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WELDED WIRE WALL AND EMBANKMENT SYSTEM WITH COHESIVE BACKFILL
 
ON SOFT CLAY
 

SUMMARY
 

Much work has been accomplished for the past six months
 
since the last report and the detailed descriotion of the results
 
are presented herein. Outlined in this progress report 
are the
 
pullout testing made in the laboratory, wil.h typical results
 
presented and analyzed, and the programs done in the field where
 
actual construction, instrumentation and monitoring procedures of
 
the welded wire wall are described in full detail. The report

still retains, as usual, the fundamental manner of presenting

minor details such as 
the additional equipments acquired by the
 
project, research collaboration, project personnel, and future
 
plans.
 

Pullout tests on welded wire grid reinforcements of varying
 
bar diameter and aperture sizes, were conducted at the pullout

testing laboratory of the Asian Institute of Technology (AIT)
 
using the reddish-brown weathered Bangkok clay and 
 clayey
gravelly, lateritic residual soil as 
backfill materials. A total
 
of eighty-seven pullout tests were carried 
out using weathered
 
clay backfill compacted at 95% standard Proctor density and at 
 2
 
different compaction moisture conteoits (dry and wet sides 
 of
 
optimum). The tests were conducted with normal pressures ranging

from 1 to 13 tsfri. The reinforcing mats consisted of 1/4" and 3/8"
 
diameter steel bars welded together to form a 6" x 9", 6" x 12",
 
and 6" x 18" aperture sizes. Likewise, forty seven pullout 
 tests
 
were conducted 
 using lateritic residual soil at 3 different
 
moisture contents (dry, optimum, and wet) with varying compaction
 
densities of 95% and 100%. The tests were 
conducted at lower
 
pressures ranging from 0.2 
to 1.8 tsm. The reinforcing mats used
 
were 1/4" and 1/2" diameter bars in a 6"x6" and 6"x9" grid sizes.
 
In all tests conducted, the soil-reinforcement interaction shows
 
the dominant role of the passive resistance contributed by the
 
transverse members to 
the total pullout resistance. The friction
 
resistance of the longitudinal members was found to range from 3
 
to 5% of the total 
pullout resistance of the mat. Furthermore,
 
the yield strengths of the reinforcement occurred at low strains
 
in the order of 1 to 4 mm of displacement only due to the
 
inextensible nature of 
steel. It was also found that the smaller
 
diameter 
bars were effective in enhancing the full mobilization
 
of passive resistance by yielding higher pullout capacities. The
 
6"x9" mesh geometry 
seems to be the most efficient of all the
 
grid sizes that were used.
 



Last April, 1989, the 5.5 in high, welded 
wire wall/embank
ment 
system utilizing poor quality backfills, was constructed in

the area north of ET Building iniside the AIT campus. The
 
constructi-)i- of the wall lasted for about 
a month. It consists of

3 different sections along its length, with a reinforced vertical

front face and an unreinforced 
back slope of 1 horizontal to 1

vertical. The reinforcement consists 
 of 8' wide by 18'9" long

welded wire mats 
made up of W4.5 x W3.5 diameter galvanized steel

bars forming a 6" x 9" grid. Section I was 
constructed using

silty, clayey 
sand backfill from Ayutthaya. The middle section
 
was constructed using 
the c!ayey. gravelly lateritic residual
 
soil from Saraburi while the third 
section was constructed using

the locally available weathered Bangkok clay which 
was excavated
 
from the top 2 in of the subsoil. The wall was provided with an

extensive instrumentation and monitoring program which covers
 
tension measurement in the reinforcing mats both during and after
 
construction, settlement monitoring of 
the soft clay foundation,

lateral movement monitoring of wall
the and its foundation,

evaluation of the total base 
pressure of the wall, and
 
measurements c-f the excess pore pressures generated in the soft 
clay. The' settlements measured severalat sections of the wall
reached up to 60 cii 
 after 2 months. Due to the flexibility of the
 
soft clay foundation, the total measured base pressure

establishes no definite pattern 
as it continues to readjust

itself to the applied load. This 
causes the maximum tension line

in the reinforcing wires 
to shift with time. Preliminary analyses

of the tensiot distribution back from the face of 
the wall during

the construction stage, inidicated that the location of the
maximum tension line occurs at a distance within 2 to 6 ft from
the face of the wall. The measured value of the lateral earth 
pressure coefficient (K) during construction, ranged from the
 
active value to the at-rest (Ko) value throughout the wall

height. The maximum 
lateral movement measured by inclinometers
 
amounted to 12 cm at the top 
of the wall in the vertical face
 
and about 11 cm at 3 m depth in 
the soft clay subsoil.
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I. RESEARCH PERSONNEL
 

At the end of April, 1989, two master's students who were
 
working on the USAID Project have finished their thesis work and
 
have graduated from AIT. Presently, the USAID project have 3
 
semi-permanent staff consisting of 2 Research Associates 1
and 

Research Assistant. One doctoral student is also working on his
 
dissertation about the project. In addition, 2 temporary workers
 
are retained for physical assistance in the laboratory pullout
 
test and in the field monitoring. For the next academic year, it
 
is planned to increase the number of doctoral students to two.
 
