. The testrng parameters of these sets are drsplayed in Table 4.7.

F1gure 4.27 drsplays the effect of conﬁrung pressure on the pull-out response of g
under conﬁmng pressures 5 p31 (34 KN/mz) and 7 psi (48 KN/m?). These tests ar
w1th a drsplacement—rate 0f 0.25 in/minute and an average soil dens;ty of 104 pef (1 67
Figure 4. 28 dlspIays the results of puIl ~out tests on geognds under conﬁmng pressures _
(48 XN/m?) and 10 psi (68 Kn/m?). These" tests are performed with a displacement-rate of: 0'
in/minute and average soil density of 106 pcf (1.7 t/m3) The results in both figures demonstr
an 1ncrease 1n the puIl—out res1stance of the geognd and in its interface stiffness modulu

the increase in conﬁnmg pressure.

The results suggest that the design criteria for geogrid reinforced soil structures sho

take into account the in-soil confined extension properties derived from pull-out tests rather than
the material properties obtained from unconfined extension tests. Although a lower (an
consequently more conservative) peak strength is usually obtained from unconfined tests; th
unconfined behavior of the geogrid is substantially more ductile and its strain level at peak r
higher than that obtained under confined conditions. This may results in non-conservative design
values for the admissible geogrid extension and the related structure displacements.

The normalized displacement distributions along the geogrids, at the peak pull-out loads,
are shown in Figure 4.29 for different confining pressures, The figure illustrates the effect of

the confining pressure on the mobilized load transfer along the reinforcement. The shear stress
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fid interface is more umformly mobilized along the geognd under low confining
increase in the confining pressure restrains the geognd displacement and results
AbthathH of shear strains near the pull-out apphcatmn pomt Jower shear strains at

cénsequcndy a shorter effective adherence length.

TESTING PARAMETERS FOR EVALUATION OF CONFINING PRESSURE

Geognd Sleeve Soil ~ pull-out | Soil Dry Confining
Dimensions Length | Thick. Rate Density | Pressure
length x width ’
(ft) (inch) (inch) (in/min) (pcf) (psi)

3.0 x 1.0 12 24 0.28 = 104.7 7

3.0 x 1.0 12 24 0.25 104.5 7 -
3.0 x 1.0 12 24 0.25 104.1 7

3.0 x 1.0 12 24 0.15 105.7 7

3.0 x 1.0 12 . 24 - 0.15 . 105.8 7

3,0 x 1.0 12 24 0.16 105.8 7
3.0 x 1.0 12 24 - 0.17 106.1 7
3.0 x 1.0 12 2. | 0.16 106.4 7
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.25 Effect of confining pressure on the extension properties of geogrids (10)
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Symbel Reference | Reinforcement - 5c41 Type
. Johnston- Tensar Dense sand
A (1985) SR-2 g =s5°—48°
® Ingold Tensar ‘Dense sand

(1983) . SR-1 g =34°-35°
o Ingold Hetlon Dense sant
O 1 98y "+ 1168 g =380 -35°
@ YoernoeT Tensat Dense sand

- (1988) SR-2 g i
A4 yowe et ald Tensar 't Mo::;d}‘ine
(1985) SR-2 PR IETL

1 1

1 1

4

n -
) b
P
m |

6 7

Relationship between the effici
" yarious geogrids (11

g g 40 14 42 13 4 15 46 47
NORMAL STRESS (PSI)
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5
Geogrid Tensar SR-2

5t Avg. soil density 104 pef
= Pull-out rate 0.25. ‘in/Amin
é‘ Test-A8 [confining pressure 7 psi]
= 3L ,.-"'M"“-—..

—— ————

S e T
e L
o 2 ’/.!

1‘:_.:', Test-A6 [confining pressure S psi]

0 I ! ‘ . 1 L

0 1 2 3 4 5

Front Displacement (inch)

Figure 4.27 Effect of confining pressures on pull-out resistance of the geognd

Ll

/

Test:Sig-10C [conf. pressure 10 psi]

T T Test:W-1.0A

[conf. pressure 7 psi]

/ft)

Load (Kips

‘Geogrid Tensar-SR2
Avg. soil density 106 pcf
Pull-out rate 0.15 in/min

i 0 ! L "
0 ] 2 3 4

Front Displacement (inch)
Figure 4.28 Effect of confining pressure on the pull-out resistance of the geogrid
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CHAPTER §
ANALYSIS OF PULL-OUT TEST RESULTS
5.1 INTRODUCTION
The large number of factors that affect the soil-geogrid interface prope

difficulties in developing an interpretation procedure from pull-out test results.
These factors are mamly related to: .
1) testing: such as apparatus and sample dimensions, boundary conditions, strzun
the applied confining pressure,
i) soil characteristics: such as its relative density, dilation properties, .and fine gram
of the soil, a'
iii)  reinforcement: its type, geometry, and extensibility. | : B
The major concern in the interpretation of the pull-out tests results pertaihs to the--_féfféc_;
reinforcement extensibility on the interaction pull-ont parameters. Inextensible régif'nffor m
(such as metallic strips) moves as rigid members in the soil, and the soil disj;)lacemé;it re
to mobilize the interface lateral friction is in the order of mm. (44,45,46). In this typ
reinforcement, a constant shear stress distribution is developed‘along the length; while
extensible reinforcement, its non- ~uniform extenmblhty results in a decreasing shear dlsplaccm

distribution‘along its length. Therefore, the interface shear stress is not uniformly mo

along the total reinforcement length. As the reinforcement extensibility depends upon its leng
pull-out interface parameters become a function of the specimen length in pull-out tests. Th
effect of geogrid specimen length has to be evaluated in order to extrapolate pull-out test resu}
to the reinforcement length in the field. The displacement measurements along the leﬁgth of th
geogrid becomes necessary in order to interpret this efféct. Several investigators (13,34)
measured the displacement distributions at several points along the geogrid during puil«out'
(Figures 5.1-a and b). Typical displacement measurements along the geogrids during pull-out

tests of this study are shown in Figures 5.2.
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Figure 5.1 Displacement measurements along the geogrid in pull-out
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(inch)

Nodal Displacement

Geogrid Nodes

Figure 5.2 Displacement Distribution along the geogrid nodes
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shear strength at the soil-reinforcement interface is.commonly calculated from pull-

s from the relationship (47,48):

20, tan 6 e e (5.1)
hear stress at the interface,
. normal stress at the reinforcement level,
soil-reinforcement interface friction angle.
out resistance can, accordingly, be calculated from the relationship:
(6.2

.'ydtana.L,; :
= pull-out resistance in force per unit width of the reinforcement,

= unit weight of soil,

_thickness of soil above reinforcement,

= length of reinforcement resisting pull-out force.
ores the non-uniform shear stress distribution along

-]

dvantage of this method is that it ign

tensible reinforcement. It assumes an even distribution over the length and defines & as the

‘of the pull-out stress versus: normal stress.
roach can be modified by distributing the mobilized shear stress over

The previous app
(13). The pull-out load per unit area can then be

ctual-portion of the elongated sample
iilated-as:

mobilized load

.......