Also, a new group of two master's students will be working on the
 
project. At prese.it, the entire project staff are monitoring the
 
behavior of the test embankment and its foundation. Modification
 
of the pullout test machine to incorporate the new load cell is 
also presently being worked out. The doctoraJ. student will soon 
start his pullout test program using clayey sand backfill.
 

II. RESEARCH COLLABORATION
 

Last April 21, 1989, Prof. Loren R. Anderson together with 
Mr. Rene Winward came to Bangkok from Utah State University,
Logan, Utah, U.S.A. in connection with the USAID welded wire wall 
research collaboration. They went: back to Logan on May 2, 1989.
 
The main purpose of their trip was to assist in the initial
 
construction of the test embankment, especially in the layout of 
the steel geogrid reinforcement. The other important task was in
 
terms of providing training to the research team in the 
attachment of strain gages to the reinforcements and in the 
installation of e]ectrical wires for automatic data acquisition
in the field. T1.ejr assistance was very valuable to the research
 
team especially at the initial stage of embankment construction. 
The embankment was constructed for one month from April 24, 1989
 
to May 24, 1989.
 

Prof. Anderson also was the invited speaker together with
 
Dr. Bergado durinq the seminar on earth reinforcement at
 
Chulalongkorn University that was held last April 25, 1989. The 
seminar was sponsored by the Enineering Institute of Thailand. 
Dr. Pichai of USAID Thailand attended the one-day seminar. In the 
afternoon, the participants were invited to witness the pullout 
test and the embankment construction in the campus of the Asian
 
Institute of Technology.
 

Prof. Anderson and Dr. Bergado also made a presentation last
 
April 26, 1989 to 
 the Director General of Highway Department and
 
their Senior Staff regarding the use of steel geogrids earth
 
reinforcements on highway infrastructures.
 

3
 

http:prese.it


III. PUBLICATIONS
 

The following publications on the results 
and analyses of
 
this research project has been made:
 

(a) Amin, 
N.U. (1989). "Direct Shear and Pullout Tests on
 
Lateritic Soil at Low Pressures," M. Eng. Thesis No.
 
GT-88-4, AIT, Bangkok, Thailand.
 

(b) Cisneros, C.B. (1989). "Pullout 
Resistance of Steel
 
Grids with Weathered Clay as Backfill Materials," M.
 
Eng. Thesis No. GT-88-7, AIT, Bangkok, Thailand.
 

(c) Bergado, D.T., Cisneros, C.B., Sivashankar, R., Sampaco,

C.L. and Alfaro, M.C. (1989). 
"Pullout Resistance of
 
Steel Grids with Weathered Clay Backfill," Proc. Symp.
 
on Application of Geosynthetic and Geofibre in Southeast
 
Asia, 1-2 August 1989, Kuala Lumpur, Malaysia.
 

IV. PLANS FOR TIHE NEXT REPORTING PERIOD
 

For the next succeeding months, laboratory pullout tests 
on
 
clayey sand backfill will be carried out using different backfill
 
conditions and varying reinforcinq mat geometry. Pullout tests on
 
lateritic residual soil 
will also be conducted for higher normal
 
pressures while additional effects of different backfill
 
conditions and mesh
other sizes will be investigated using

weathered clay backfill. 
It is also planned to carry out

numerical modelling 
of the soil-reinfozcement 
interaction for
 
comparison to the laboratcry and field pullout test results.
 

Field pullout tests will soon be conducted at different
 
periods of 
time to compare the actual field behaviour with that
 
obtained in the laboratory. The monitoring program for the welded
 
wire wall will still be continued as the settlement goes on, and
 
will be done periodically twice 
a week. Detailed analysis of the
 
wall performance during and after construction will be presented

in the 
next progress report. Likewise, all the possible data
 
gathered in the laboratory will be investigated and used
 
efficiently for more detailed analysis and interpretation.
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V. ADDITIONAL EQUIPMENTS ACQUIRED BY THE PROJECT
 

This section presents the equipments acquired by the project
 
that were not included in the second progress report.
 

(1) Electric Control Components
 

The electric control components are used to build electro
hydraulic control systems. It consist of a power supply and
 
an amplifier module, providing a convenient and ecjnomical
 
means of supplying the proper input to various servo
 
valves, control pumps, pressure control valves, and flow
 
control valves. In addition, the e'ectronic control
 
components may be interfaced with a varir'ty of input signal
 
sources such as potentiometers, transducers, programmable
 
controllers, and computers.
 

(a) Power Supply (Model EMRS-A-11)
 

The power supply provides the means for mounting one
 
module, supplying it with the proper excitation voltages,
 
and connecting it to external circuit components through 
a
 
terminal strip. In addition, a highly regulated 12-Volt
 
power supply circuit is incli'ded for excitation of command
 
and feedback circuit components. Typical circuit diagram
 
and plan section of the unit is shown in Fig. 1.
 

(b) Amplifier Module (Model EM-D-20)
 

The amplifier module is designed to control servo
 
valves, electrohydraulic control pumps, pressure control
 
valves in closed 
loop pressure control circuits, and flow
 
control 
 valves in closed loop flow or speed control
 
circuits. It consists of a 
power output stage and a general
 
purpose voltage amplifier. The voltage amplifier may be
 
used independently or in conjunction with the power 
output
 
stage. Adjustments of currenL limiters and bias in the
 
output stage permits the unit to drive single polarity
 
servo 
valves, bipolar servo valves and other electrically
 
modulated values.
 

The voltage amplifier stage may be set up as either a
 
linear or an integrating amplifier, depending on the
 
setting of Internal switches. Other switches allow
 
selection of a low or high gain range and selection 
 of
 
input error limiting for velocity systems. Figure 2 
 shows
 
the EM--D-20 amplifier module with its block diagram and
 
potentiometer adjustments.
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(2) Hydraulic Flushing Valve (Model SM4FV)
 

Flushing valve allows simulation of the servo valve by

rotation of the flushing valve handle. This causes the
 
linear actuator to stroke back and forth 
or the motor to
 
operate clockwise and counterclockwise. This action loosens
 
built-in system contaminants such as weld scale that other
wise could remain in place until the system was operated.

The amount of contaminant removed during flushing depends
 
on the velocity of the fluid. Unless high velocities are
 
attained, much of the contaminant wil not be dislodged

until the system is in operation, with component failure
 
the almost certain result.
 

(3) Electro-ILydraulic Servo Valve 
(Model SM4-20/Flapper Nozzle
 
Piloted)
 

The flapper nozzle piloted servo valve provides the flow
 
modulation, reversibility and fast response required in
 
high performance, closed loop control systems. It is
 
ideally suited for applications needing precise control of
 
position, velocity, acceleration, or force. The details of
 
the valve are shown in Fig. 3 together with the typical
 
flow/current relationship.
 

(4) Power Package (Model T20 with Piston Pumps)
 

The integral 
power packages include motor, pump, valving,
 
reservoir and oil filter. 
These units are self-contained
 
power sources for use as main hydraulic systems or for
 
other auxiliary applications.
 

(a) Variable Displacement In-line Type Piston Pump (Model
 
PVB5/6)
 

This model is of the axial piston, variable
 
displacement, inline design. Displacement 
is varied by
 
means of either a pressure compensation, handwheel, or 
level control, thus, allowing the machine operator to 
easily and smoothly control operations under load by 
varying the pump's oil flow.
 

(b) Dual Voltage Lincoln Motor (Model 230/460)
 

This dual voltage Lincoln motor is suitable for 208
 
Volt operation on the low voltage connection up to the
 
maximum current rating at 208 Volts. It is of aluminum
 
frame type with a capacity of 7.5 HP.
 

(c) Hydraulic Oil Tank (Model T20VB5C)
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(d) Return Line Filter (Model OFRS-15)
 

Return line filters are designed for use in the return
 
lines of hydraulic systems to remove particulate contami
nants from the fluid, thus improving performance and
 
reliability of the system components while extending their
 
service life. It has an integral by-pass valve option which
 
prevents excessive pressure drop, and prevents the element
 
from collapsing and releasing retained contaminants back
 
into the hydraulic system. The valve starts to open when
 
pressure drop across the element exceed,3 value setting due
 
to flow surges, high viscosity oil, a clogged element, or a
 
combination of these.
 

(e) High Pressure Filter (Model NF30 (20 GPM/3000psi))
 

High pressure filter is usually used to provide the
 
lowest system contamination levels and provide clean fluid
 
for sensitive pressure line components and servo-stroke
 
control mechanism. Thus, in this multiple filtration 
system, the high pressure filter provides the overall 
system dirt level control and removes much of the dirt 
generated by the motor before it gets to other systems
 
while the return line filter prevents excessive pressure 
drop and prevents releasing retained contaminants back into
 
the hydraulic system. 

(5) AM416 Relay Multiplexer
 

The primary function of the AM416 Relay Multiplexer is to 
increase the number of sensors that may be scanned by the
 
21x datalogger. It is positioned between the sensors and
 
the datalogger with mechanical relays used to switch the
 
desired sensor signal(s) through the system. There are four
 
lines which can be switched simultaneously while a maximum
 
of sixteen sets of (four) lines may be scanned. This gives
 
a total of 64 lines being multiplexed.
 

The number of sensors that can be multiplexed through
 
one AM416 however, depends primarily upon the type(s) of
 
sensors to be scanned. For example, there are up to 48
 
single-ended sensors that require excitation may be
 
multiplexed (as in a half bridge), or up to 16 single-ended
 
or differential sensors that require excitation may be
 
multiplexed (as in full bridge).
 

Thus, the AM416 is intended for use in applications
 
where the number of required sensors exceeds the number of
 
datalogger input channels. Most commonly, the AM416 is used
 
to multiplex analog sensor signals, although it may be used
 
to multiplex switched excitations, continuous analog
 
outputs, or certain pulse counting measurements. The
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multiplexer plays a major role in the strain monitoring
 
stages of the welded wire wall where in this case, simul
taneous switching of 32 channels to read the strains in the
 
wires is required.
 