Pull-out stress =
actual strained section x 2

modified form of Equation (5.2) is recommended (41), to include the effect of extensibility,

determining the pull-out resistance:

P, .. (5.9

F*. .0, .L. . C

4Wherc,
F* is a pull-out resistance factor obtained from pull-out tests,

¢ is the reinforced unit perimeter [c=2 for grids and sheets],

o is a scale effect correction factor.
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the reinforcement,

i

‘where P

extensibility. For inextensible reinforcement, « is approximately 1. For extensible rein
a can be determined from the equation:

o = T, .. e
where 7, and %p are the average and ultimate interface lateral shear stresses mobili
the reinforcement, respectively. The disadvantage of this empirical formula is that o

primarily upon the interface shear strain softening and not, explicitly, upon the extensi

The coefficient of friction between the soil and geogrid (tan 8) is also obtained.(_'li.
using the slope of the pull-out curve along the mobilized length of the reinforcement (K.
relationship:
K,/72b= o,. tan é .. e e e e

where b is the reinforcement width, and o, is the normal stress in the level of the géogrid

Several analytical approaches are implemented in order to interpolate the'displac?em;
distribution for any reinforcement length. An analytical solution, relating the ~pul
displacement to pull-out load and reinforcement stiffness and length, was presented in the for

(30):
P cosh (o x)

V2K, K, sinh (« L)

1l

the applied pull-out load,

x = the longitudinal coordinate along the reinforcement,
« = VIR

K, = reinforcement stiffness,

K, = interface shear stiffness from pull-out tests,

L = reinforcement length.
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t utilizing

isplays the computed pull-out displacements ?}o‘ng a six feet reinforcemen

cal model

i
A theorencal load transfer model, derived from the (t-z) method commonly used in
merical simulation

fnct10r1 piles, was also proposed (12). Figure 5.4 presents the nu
_out resistance using this model along with the expcnmental results.

proaches demonstrates that the concept of a uniformly

e review of the previous ap

] .interfacc shear stress; which can be used for inextensible reinforcement, can not be

ately used for the mterpretahon of pull-ou
ad transfer mechamsm an mstrumentatlon S
ear strain at d1ffercnt points along the

t tests in extensible remforcement In order to

) ,«__an appropriate lo cheme should be

ented in pull-out tests to measure the 1nterface sh

rcerr;ent.
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5.4 Numerical simulation of puli-out tests on woven strips (12)
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DELING LOAD TRANSFER IN PULL-OUT TESTS

: displacement measurements at different points along the specimens in the pull-out '

with the appropriate interaction laws (relating the shear strain at any point along the
ment to the mobxhzed shear stress at the interface) are used to develop 2 load transfer
n this model; the mterpretahon procedure permits the determination of:

e m-soﬂ confined material properties,

e shear stress-strain relationship at the interface,

Ee displacement distribution along the geogrid length under the specified pull-out load.
rocedure is evaluated through comparison of the interface properues derived from the pull-

ts iwith those obtained directly from the direct shear tests.

The proposed data analysis procedure is illustrated through the mterpretauon of the
acement—rate controlled pull-out tests results presented in the previous chapters This
ure consists -of the following steps:

From the Time-Nodal displacements relanonship (see Fxgure 3 17, the d:splacements
d1str1butlons along the reinforcement can be plotted for different pull—out loads. Flgures
5.2 and 5.5 display the d1splacement d1stnbutmn along the specimen length obtained
from Tests under conﬁmng pressure of 7 ps1 From the discretizéd elements along the
geognd reinforcement (Figure 5. 6), it can be seen that the dlsplacement of each element
i results from the elongation of the element ( i.e. 8.5 - 6;) and its shear displacement 6;.
The strain ¢; of each element i can be calculated from the relat10nsh1p

& = [ 6 - B]IAx e e e h e e (5.8)
where 5., and §; are the displacements at nodes i-1 and i, respecnvely, and A x is the
length of element i.

The in-soil geogrid stress (force/unit width) versus strain can now be plotted for the front

element of the geogn'd; Figure 5.7 depicts the confined stress-strain relationship for the

geogrid.
The confined stress-strain properties (e.g. stiffness modulus E.t) are assumed to be

unique for each confining pressure. “The E.t values can be determined from the slope of

the stress-strain curve at eachloading/level.”

Fae
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Displac ement (‘inen

Nodal Points

Figure 5.5 Displacement distribution along the geogrid Nodes

130




(L)

S =

Tension Force, T/b [Lb/in]

Figure 5.7
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Confining pressure = 7. psi

400 -
300 -
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] I 1 1

0 1 2 304 5
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n+ 1

rr

Confined stress-strain relationship of the geogrid
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| The tension force T; at each node i can be calculated from the relationship:
[T:]-Tl]/b E-t. [5i_1-5i]/AX

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

equmbnum equatxon of each element i: . :
(Tu-Td=rn.P.Ax 5.
where P is the geogrid perimeter [= 2b]. |

of the geogrid. Figures 5.8 and 5.9 depict the shear stress-displacement curves deri
from different puli-out tests.

The results of pull-out tests on geogrids”:are implemented into the numerical proced
The calculated shear stress-displacement curves are compared with those obtained directly f
tests performed in the large direct shear box under the same confining pressure. The results
presented in Figure 5.10.

The analysis of pull-out test results on the geognd Teinforcement illustrates the no
uniformity of the displacement distribution along the geognd length. The peak shear stres
mobilized at the mterface 1s a function of the sample length Therefore, the extrapolation of th
pull-out test results to remforcements of different lengths should be considered when pull-out te:
results are 1mp1emented into design. The established interface properties and confined stress
strain relationships of the reinforcement can be 1mplemented to back-calculate the displacemen
distribution along the geognd of any length under the same testmg conditions. Thereby,
laboratory pull-out test results could be extrapolated to full scale remforcement length along .;

The analytical procedure 15 used to predict the dlsplacements and the pull-out forces at .
the nodes of geognd remforcements of lengths 1.5 ft, 3 ft, and 6 ft. The calculated
displacements and puu—out loads are displayed in Figure 5.11 and 5.12, respectively. The
figures also display the measured displacements and pull-out Joads for reinforcements of lengths
1.5 ftand 3 ft. The cofnpan’son between the analytical and experimental results illustrates the
applicability of the proposed procedure.
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CONCLUSTONS AND RECOMMENDATIONS

6.1 CONCLUSIONS |
The pull-out box and the large drrect ‘shear box are constructed m order to evaluate the

short- term and long-term mterface pa.rameters and confined stress- stram propertles of the

geognds D1splacement—rate controlled tests are conducted to provrde the parameters related to

short-term performance of the’ geognds namely, pull~out resrstance front drsplacement at peak,

and interface stiffness modulus The mstrumentatlon ‘of the pull _outbox perrruts the measurement _

of the nodal dzsplacements along the ‘confined geognd 'These measurements are utilized in a
load transfer model m order to determine the stress—stram propertles of the geogr]ds Load-
controlltd pull _out tests are conducted o evaluate the perfonnance of the lel -out testing facmty
in creep tests on confined geognds ‘Shear tests are also performed on the geognds in the large
direct’ shear box in order to prov1de the shear stress stram properhes at the soil- geognd
1nterface E oo

“The results of the pull out tests on the geognds in granular soils illustrate the 1mportance
of soil densrty and the applred conﬁrung pressures on the pull-out behavior. The high sorl density
and conﬁnmg pressure increase the geoorrd fnctronal resistance at the 1nterface and inérease the
lateral earth resistance on the transversal elements. Consequently, they restrain the deformatlon

of the geognd along its length and ‘decrease its effectlve adherence length

Pull-out testing program is conducted in order to evaluate the performance of the facility
and to assess the effect of different festing parameters (ile! geognd ‘dimensions, ‘box boundary
conditions, pull-out rate, soil density, and conﬁmng pressure) on the mterface propertres The

parametnc study led to the followmg conclusions:
% "'The friction between' the soil and’ the side walls canl reduce the amount ‘6f normal

pressure on the’ geognd“spemmen “This effect can be reduced by either lubncatmg the
box side walls or '!b'y selectmg ‘the wrdth “of the geognd specrmen so that uniform
confining pressure is maintained- along the specrmen 'width. A minimurm distance of 6

inches between the géogrid rid-the side walls is sufficient to eliminate the effect of side




The Jateral earth pressure developed at the facrng increases the soil-geogrid resis
pull-out. The use of sleeves around the pull out slot transfers the soil-geogrid i
resistance far behmd the ng1d front wall whrch 1mposes a practical solution to r
- the front rigid wall effect. Pull-out tests with different” sleeve lengths led t
conclusron that a sleeve length of 1 ft is sufﬁcrent to eliminate this boundary eff'
Another boundary parameter that mfluences pull—out test results is the upper and
box boundanes When soil thrckness is small, the ngrd bottom plate rncrease
‘fnctron at the sorl-geognd mterface Moreover, the top and bottom boundarae
'restrarn sorl drlatancy and, consequently, may lead to an increase in the conﬁ
'pressure at the mterface Pull out tests ;on geogrrds in drfferent soil thrckn
demonstrate that a mtmmum sorl th1ckness of 11t above and I ft under the geogrl
.sufﬁcrent to elrmrnate the effect of these boundanes on test results _ _
| The pull~out resrstance of geognd is also mﬂuenced by the drsplacement-rate Results
pull -out tests demonstrate that pull-out resrstance is less sensruve to chang S
displacement-rates under 0.25 1n/m1nute Dlsplacement-rates less than 0.25 1n/m1nute
mm/minute) are recommended for pull~0ut tests on the geogrlds with similar specrmen
lengths and testmg parameters to those in thls study Lower dlsplacement~rates may b

pasg

requ1red to rnonrtor the pre—pea.k response of geognd specimens of much smaller lengt S

Tika

and in lower soxl deus1t1es and conﬁmng pressures.

]

: ]
Pull-out test results on the geognds in different soil densrtles demonstrate the mfluentlal

effect of soil densrty and compaction procedure A compaction procedure is developed
1n order to obtam unlform soﬂ densxty along the geognd For geogrlds tested in fine
_ grained soils, dlfferent sorl placement techmques and compacuon procedures need to be
: _developed and evaluated e '

Test results on the geognds under drfferent conﬁmng pressures demonstrate that pull~out
. resrstance 1s mobtlrzed at stram levels much lower than those in unconﬁned extensron
tests. Thrs conclusron suggests that the desrgn cnterra of remforced structures should be
based on the stram levels obtarned from pull—out test results rather than from the

unconfined extension test results.

138




Modelmg load transfer in soils reinforced with geognds is complex and involves several
teraction mechanisms. However, a sunphﬁed load- fransfer ‘modet for extensible reinforcement

developed in order to ranonally extrapolate laboratory pun-out test resuits to full scale

, easure the dxsplacements at ‘different locauons a]ong tHeé geognd The data analysxs permitted
:_'gthevdenva'aon of the soﬂ-geognd inferaction’ parameters ‘and the in-soil stress-strain relauonshlp

of the reinforcement from pull-out tests.

6.2 RECOMMENDATIONS FOR A STANDARD TESTING METHOD FOR GEOGRID
PULL-OUT IN GRANULAR SOILS s e '

6.2.A Scope

The following recommendations pertain ‘to providing -the guidelines for a standard
procedure for pull-out tests. The scope of the test method is to detérmine the pull-out resistance
of geognds embedded in granular soils. However, the pracUce is applicable to other type€s of

geosynthetlcs such as geotextiles and geomembranes.

DifferenteompoSitiOnai’and environmental testing parameters will affect the pull-out
response of geosynthetics in coarse and fine grained ‘soils.

2. The pull-out tests provide the pull-out resistance of the specific geogrid under the
| specified testing parameters. The pull-out resistance depends on .'many factors such as soil
relative density, confining pressure and pull-out rate. All testing parameters should be
reported with the test results, o ' L

3. As the pull-out test results depend on the soil properties such as grain size distribution,
relative density and moisture content; tests should be conducted using soils with similar
¢haracteristics with those used in-situ. s

4. For standard practice of testing of geosynthetics, Tefer to the related publications:
_'ASTM standard D-2905: Statement 'of ‘Numibér of Specimens Required to Détermine
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the Average Quality of Textiles.
- ASTM standard D-4354: Pracnce for Sarnphng of Geotextlies for Testing.
- GRI Test Method GG5 (5_) Standard Test Method for Geogrid Pull-out.
6.2.B - Definitions ;
1. Pull-out load:. Force per unit width measured at a spec1ﬁc displacement level..
2. Pull-out Res1stance the peak pull-out load of the geognd measured during pull- out/te'

3. . For deﬁmt_lqns_ on other terms related to g_eosynmetlcis,_ refer to the follqw;gg;
publications: ‘ ‘
- ASTM standard D-123: Definitions of terms related to textiles
- ASTM standard D-653: Terms and Symbols related to Soil and Rock Mechanics

6.2.C Summary of Method o
1. The geogrid is bolted to the clamping plates and embedded within two layers of soil. Theé:

clamping plates extend from inside the soil to the pull-out machine.

e

Confining pressure is applied on the top soil layer by means of a confined air bag.