(6) SR-4 Load Cell (Baldwin Lima Hamilton Corp)
 

The load cell translates changes in force or weight into
 
changes in voltage. The sensitive element of the cell is a
 
high-strength metal column, to ;which are bonded special

strain gages. The gages are electrically connected to form
 
a balanced Wheatstone bridge. A constant voltage is then
 
applied across the opposite corners of the bridge so that a
 
change in 
force of the cell, changing the resistance of the
 
gage, will produce a change in the output voltage. The
 
change in output voltage is then measured by an indicator
 
or recorder which may be calibrated in units of force or
 
weight. The schematic diagram of the load cell is shown in
 
Fig: 4.
 

(7) Air Ba (Signode Corporation, Lake Ave., Glenview, Il.)
 

The type 800 expendable air bag used for pneumatic load
 
control systems has a maximum inflating pressure of 8 psi.

Since the maximum pressure expected in a 6 m high

embankment far exceeds the allowable pressure and that 
the
 
air bags cannot be deflated except by puncturing, some
 
slight modifications were made at the entry tubes to
 
facilitate two-way passage of air provided by 
the air
 
compressor.
 

(8) Electrical Resistant Strain Gages and Accessories
 

The tension along the welded wire mats were monitored by

reading the strains induced in the attached strain gages.

The gages used were self-temperature compensating and were
 
attached at various points of both the laboratory and
 
welded wire wall mats. The following lists the accessories
 
needed in attaching the strain gages.
 

(a) Conditioner A (water-based acidic slurface cleaner)
 

(b) Neutralizer 5 (water-based alkaline surface cleaner)
 

(c) FTF-l Degreaser
 

(d) M-Bond AE-10/15 and M-Bond GA-2 Adhesive Systems
 

(e) M-]ine Rosin Solvent
 

(f) M-Coat D (air-drying acrylic coating)
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(g) M-Coat J3 (Polysulfide Protective Coating System) or
 

Rubber Putty
 

(h) Aluminum Foil Tape
 

(i) M-Coat B (Nitrite Rubber Coating)
 

(9) ARC IBM Compatible Micro-computer (Model Proturbo 88) with
 
Epson LQ-500 Dot Matrix Printer
 

The computer plays a very important role in the retrieval
 
of data stored in 
the SM192 Storage Module when provided by

an SC232 interface connnected at one of its COM ports.

Direct programming of the 21x dataLogger 
through the
 
computer keyboard can also be enabled through the PC208
 
support software supplied by the Campbell Scientific, Inc.
Direct printout of the retrieved data is facilitated by the

Epsun LQ-500 dot matrix printer.
 

(10) Air Compressor
 

The 1/4 HP rated capacity air compressor provides the means
 
of maintaining a constant supply of air pressure to the air
 
bag which applies the desired normal load during the
 
pullout test.
 

VI. 
TENSILE STRENGTH TESTS OF STEEL REINFORCEMENTS
 

Tensile strength tests were two of
performed on sizes 
 steel
 
bars, namely: 3/8" and 1/4". The strain 
gages were attached at
 
mid-length where the cros-section was 
slightly reduced, to obtain
 
uniform stress distribution and to localize the zone of 
fracture.
 
The results are tabulated in Tables 1 
and 2. The yield stress
 
occurred at very low strains in the order 0.4% to Theof 0.5%. 
modulus of elasticity of 194,737 MPa 
was obtained at 0.7 of yield
 
strength.
 

VII. LABORATORY TESTS ON BACKFILL MATERIALS: ADDITIONAL RESULTS
 

Laboratory test results 
on backfill materials (weathered

clay, lateritic residual and not in
soil, clayey sand) included 

the Second Progress Report are discussed and presented in this
 
section. These include the complete direct shear 
test results on

the three types of backfill materials each having 
three

compaction densities (85%, 90%, 
and 95% of standard Proctor

compaction) with water contents within 1 to 2% dry of optimum.
The Isotropically Consolidated Undrained test
(CIU) triaxial 

results for clayey sand on 
three different compaction densities
 
are also presented. Tables 3 and 4 show the complete summary of

the shear strength parameters determined by direct shear test and
 
CIU triaxial test, respectively.
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VIII. FIELD TESTS AT TIlE WELDED WIRE WALL EXPERIMENTAL SITE
 

The field tests performed prior 
to the installation
instrumentation of any(and subsequent constructionin of the embankment)this period consisted of pressuremeter tests,
tests, Dutch cone vane shear
tests 
and screw plate load
results of the vane tests. Initial
shear and Dutch cone 
tests were presented
the Second Progress Report inwhile the complete procedure andresults are 
given in the subsequent discussions.
 

Pressuremeter 
Tests
 

The results of the pressuremeter tests are shown in Fig. 5.Pressuremeter tests were performed at the locationembankment at of the main2, 4, 6, 8 and 10 m depths. The apparatus used was
.LLT Type M' (Lateral Load Tester) Model 
4165 of
Corporation the OYO
of Japan. This apparatus 
is used to obtain the
deformation characteristics of the ground from thebetween relationthe pressure
value 

then given, and the corresponding expansionof the rubber tube (sonde) in the borehole.elastic The value ofmoduli obtained at the various depths assumingstrain condition an q Poisson's ratio 
plane 

25.72, 176.72 
of 0.3 are 38.9, 42.4, 7.65,Tq/cm-, respectively. From Fig. 5 itthat the minimum value can be seenof net yield pressure arid limit pressureoccurs at a of 6mdepth about and from on withthen increases 

depth.
 