[We)

A horizontal pull-out.load is applied to the clamping plates and, consequently, the
geogrid under constant displacement-rate or constant load.
4, The pull-out load-and the front dlsplacement of the geogrid.are monitored durmg the test.,
A plot of the pull-out load versus the front displacement is obtained for d1fferent
- confining pressures. The pull -out resistance is obtained by dmdmg the peak puﬂ—out
load by the specimen width, . e
5. Inextensxble wires can be attached to the embedded . geognds at different nodes along its
- length-and connected to. extensometers. LVDT’s) in Order to monitor, the geogrid
- deformation along its lepgth. Plots of pull—but loads at nddal_.‘points along the geogrid can
then be obtained. These plots can be employed in evaluatmg the pull~out resistance at
different effective lengths,of the geogrid... . .
6. ~ The data obtained from pull-out tests (i.e puli—out resistance and the displacement curves
along the geogrid length) can be used in evaluating.the pull-out response of geogrids in
reinforced-soil. structures.- The results,can also provide, through the appropriate load
transfer model, the confined stressstrain, properties of the geogrids,
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6.2.D Apparatus

The detalls of the pull -out box and soil handlmg facﬂlty are described in Chapter 2 of
this report.

The length of the pull-out box permits testing geogrid specimens of 3 ft in length. The
minimum length of the pull-out box should be selected so as to pernut testing
representattve specnnen lengths of the spec1ﬁed geognd A representatlve spec1men
length is the length with a number of transversal Tibs Sufficient to establish dtsplaeement

curves along its length Analy31s of pu]l -out test results indicates that measurement at .

five t:ransversal I‘le are sufficient to establish the d1splacernent curves.
' The width of the pull-out box permtts testmg geognd spemmens of 2 ft maximum width

with a d:stanee of 6 1nches Between the geognd and the side walls. Howevef “pull-out

,,,,,

tests on geognds spec1rnens of 0.5-ft w;de shlows that the results are 1dennca1 to those
on 2 ft wide specunens The width of the pull “out box sfiould allow for 2 minimum
' distance of 0.5 ft between the geognd and’ each side of the box Otherwxse some other
methods should be employed to minimize side friction.

The dimensions of the box should be increased, if neeessary so that the minimum box

length and width are greater than 20 ttmes the Dgs of the soil @&b.

The helght of the box should allow for a minimum depth of 1 ft of soil above and under

the geognd
Sleeves should be incorporated around the slot at the front wall of the box. The sleeves

consist of two thin metal plates extending the full width of the box. The sleeves should

provide sufficient stiffness to withstand the confining pressure without deformation. The

sleeves should have a muumum length of 8 inches.
Two clampmg plates of the same W1dth as the geognd spec1men connect the specimen

to the pull-out machtne The” geognd specnnen is clamped by ‘bolts between its

ol Hi3E

]ongltudmal nbs Dxfferent'clampmg“mechantsms may be requlred based on the geogrid

allow the specimen to remain horizontal with

iileish \é 31 SENE AT EL S PR PR TR I ;
uniform load ‘distribution ‘alongtlts W1dth.‘ 'Cahbratton tests should determine the friction

between theielain'ﬁfﬁgg?gﬁla?ég and the soil for each soil type and density prior to testing.




8. A flexible pneumatic bladder (an air bag), of the same size as the pull-out box, sh
be used to apply confining pressure on the soil. The air bag should be de:s'iﬁg"hed
withstand the anticipated pressures. The air-pressu_re should be constant for the dura

- of the test.

6.2.E Loadmg M@h@
The loadmg machine should apply honzontal pull-out at the level of the geognd Th

pull-out force may be applied by one of the followrng loadmg mechamsms

1. Constant drsplacementurate controlled Test The pull -out force is apphed at a constan
dlsplacement—rate dunng the fest. Thls testing procedure (whrch is most commonly used)
prov1des the mterface parameters related to the short term pull—out performance of the
geogrtds The dlsplacement rate should not exceed 0. 25 m/rmn 6 mm/mxn)

2. Stepped load-controlled test: The pull out }oads are apphed mcrementally to the geognd
and mamtamed constant dunng a spec1ﬁc penod Thrs testmg procedure is applied to
determme e1ther the short“term or long»term pull-out re31stance of the geognd according;
to the loadmg period. -

3. Creep Test: A constant pu11~out load is applted on the geognd for a spec1ﬁc penod to
determme the nme dependent pul]-out res1stance and the correspondmg creep strains. of it

.the geognd The loading level is usually a percentage of the short term puli-out

resistance and testing duration may vary from 500 to 10,000 hours,

6.2.F Geogrid Sampling.

1. Geogrid specimens should be representative samples according to ASTM standard D-
4354 Practlce for Samplmg of Geotextrles for Testmg |

2. The puIl-out resrstanee varies, for most geogrrds, accordmg to the dll’CCthI‘l of the
specrmen Pull-out tests are usually perfonned on specmtens wrth the same direction

. used to resist pull-out forces in the structure.
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: Instrumen t10n P o _

.. 'The front dlsplacement is momtored by an LVDT mounted on, the loading frame

The displacements at different nodes along the geogrids are monitored: by 5 LVDT’s
mounted at the rear table The LVDT’s are connected to the geogrid transversal tibs by
1nextens1b1e "Tell- tale wires. The wires are kept stretched by means of counter weights
at the rear table. It is recommended to protect the wires in %-inch plastic tubes in order
to ehmmate soil res1stance to their movement. _ , _

_ A velocity transducer may be mounted on the loading frame in order to monitor the
'd1splacement-rate of the clampmg p}ates L

The pull-out load is measured by a load cell mounted on the hydrauhc ram.

‘The confining pressure is supplied through a regulated air source and monitored by a
pressure gauge : . L

Continuous. readouts from the monitoring instruments are. translated through a data
acqulsxtxou system for d;splay and storage. The data acquisition system also controls the
pull.—out loading device to operate under the specific testing mode.

Procedure

An elevated hopper is used to place the soil in the pull-out box. The soil is placed in four
lifts of 6 inches each.

The geognd specimen is bolted to the clamping plates and placed on the top of the
second_soﬂ Jayer. The clamping plates extend a sufficient distance in the box to insure
that the geogrid remains confined throughout the test. The LVDT’s are connected to the
geogrid along its length. | o |

Each soil layer is compacted to the desired relative density. A predetermined compaction
procedure should be employed to obtain uniform soil density throughout the box.
After compaction, soil density is measured by a nuclear density gauge at different
locations in the box. The average soil density should be equal to the required density
within an acceptable dev1at10n of £ 0.5 pcf

The air bag is placed on the top soil Iayer and confined by the cover plate. Confining
pressure is applied to the air bag.
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6.
readings of the measurihg devices are recorded by the data acquisition system
is continued till pull-out slii)p’é’ge*bccu’rs; :

6.2.1 Results

1. For displacement-controlled pull-out tests, the pull-out load is plotted versis fr
dxsplacement as in Figure (3.13). Thé reIanonshlp yields the peak pull-out load (pui =0l
resistance) and the stiffness modulus at the soil- geognd interface.

2. The nodal displacements are plotted along the geogrid length for different Ioadmg lev
The I'elatIOIlShlpS yield the effective’ geognd length at different pull-out loads.

3. Pull-out load and displacerment measuréments, for different confining press"ui"e's“,

Pull-out load is ap;_)Iied to run the tests under the specified testing mode. Con

implemented in one of the analytical procedures discussed in Chapter 5 in ‘ordér
obtain the friction"coefficient at the interface and to calculate the pull-out resistance o
the geogrid in the site.
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“Figure A-7 Top view of the loading frame
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STRAIN GAGE LOAD CELL .

MODEL 3187 -~ 20K s/ 759 CALIBRATION DATE 3/13/90

SPECITICATIONS:

RATED CAPACITY-TENSION & COMPRESSION... - 20,000 Lbs. . . i
MAX. LOAD {(without zero shift).........50% overlead {150% of rated - ]

capaclty ;
SIGNAL SENSOR..evvivaaans- veesvseaevsaod arm bonded strain gage bridge .
BRIDGE RESISTANCE...... teeiarereesenssa350 " 7 ohms nominal U
MAX. BRIDGE EXCITATION..... ceranrraseca20 T T VOLESDC Or. AC RMS ) riimenitn’
COMPENSATED . TEMP. RANGE..... Cemeeaan .70 F. €0 L7024 F, R s
< USEABLE TEMP. RANGE......vevacsaases Wee=65° F. to +200° Fo @ o &
*EFFECT OF TEMP. OH ZBERO. . scueeenonnnss .30.002% of rated capdcity/°F.
*EFFECT OF TEMP. ON OUTPUT...v0riccensas $0.002% of reading/°F.. .
NONLINEARITY. vt v vosvercnnnoenancns «....10,. % Of rated capacity
OUTPUT v e v envensaanancn e rsenensarenes COMP. - 2,990 mV/Vaak rated:capi
: : - TENS. +3,003 mV/V at rated cap. @
*Within compensated temperature range
- At g%
ELECTRICAL CONNECTIONS: .y
RECEPTACLE: PTO2E-10~-6P or MS-3102 A-148-5P PIG

MATING CONNECTOR: PTO6W-10-65 or M5-3106 E-145-58 TAILS

PINS - FUNCTION RESISTANCE
RED A (+) and {-) D BLK Excitation 358,3 _ ohms
GRN B {+) and {~-) C WHT _ . Signal . 350,7 ohms
CALIBRATION:

A precision wire wound resistor, when shunted across one leg of the:
strain gage bridge, produces an electrical signal equivalent to. an.
applied load. This shunt calibration is valid only when used with
high input impedance indicators. The equivalent values below were
determined by factory calibration. o

LOAD VALUE NCROSS PINS RESISTOR VALUE
11,539 Lbs, compression GRN B and D BLK _410 K ohms pees
14,526 Lbs, tension GRN B and A RED 40 K ohms

Figure B-4 Specifications of the Load Cell
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Yit'-{earth pressure}
Yr{conciete stress)

__l__E[]H!i | I i I 1 I T LI

1! 9" dla

} Minimum-12"~Maximum- 20" |

Geokon offers the following four basic types of tra:nsducers:

Pireumatic {Models 2510 and 2520): This transducer i¢ 2 Petur
Model P-100 and Is connected 1o the readoul location via twin
preumatic tubes {Model T-102). 1t is read out using the Petur
Model C-102 Readout Box. . . .

Semiconductor Strain Gage = Conventional style pressure trans-
ducer compatible with ‘many existing* dataloggers where 5 volt
DC or AC excitation is provided. The signal output fs large
enough to be scanned directly without further ampiification,
They may also be read remaotely using the Geokon Model RB-
101 Readout Box.

SPECIFICATIONS

Maodel Number EP Cell 2510
: CS Celfl 2520

Transducer type - Preumatic
Typical ranges avallaE:JEe psi 15 to 3000
Over-range capacity L0 FS, 3000 psi max.
Accuracy % F.S. 0.4*
Resolution - % F.5. 0.4*
Thermal effect on zero % F.S.[°F Zero
Excitation voltage \Y -
Signal ou.lput myvfv —
Bridge resistance ohms -
Transducer housing dia. in, 1.5
Transducer housing length  in. 6 ,
Weight {less cable bs. 5 7
Connecting leads - Polyethylene

' twin tubes
Readout box - Petur C-102

T
<0

el

=
4

deformation gages etc::They may be read Ut
al strain indicator or readout boxes {Vishay B350
etc.). . .

Vibrating Wire (Model 450011}, - This 1ransdute
with the rest of the Geokon line.of vibrating
and is recommended for use with the Model GK
or GK-401 Readout Box. It incorporates all of
es of the vibraling wire system of measuremenls:

3650 .

3500 |
3660

3600

Semiconductor Resistance
strain gage strain gage

25,100,500 200 50,100,50
1000,3000,5000 1000,3000,5000 1000,300

200 200
1 0.5
infinite . infinite
<0.05 <0.02
max,by Lo eniax 10y
(DC or AC) @r AC}
20 3
150in 1150ut 350
1.625 2.25
6 - v
5 7 5 7
4-cond. _ 4-cond. -
shielded ", shieided shielde,

Geokon RB-101 Vishay P350A

*Depends on pressure gage In readout box,

Figure B-5 Specifications of the Pressure Cells
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TEST #1

Unconfined Extension
Sample 1 ft width x 3 It length
Strain rate 0.4%/min

1 i

10 15

Axiel Strain (%)
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20



5
TEST #2
Unconfined Extension
Sample 1 ft width x 3 ft length
. 4 F Strain rate 0.4%/min
2
=2
B
x
o
82
-
1
0 1
0 5 10 15
Axial Strain (%)
20
TEST #2
15 -
B
B
[+
& 10 F
n
;
5 =
o [} [ [ ] i - 1
Q 500 1000 1500 2000 2500 3000
Time (see)
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ined Extension
ple’l ft width x 3 ft length

#3

in

£,
b

rate 0.5%/m

e

15 20

10

Axial Strain (%)

TEST #3

2000

1500

Time (sec)

3000

2500

1000

500
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placement (inch)

Nodal Dis

Load [Kipa/ft]

B

o

o

[

[

TEST-A3
Sample 1 ft width x 3 {t length

~ Confining pressure 7 psi
Avg. soil density 103.6 pef
Pull-out rate 0.25 inch/min
0 1 2 3 4 5
Front Displacement [inch]
TEST-A3
i Node (0)
Node (3)
Node (5)