Vane Shear Tests
 

One vane shear test was 
performed 
at location of
embankment and the main
other, at 
the location of
embankment. The results of 
the control


these tests are 
shown in Figs. 6 and
7. The results obtained are similar to those of
tests. the previousThe maximum undrained shear strengthstate at in the undisturbedthe loation of 
the main embankment was
about 3.25 t/m of the order of
at a depth of about 6 m. 
The minimum value,
however, can be astaken about 2 t/m . In the remoulded state,the averagq undrained shear strength is of the order of about 0.5
 
to 0.6 t/m .
 

Dutch Cone Test
 

The results of the Dutch cone test8 11. Dutch 
are shown in Figs.to The cone apparatus consists


with of a 60 degree cone
a 
base area of 10 m6, attached 
to the bottom of
protected by a rod
a casing. 
 The tube, pressure rod 
and sounding cone
assembly is driven into the soil (e.g. to cm20 depth).the rod extending from the tube 
Next,
 

the aid of 
is pushed down another 5 cm with
a measuring unit. 
 The cone is pushed by the rod at 
a
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rate of 1 cm/sec. The force required to overcome the resistance
 
encountered by the sounding cone 
is read on the gage and recorded
 
and this is repeated every 20 cm. Cone 
resistance is the force

required to advance the cone divided by 
the base area. Thus, it

is possible to 
separate the point resistance and the friction 
on
 
the outside of the casing.
 

The cone resistance and local 
friction in the weathered clay

in the top 1 m is somewhat higher than 
in the soft clay below.
 
The average value of cone 5esistance (Qc) in the soft clay up to
 
8 mmdepth is about 60 t/m 
 and further below it, it increases
rapidly. The averag value of the 
local friction up to 8 m
 
depth is about 1.5 t/m5, generally increasing further below. The
 
total friction increases with depth as seen in Fig. 10.
 

Screw Plate Load Test
 

The screw plate test involves carrying out load-deformation
 
measurements without 
causing serious disturbance to the soil to

be tested. Its behaviour being dependent on 
the vertical modulus
 
is more appropriate in the present context, than the
 pressuremeter 
tests which measures the horizontal modulus. This
 
test can be used 
to measure 
the undrained modulus, coefficient of
 
consolidation and the 
ultimate bearing capacity. The apparatus

used was designed and made in AIT based 
on the Australian design.

It consists of a single cycle of 
helical auger with a diameter of
 
25.4 cm, thickness of 6 mm and pitch of 3 cm. The 
load is

applied through a steel rod of 3.12 cm diameter. A 10-ton
 
capacity hydraulic jack and a 10-ton capacity proving ring are

used for applying and measuring the load. Time control tests
 
were performed at 3 in and 6 m depths. The load 
was applied

rapidly and thon kept constant and the deflections were recorded
 
on 
two dial gages placed diametrically opposite of each other. 
 A

time interval of 8 minutes 
was used and deflection readings

recorded at 1, 2, 4, and 8 minutes for each 
 load increment. The
 
test was continued 
till failure, i.e., until when excessive
 
settlements occurred with no further increase in the load.
 

Figures 12 and 13 show the plots of average stress arid 
settlement which is expressed as 
a percentage of the radius. 
 The
 
ultimate bearing capacity is taken as 
the peak value of this

load-settlement curve. Furthermore, the undrained modulus is
calculated from tHie formula E uS= KP /w, where K is the 
undrained modulus factor taken as 0.61' for tae soft Bangkok clay,
P is the applied stress, 
a is the radius of the screw plate and w

is the plate settlement. The values of 
the ultimate bearing

capacities obtained at 
3 and 6 m depths are 18.66 t/m and 16.74 
t/m , respectively. The values of the undrained moduli at 3 m

and 6 m depths have been found 
to vary between 350 to about 500
 
t/m2 .
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Subsoil sampling
 

Subsoil sampleS were obtained at the location of the main 
embnnkment by using 10" diameter sampler and at the location of
Lhe control embankment by using a 3" diameter shelby tube
 
sampler. However, 
 at the location of the main embankment, 10"
diameter samples could he obtained only up to 5.5 m depth. The recovery ratio of the 10" diameter samples further below being 
very low, only 3" diameter shelby tube samplers were used. The 
type of soil 
Es could be seen visually from a sample at 5.5 m
depth was sandy. Samples were obtained up to a depth of about 9 mi 
at both locations. 

IX. LABORATORY PULLOUT TESTS
 

Theoretical Background
 

General
 

As in conventional reinforced earth 
strucfures, the internal

stability of the welded wire reinforced system consists of two
basic components. The first component is the tension failure of
the wires and the second is the pullout failure of the
reinforcement. The first 
component can easily 
be verified for
 
adequacy on the basis of 
the actual lateral stress imposed on the

reinforcemrnt 
of known cross-sectional area 
and allowable tensile
 
stress. However, for the 
 latter component, the mechanism of

failure 
 has not been fully understood yet. This is especially

true for the case 
 of: the welded wire reinforcement where there
 
are two comnonents contributing to the pullout 
 resistance 
compared to a single component of 
the strips used in conventional
 
earth reinforcement.
 