/1000

1500



Load ‘(Kips/ft)

TEST-A4 ST
Sample 1 ft width x 3 ft'length
Confining pressure 7 psi

Avg. soil density 104 pcf

Pull-out rate 0.25 inch/min

1 1 1 1

1 2 : 3 . 4
Front Displacement (inch)

Nodal Displacement (inch)’
w

TEST-A4
Front Displ. (Node 0)

‘f’/ Rear Displ. (Node 5)

500 ‘ 1000
Time (sec)
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6
TEST-AS - 7
Sample 1 ft width x 3 ft length
5 I Confining pressure 7 psi
Avg. soil density 104.5 pcf -
Pull-out rate 0.25 inch/min
4 b
2
&
o
B
&3 r
o
1]
Q
-
2 -
1
1] 1 1 1 =k S
0 1 2 3 4 5
Front Displacement (inch)
8 -
TEST-AS Node (0)|
5 -
.%.. Node (1) |
&4 Node (2)
"é Node (3)
g Node (4)
g 3
3 Node (5)
&
a
5 2
o
[=]
=
1
o ' : 500
0 : 500 1000 1
‘Time (sec)
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R

Load (Kips/ft)
[#1)

4V

TEST-A6

Sample 1 ft width x 3 ft length
Confining pressure 5 psi

Avg. soil density 104.7 pcf
Pull-out rate 0.3 inch/min

0 1 /] ] L
1 2 . 3 4 8
Front Displacement (inch)
8
5 - Node (1)
Node (2)
Node (3)
4 Node (4)
Node (5)
3
2
1
0 .. - e
0 500. . 1000 1500
Time (sec).. . -
185




TEST-A7

Sample 1 ft width x 3 ft length
5 - Confining pressure 7 psi

Avg. soil density 104.2 pcf
Pull-out rate 0.25 inch/min

Load (Kips/ft)
w
i

2  —

1 .

0 : : ' l l

0 1 2 3 i 4 5
Front Displacement {inch)
8
TST-A7
TEST-A Front Displ. (Node 0}

s |- Node (1)

-Node (2)
e

»
T

Node (4)

Nodal Displacement. {inch)
N T s
1 I

Rear Displ. (Node 5)

o 500 1000 1600
Time {so¢) i
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Load (Kips/{t)

TEST-A8
Sample 1 ft width x 3 ft length

- Confining pressure 7 psi

Avg. soil density 104 pcf
Pull-out rate 0.25 inch/min

L i )] 1

1 2 3 4
Front Displacement (inch)

187
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TEST-A9
Confining pressure 7 psi
5T Ave. soil density 103.6 pef
Pull-out rate 0.4 in/min
4 Lo

Load (Kips/ft)
e

2
1
0 I J 1 X . 1
0 1 2 3 4 5
‘Front Displacement (inch)
TEST-ALO
5
e
3 37
S
x
H
.
‘—-
0 1 H T
0 20 a4 B0 B0 | 100 | 420 | 140 10 | 1o

‘Face Displecezent [amp]
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Load (Kips/1t)

Displacement (inch)

TEST-C2
Sample.1 ft. w1dth x3 ft Iencth

- Confining pres_sure 7 1p51

_ Avg. soil density 10 cf
Pull-out rate 0.4 inchﬁ_mm

189

0 1 2 3 4
Front Displacement (inch)
TEST-C2
- Front Displacement (Node 0)
Rear Displacement (Node 5)
o 100 200 300 400 500 600 700 800
Time:(sec)

e




Load (Kips/ft)

P

Displacement (inch)
o e

TEST-C3

Sample 1 ft width x 3 ft Igllut

Confining pressure 7 psi
Avg. soil density-106 pef

Pull-out rate 0.4 inch/min "

L ]

1 2
Front Displacement (inch)

TEST-C3

1 t 1 1 N

100 . 200 300 400 500
Time  (sec)
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600

700




Displacement (inch)

‘TESKL€4"W“WQM. ........ B
Sample 1 ft width x 3 ft length
Confining pressure 7 psi
Avg. soil density 106 pcf~=""
Pull-out rate 0.4 inch/min

! 1 1
1 2 3 4
Front Displacement (inch)
TEST-C4
1 X 1 1 1 R 1
100 200 300 400 500 600 700 800
Time (sec) ‘
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Load (Kips/ft)

Nodal Displacement (inch)

TEST-B1 .
- Soil Thick. 12" under & 4" above Geogrid

[ Confining pressure 7 psi
. Avg. soil density 103.5 pcf
Puli-out rate 0.25 inch/min

A 1 1 1 1

0 1 2 3 4 5

Front Displacement (inch)

Node (2)
Node (3)

Node (0)

0 800 i00¢
Time (zec)
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1500



Nodal Displacement.(inch) .

b

TEST-B2

Soit Thick. 12" under & 4" above Geogrid

Confining

Avg. soil density 103.6 pcf
Pull-out rate 0.25 inch/min

i |

pressure 7 psi

1 1

1 2 -3 4 5 6
Front Displacement (inch)
TEST-B2 Node (0) -
Node (1) {
Node (2)

-Node (4)

500

Time (sec)

11000 ' 1500
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Load (Kips/ft)

Nodal Displacement (inch)

P

ca

N

0 1 2 3 4

TEST-B3

Soil Thick. 12" under & 15" above Geognd

. Confining pressure 7 psi :
Avg. soil density 103.8 pcf

Pull-out rate 0.25 inch/min

3 1 1 1

Front Displacement (inch)

0 500 %> 1000 _ 1500

Time {sec)
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TEST-B4

Soil Thick. 4" under & 4" above Geogrid

Confining pressure 7 psi
Pull-out rate 0.25 inch/min

2

3

4 5

Front Displacement (inch)

500

" Time (sec)
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1000 -

1500
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Load [Kips/it]

Displacement (inch)

e

[

N

o

w

n

Test-P1
No-sleeves

Confining pressure 7 psi
Avg. soil density 104 pcf
Pull-out rate 0.8 in/min

1 2 3 4 5
Front Displacement (inch)
" Test-P1
L 7
7
100 200 500




Load (Kips/1t)

Displacement {inch)
[ ]

Test-2
Sleeve length 8 inch

Confining pressure 7 psi
Avg. soil density 104.4 pcf
Pull-out rate 0.8 in/min

] ]

1 2 3 4 5
Front Displacement (inch)
100. 200 300 400 500 600
Time (sec) : '
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Test-P3 -
5 Sleeve length 12 inch
] Confining pressure 7 psi .
Pull-out rate 0.8 in/min
4
=
~
m
k=
g3
o
&
=]
=
2
1
D - ] 1 1 ] i
0 1 2 3 4 5
Front Displacement (inch)
6
Test-P3 -
5