The first component of the pullout resistance is that of 
friction between 
the reinforcement and 
the soil which is
 
basically the only source of 
resistance for strip reinforcements.
 
This frictional component of the pullout resistance is quite
easily understood and determined theoretically.
 

The second component of the pullout resistance of welded 
wire mesh is the anchorage resistance offered by the transverse 
member. Unlike the first, 
the soil mechanism responsible for

providing pullout: resistance to the transverse member is not well 
understood and 
has been determined only empirically from

laboratory pullout tests 
(Bishop and Anderson, 1978; Peterson and
 
Anderson, 1980; 
Nielsen and Anderson, 1984).
 

Jewell (1984) viewed 
the interaction between 
the soil and

reinforcement to be composed of three main mechanisms, namely:
(a) soil shearing over plape reinforcement surface areas, (b)

soil bearing on grid reinforcement bearing surfaces, and 
(c) soil
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shearing over soil 
through grid apertures. Mechanisms (a) and (c)
govern the resistance to direct sliding of 
soil over grid
reinforcement, while the bond strength 
is governed by mechanisms
 
(a) and (b).
 

Frictional Resistance of Longitudinal Bars
 

The frictional resistance developed along 
the longitudinal

members of the welded wire mat 
as suggested by Peterson and
Anderson (1980) for granular soils is a function 
of the overburden pressure, the coefficient of friction between 
reinforcement and the soil, and the surface area 
of the reinforcement.
Thus, 
the frictional resistance F developed per unit length of 
a
single longitudinal wire in a welLed wire mat is
 

Ff
 
-= ird tan 6 (1)


L 

where o is the average overburden pressure computed from
 

aov + 01,a +v 0 .5 av 
o = =- 7 5 - 0. ov (2)
2 
 2
 

d is the diameter of the wire, and
 

6 is the 
friction angle between reinforcement and the soil.
 

Jewell et 
al (1984) suggested a theoretical expression
direct 
sliding resistance of the geogrid. The 
for 

loading conditionis assumed to be characterized by 
the gross outward shearing
force tending to cause a block 
of soil overlying a plane of
reinforcement and the 
underlying soil. Thus, 
the direct sliding
resistance arises from two contributions, namely: (1) the shearbetween soil. and the plane surface areas 
of the grid, and (2) the
soil shearing over 
itself in the grid apertures as mentioned
earlier. 
 Hence, neglecting any contribution due 
to the bearing
in the transverse members, the direct sliding resistance can be 
determined usinq the following:
 

=fds tan ds ads tan 6 + (1 -_ads) tan ds (3) 
where: fds is the coefficient of resistance to direct sliding,

4 ds is the angle of friction for soil in direct sliding,
6 is the angle of skin friction for 
soil on plane

reinforcement, and
 

ads is the fraction of grid surface area that resists
direct shear with the soil.
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For design cases 
with reinforcement

stability in grids providing
embankments 
or retaining walls 
where the soil fill
particles penetrate the grid apertures, a suitable value
maximum direct of
sliding resistance 

value a= 

can be obtained by adoptinge where a is the fraction of solid surface area 
a 

a grid (ewel'fet al, 184). 
in 

Bergado et al (1987) successfully predicted
resistance of geogrids in the short term, undrained 
the 

condition 
pullout 

using cohesive frictional backfills. The adhesion resistance, Ff,
was evaluated 
as
 

Ff = 21AfC
 u 

(4)
 

where iiis the 
adhesion 
factor between the 
soil and reinforcement, Af 
is the total plan area 
of the geogrid, and C
undrained cohesive is thestrength of soilthe defined by Ingol (1983) 
as
 

Cu =C + aI tan 
(5)
 

where a 
 is the normal pressure at
in consideration the level of the reinforcement 
upper limit 

which is equal. to the overburden pressure. Theof the adhesion factor, ti (=1)
solution because of 
was used in the
the larger values obtained from direct shear
tests on reinforced soil.
 

The value of 
the frictional 
resistance
determined in the laboratory by running 
is commonly

pullout tests on matswith their transverse members 
removed such
contribution that only the
of the longitudinal

capacity bars to the total pullout
can be measured. Alternatively,
resistance the frictional
can also be estimated 
from different methods and
published 
values of frictional 
coefficient (Bacot et al, 1978;
NAVFAC DM-7, 1971; 
Schlosser and Elias, 1978) and
of employing any
those expressions given previously to determine the frictional
resistance. it was found that the frictional resistancedetermined experimentally yielded higher
predicted theoretically values than those
(Peterson and Anderson, 1980; Chang
al, 1977). et 

Pullout Resistance of Transverse Wires
 
,
Mos' of the 
pullout tests conducted on reinforcements which
employ the use of transverse wires confirm the idea that the bulk
of the resistance to pullout

the transverse members. Chang 
is due to the anchoring effect ofet al (1977)
recognize that the were the first topullout resistance 

diameter smooth 
of a bar mesh made of 3/8"bars welded into a 4" x
approximately six times greater 

8" grid, was

than for strip reinforcement
embedded in the same 
soil with the same surface area and
overburden. the same
It was observed that the 
same 
bar mesh embedded in 
a
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rather dense, silty-clay exhibited higher pullout resistance than
when embedded in a gravelly-sand and was attributed to the effect
of cohesion on 
the transverse bars. This phenomenon gave rise to
the potential use of 
cohesive backfill 
in reinforced earth
 
structures.
 

Bishop and Anderson (1979) obtained similar 
results when a
9 gauge wire, welded into a 2" 6"
x mesh was used as
reinforcement. 
The pullout resistance was estimated to 
be 5.5
times greater than when using strip 
reinforcement. 
Nielsen and
Anderson (1984) concluded that 
the pullout resistance of welded
wire mats is definitely a function of 
the number of embedded
tranverse wires. The pullout resistance was observed to increase
with the number of transverse 
bars embedded 
in the soil.
Furthermore, 
it was found that the total 
pullout resistance can
be related to 
the diameter of the wire and the friction angle and
cohesion intercept of the soil.
 

Failure Mechanism for Transverse Members
 
The bar mesh in the pullout tests conducted by Chang 
et al


(1977) developed a cone-shaped soil wedge at 
failure while the
pullout tests only
with longitudinal reinforcements
slippage of failed by
the bars through the soil. 
The failure mode seems
represent the full tomobilization of 
the soil resistance which is
the passive resistance developed in the 
soil.. Because of this
failure mode, was
it concluded that the and
soil reinforcement
failed 
as a unit, and not individually, 
as did the strip

reinforcement.
 

The bearing capacity mechanism 
is a form of passive
resistance with 
a limited failure plane. Since 
the failure mode
of each individual transverse wire was
al (1977) except 
not observed by Chang et
for the whole unit 
failure visibly seen on top
of the soil, the failure mode for 
the entire mat acting as a unit
may not necessarily hold 
true for each individual tranverse wire
(Peterson and Anderson, 1980; 
Nielsen and Anderson, 1984). Thus,
it was suggested that the transverse member 
can be thought of as
a strip footinig with conventionvi 
stress characteristic field for
a footing rotated 
to the horizontal (Fig. 14). 
The relationship
between the grid bearing stress 
(Oh') and the overall normaleffective stress in the soil (o v)v as derived by Prandtl (1921)and Reissner (1923) 
is given by the following classical
 

expression:
 

°Yb Nq ( 7
e
 tanf)tan 2 (450 + 4/2) (6) 
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This value of N_ can 
then be substituted to the Terzaghi-Buissman
bearing capacity equation (Dunn et al, 
1980) given as:
 

Quit = BCNC + 1/2YDfB 2 NY+ yDfNqB (7)

where Q.i is 
the force per unit length of the 
strip footing.
For wele wire reinforcement, the 
force per unit length of one
transverse wire 
(F /Nw) 
can be equated to the above expression to
obtain the theore~ical 
estimate of the transverse resistance,

hence:
 

Fp2
 

-- = Quit = BcNc + 1/2yDfB 2N + yDfBNq (8)
 

For a welded wire transverse 
member of diameter d, with 
a
corresponding overburden pressure Ov, 
we can write
 

NwF- = cdNc + 0.5ovd 2N + 
vdN q
v q9 (9)
 

Since d is quite small, we can obtain the 
following general

equations:
 

(a) Cohesive-Frictional 
(c-f)Soil
 

c- + OvNq
CNc 

(10)
 

Nwd
 

b) Frictional Soil (c=0)
 

Nw N(11)
 
-- = OavNq
 

Nwd v
 

where N is the number of transverse wires embedded in the soil, w
is the width oF the 
mat, and Nc=(N -1)cot 4 . The assumption of a
bearing capacity failure as the m~chanism governing
resistance of the passive
the soil gives an upper estimate of the grid
bearing stresses (Jewell et al, 1984).,
 

Bergado et al (1987) 
closely predicted the bearing
resistance of the transverse members in undrained condition using
the following expression:
 

F = mAbNcCu 

(12)
 

where m is 
the total number of transverse members, N
bearing capacity factor for a 
is the

strip footing embedded in che soilas given by Skempton (1951) 
which is equal to 7.5 according to
Ingold (1983), Ab the
is cross-sectional 
area perpendicular to
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the direction of pull 
of the individual transverse members, and
 
is given
Cu in Eq. 5. The total pullout resistance was
by combining Eqs. obtained
4 and 12 to yield:
 

Ft = Ff + Fp = (2tjAf + mAbNc)Cu (13) 

The bearing stresses 
on vertical surfaces loaded
horizontally have been studied 
for the case of anchor plates
embedded in sand and 
in saturated (Rowe and
clay Davis, 1982).
The study reported extensive 
numerical investigations based on
the finite element method, 
giving results which compared
with available 
data from anchor tests. Soil 
well
 

dilatancy, anchor
roughness and initial stress 
state were considered in the
theoretical 
formulation. It was reported that collapse load
increased sensibly with embedment. It was also collated that fordeep anchors, more extensive contained plastic deformation (local
yield) occurs before collapse such that practical failure maybe
deemed to have occurred at a load less than 
the true collapse
load. For a cohesive-frictional soil, 
the anchor capacity qu may

be represented in the 
form:
 