-3

Displacement (inch)
) w

0 100 200 300 400 500
’ Time (sec)
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TEE‘T" Wb_@ _ C e v .M‘

TLATE WIPTH 2.5 # (N6 GEOGRID)
TCONFINING PRESSURE 1. pai

15 r Avd, Soil DeENSITY l1ob. F“f'
PuLL-ouT VYELozZiTr 4.6 mmlmin

s

05

' Ferxt Loap = 015 Kfrs

0 ] L : 1
0 1 2 3 4
Front Displacement (inch)
100 -

JE ET.M\*}.@..—gé_

80

70

50 -

30

Front Displacemeht (mm/min)

20

AYE. PULL-0UT._NEL. 4. Mm]min

0 - L 1
0 500 1000 1500
Time (sec)
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Load (Kips)

2.5

1.5

0.5

TEST: Wo.5-B
2asAP e @5 1 YWIRTH x B.0 B peNeTH
- CourinilG PRESSURE .0 psi
P
u-,/ )
!
!
. -
1 1
0 - 1 2

. Front Displacement (inch)
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Load (Kips)

2.5

-
)

0.5

TEST: Wo.5-C
T SamPLE 2.5 i WIDTH & Do § LeneT

CONFINING PREssvEE Lo psi

1 2
Front Displacement (inch)
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Load (Kips)

Nodal Displacement (mm)

15

10

100

BO

&80

40

20

Avei 0%, 1591

SAMPLE 1.0 b WIDTH & 3,0 P+ LBNGTH

LONFINW G PRESSURE

AVE., Hol. DENSITY

T.O Fs-'t

16527 pet.

PULL.ooT VELSATT 2l mmimm.

Fear Puu-our LoAD 425 Kips.

202

T T————
1 1 1
o 1 2 3
Front Displacement (inch)
TEST: W1Lo- A Rops
CoNFINING PRESSURE 1.0 pei
| SAMPLE 1.0 FT WIDTH % 3.0 FT LENGTH
AVE. Son. PeNoITY 1057 pel. 1
A
%
= 4
5
0 500 1000 1500
Time (sec)

2000




TEST: Who-B

LAMPLE Lo B wWipTH X 30 $# Lenetd

EONFINING  PRESLURE 1.0 bai

MY G, 2oL DENSITYT 105.8  petf.
10 F PULL_OUT VELOATY 5 mwmimin
o~ . .
B
=
g
o
[=]
-
5 P . A
Eak PULL OUT LOAD 4.70 Kl{;s
—_-M—
D ] i 1
0 1 2 3 4
Front Displacement (inch)
100 -
TEST: Wloo®
NOpE
8O o
= i
G 5
2
E 60 - 2
g %
5 4
= 5
o,
L8 40
a
I
o)
[»]
=
20
0 ' 1 i | 1
0 - 500 1000 . 1500 2000

Time (séc_)
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Load (Kips)

Nodal Displacements (mm)

15

TEST: WD A
SEAMPLE 1D H WipTH x B i LeneTH
CONFINING PRES®URE T.o poi

AYG. SoiL DENSITYT (05,8 pef.

PULL-cxT YELOCITY B.o0 mm/wmin,

10
Tear PULLOUT 6.2 Fibs
—‘w
5
0 ] 1 [
0 1 2 3
Front Displacement (inch)
100 -
TEST: W LE_A
80 N&pE
o
60 |-
i
Z
=
40 | 4
=
20
0 : ! ’

0 500 1000 1500

Time . (sec)
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15 =
TEST: W1H-B -
LAMPLE 1.5 4 WIDTH % 2.0 41 Len&TH
conFiniNG PRESSURE TL.O PS5
AvEy. o DENsTT 1090 et
PuLLooT VELOLIT] B0 ravalmin
10
-~
e
B
&
)
§ Peik Putt ouT .5 K‘?"’
5 —
i3
N . . |
0 1 2 3 4
Front Displacement (inch) -
100 TNoDE
TEST: WILE-B 5 -
- 8O F
B
E z
& ‘ L
g 60 .4-6 , .
g
4]
0
=
[~
A 40 F
a
=
L= o
Q _.
=
20
o : _ . _
0 500 -1000 1500 2000

Time A(’gffeﬁc)
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Load (Kips)

Front Displacement (mm)

15

10

1o

MageH 27, G

- PEAE PuLL.O0T Loan B.7 Kipw

TE"%’T'. WZo6-B
samAe Za bowinTa x Be 4 Lenetd
LONFININ G PRESSUEE 1.0 pol

Ave, ool DeEdaTT . loms JPGF.

PULL-OUT YELoarTr Z.9 ramfmin

.

(] _.l.( 1
1 . 2 3
_ Front Displacement (inch)

TEST: W20o_-B




Nodal Displacements (mim)

13

10

100

BO

60

40

20

" < APRiv o2 (18]

Perr PULLooT Load Sdo Kips

—

TEST: WZ2.0_D
SipePLE 2o H WinTH B 4. Lenarr
CONEINING, PReEssuRE 1o pai

Aver. SO DENSITY  10B.8  ped.

PuleouT VELOLTY 2.0 ™wmin

! I i Lo

1 2 s 4
Front Displacement (inch)

TEST: WZ.0-1

500 1000 1500 2000
Time (sec) :
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vodal Displacements (mm)

”.

Mpead 20,94 |

Load (Kips)

100 :
TEST: W2 S M
80
Nops
D
60
40
20
0 ' " ‘
0 500 1000 1500 2000
Time (sec) :
15 ’
1¢
TEST: WZo A
5 -
EANRLE 2.5 £ WIDTH a0 M LENGTH
ZONFINING|, PRESSVBE .o ol
AVG,. Lol DENSIT  \0D.B ?c&.
PULL-0UT VELoaTy 2.9 Wim]min
o E e . '

o S 2 3 4
Front Displacement (inch)
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15
10 | .
_— _ Pere. Pu-ou] Ltorp A4 gps
£
2
5
o
Q
£l
s Lo, TEST: WZ25-B
K =aAE Z5 B wibTh x 20 1 LenaTr
/ ZoNFINING PRESSURE 7.0 Psi
J AVG. Do DENSITT 1058 PY.
/ TULLOUT YELOATY 20 W [wmin
a 3 1 h
o 1 2 3 4
Front Displacement (inch)
100 :
TesT W 25-B
80 F NopE

R —

Nodal Displacements {mm)

Madla 2V, 4]

0 500 1000 1500 2000
Time (sec)
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isplacement (mm)

Load (Kips/ft)

50

40

30

20

10

TEST: L-1.5 A

Mode

W e

’/‘._/_/_r'/ ! 1 i 1 L3 I
100 200 300 400 500 600 700
Time (sec)
TEST: L-1.5 A
Sample 1 ft width x 1.5 ft length
0.5 -1 1.5 .2 2.5

Fro

nt Displacement (inch)
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TEST: 5-0 A

NET LOAD 4.1 Kips

4/,\%“

Load {Kips)
w

i

- No Sleeves
1 ", - Confining pressure 7 psi
/ Sample 1 ft width x 3 ft length
0 1 1 _
1] 1 2 4
Front Displacement (inch)
100 .
TEST: S5~C A
BO
Node ;
H 0
E gL
Iz
o
g 1
1]
s
E 40 ™
2
= 2
20 r 3
4
0 = ] |
500 1000 1500

EEeIE



Load (Kips/ft)

Displacement {mm)

TEST: S-0 B

NET Lloapr =00 Kips

/ - No Sleeves
j .
1 H - Confining pressure 7 psi
Sample 1 ft width x 3 ft length :
0 i 1 ] !
0 i 2 3
Front Displacement (inch)
100 -
TEST: 5-0 B
Node
80 0
60 - /.f" -
2
3
40 4
5
20
0 L
0 -500 10600
Time (sec)
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: S5-4.A

TEST

Sleeve Length 4 inch

~

4

o

Front Displacement (mm)

S-4 A

TEST

1500

1000

Time (sec)

500

100

80

o [=)
« =

20

(wuw) ymawmoavidsig
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TEST: -S-B A -
5 b
. - Sleeve Length B inch
- Confining pressure 7 psi
4 e
E\ NET LoiD 34 Kips
L
Ear
o]
]
[»]
o
2 -
1
/
0 | 1 ]
0 1 2 3
Front Displacement (inch)
100
TEST: S-8 A
80
= Node
B 0
&
-t
g g
g
L]
a
B e
2
a
w 4
0 500 .1000
Time (sec)

214




"

Load (Kips)
(]

TEST: S-B B

Sleeve Length 8 inch

Confining pressure 7 psi

NET Load 24 Kb

2

1

0 1 1 I

1 2 _ 3 4
Front Displacement (inch)
100
TEST. S-8 B
80
Node
0 500 1000 1500
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Load (Kips)

Displacement (mm)

TEST: D-101 A

Soil Density 101 pecf

Confining pressure 7 psi

Sample i ft width x 3 ft length

NET \Ohy Z.Z [Kip%

~ Y
/’rA e SV

Vs

0 1 1 , |
0 1 2 3 4
Front Displacement (mm)
100 ‘
TEST: D-101 A
80
Node
0
60 '
-~ 1
o X
o 3
40 < 4
-~ 5
20 |
A
27
P o
0 — ~.~—~"""J ' 1 1
0 200 400 §00 800 1000
Time {sec)
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Load (Kips)

Displacemenl (mm)

8
TEST. D-102 A
5 | 5
Soil Density 102 pcf
ik Confining pressure 7 psi
Sample {1 ft width x 3 ft length
3 —
NET Load 27525 til:s
2 -
1 _'I
/
0 § 1 ]
0 1 2 | 4
Front Displacement (inch)
100 :
TEST:  D~102 A
BO
0
g0 - /
4
2
40 3
4
5
20
0 i il 1 : - 1 1 1] 3
0 200 400 600 800 1000 1200
Time (sec)
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D-104 A

.

TEST

1
2
Front Displacement (inch)

«

{(1/sd1y) puorq

0-104 A

TEST

Node

1000

500

150

100

{(13/8dny) pRor]

B0

Front Displacement (mm)
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ca L
T T

Load (Kips/ft)

4+ ]
T

TEST: D-108 A~

-Avg. Soil Density 107.5 pcf

T T

1 2 3
Front Displacement (inch)

100

Displacement (mm)

TEST: D-108 A

200 . 400 . 800 800
Time (sec)
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D-108 B

TEST

[

|

Avg., Soil Density 107.5 pcf

~H

ol
(33/8d1)) proq

o2

-H Q
s
L]
o
4 o
- 3 B
[+3)
3 5
(4] NO iy
m e
: o
~ i@
.m .
[ T
1B ¥ o
3} ~ 8
[} ; ¢ (]
— ..
B O.m
4 oK
A m ~3
b
©
8 o
£ -t
B t
4 ~ (|
i m
. x
wi
e
o 1 ] 1 1 o
o o < Q o =]
o o © © pe ]

(wur) unmEm.onEm_m




Load (Kips/ft)

Nodal Displacements (inch)

o
tn

o

-
h

L

0.5

Test: Sig-10 A

Confining pressure 10 psi
Avg. soil density 105.8 pcf
Pull-out rate 0.16 in/min

05 1 15 ' 2 2.5
Front Displacement (inch)

TEST: SIG-10 A

NODE

100 200 - 300 400 500
Time (seg) :
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Load (Kips/ft)

Nedal Displacements (inch)

Test: Sig-10 B

Confining pressure 10 psi
Avg. soil density 106.1 pcf
Pull-out rate 0.17 in/min

i

25

0.5 1

15 2 2.5
Front Displacement (inch)
TEST: SIG-10 B
NODE
0

100 200




Load (Kips/it)
4]

2

Test: Sig-16 C

Confining pressure 10 psi
1 Avg. soil density 106.4 pcf

Pull-out rate (.16 in/min
D (1 1 L | ]

0 05 1 15 2 2.5 3
Front Displacement (inch)
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5
Load—-Controlled Extension Tests
4
= .
a Load-UZ
e 3 70% Tmax , —cveemereree
h A I
= ¥ Load-Ul
'?o; 2 40% Tmax
3 (7
1k "/
F.-:,a,__*v-‘"‘ 109 Tmax
0 ] 1;0 . 2;10 3:)0 - ‘ClJO 500
Time (min)
20
Load-Controlled Extension Tests
~ 15 |
i"\., at 70% Tmax
aE
75
I at 40% Tmax
>< P
< 5
/ L at 10% Tmax
0 4 1 1 ke Lo
0 100 200 300 400 500
Time (min)
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7
Test: Load-1
Load-Controlled-Pull-out Test
4 - Confining pressure 7 psi
__ Avg. soil density 106 pef .
B3t 70% Tfriax:
g 50% Tmax )
Q2 .
=
30% Tmax
1 -
5% Tmax
0 H I 1 | S,
0 500 1000 1600 " 2000
Time (min)
0.5 —
p ' Test: Load-1 o
Load-Controlled Pull-out Test’
—_ ~ 70% Tmax Confining pressure 7-psi
S 0.4 f\/_'—d_—/ Avg. soil density 106 pcf
& !
-
S i
e 03 50% Tmax
g AN e =
& N
@ 02 |
/ 30% Tmax
0 O W e
g WA .
S :
B 0.1 —
5% Tmax
0 o - T e s, o e e - 1

0 - 500 1000 1500 2000
Time (min)

225