, 

qu = c Fc ' + yhF ' (14)
 
where c is the soil adhesion, Fc' is the factor to account forthe effect of cohesion on anchor behavior and is a function ofthe embedment ratio, friction angle and surcharge pressure, andF ' is the 
Y 

factor for the effect of soil weight and is defined as 

F ' =F RrRk (15)
 

where F is the anchor capacity factor for a smooth anchorresting Yin 
a soil which deforms plastically at a constant volume
and K = 1. The factors R11, Rr and Rk are 
the correction factors
for te effect of soil dilatancy, anchor roughness, and initial
 
stress state, respectively.
 

The value of c in Eq. 14 is computed to include the effectof the surcharge q, such that for soil with cohesion c and angle
of friction dl:
 

c c + qtan 4 (16)
 
Using the above equation, the factor F ' is
c solved by also
considering the influence of the surcharge theon breakaway ofthe anchor from the soil, 
i.e.
 

Fc ' = Fc + q/c* 
 (17)
 
where 
Fc is the anchor capacity factor for immediate breakaway.
Charts are presented for the values of the factors Fy, 
Fc, , Rr
 
and Rk.
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The bearing stress of 
soil on grid members is a problem
similar in kind to the base pressure on deep foundations in soil(Jewell et al, 1984). Accordingly, the bearing members of a grid,
can be thought to be like a line of anchors at spacing s, withthe grid diameter 
(d) likely small compared to the depth of soil,
such that the bearing members can be considered deeply embedded,i.e., high value of h/d ratio.
 

For deep footings embedded in medium dense and 
loose sand
models, 
the low bearing pressure observed 
have been associated
with the punching failure mode in the soil (Vesic, 1963). Theresulting stress characteristics and boundary conditions depicted
in Fig. 15(a), can be used to 
obtain the value of Nq as:
 

Nq = e( 9 0 '+ 4)tanl) tan(450 +/2) (18) 
Using the value of Nq given above to solve Eqs. 10 and 11, a
lower estimate of the grid bearing 
stresses 
can be obtained as
illustrated in Fig. 15(b).
 

A theoretical expression 
for the coefficient of 
bond
strength (fb) was formulated by Jewell (1980) and yielded a value
of N intermediate 
to the values given by Eqs. 
6 and 18. The
geneal form of the equation is given as:
 

tan 6 d b 
=fb s Nq - ------ 1 (19) 

tan S 2tan) 

where:
 
Us is the fraction of 
solid surface area in 
a grid,

6 is the angle of skin friction for scil on plane reinforcement surfaces 
(6/) = 0.50 to 0.80 for sands and
silts as given by Potyondy (1961)), 
and
 
Ub is the fraction of grid width
and has available for bearing
a value of unity for welded grid.
 

The value of N can be measured directly in 
the pullout test
to yield the coefficient of bond strength, fb*
 

An analytical method 
for geogrid-reinforced 
soil structure
was proposed by Ochiai and Sakai (1987) which considersproperty of displacement dependence the 
the 

of pullout resistance.The method assumes that when the geogrid laid a issubjected to a pullout 
in soil

force, the resistance effect of the ribsright angles with the direction of
at 
pulling is transferred
the grid junctions in a concentrated 

to
 
manner.
resistance is The pullout
therefore considered to concentrate and act on each
of the grid junctions as shown 
in Fig. 16. It was concluded that
the distribution of the pullout resistance acting on the geogridis not always uniform even theat same level of vertical stressbut varies with the displacement of the grid junctions in thesoil. The strain ( Fij) resulting from the displacement, Xi, of 
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each grid junction produced by the applied pullout force, Ft,
front of the geogrid can 
in


then be calculated by:
 

Eij = (X i - X ) / a 
(20)
 

where a is 
the distance between each grid junction.
 

Fundamentals of Strain Determination Using Strain Gages
 

Basic Principles
 

From the basic mechanics of materials, the uniaxial strain(-) of a homogeneous material with 
a constant 
cross-sectional
 
area can 
be obtained as:
 

= AL/L 
(21)
 

where A L is 
the change in length

The unit of 

and L is the original length.
strain is 
thus dimensionless 
(length/length).
strain gage terminology, In

the units of strain are usually
expressed in 
terms of micro-strain 
or micro-inches per inch.
 

Determination of strains using a 
strain gage is
principle based on the
that a wire produces an electrical 
resistance
current flowing through to the

it. This resistance will
length of change as the
the wire is changed. Thus,


resistance (Ro) is stretched, 
if the wire with an initial
 

the resistance 
will increase
some value to
(Rf) an amount which 
is equal
dividing this to AR (= Rf-Ro). Bychange in resistance by the initial resistance,can obtain a dimensionless wenumber in units 
of resistance/resistance. This principle helps us to obtain a relationship betweenthe strain induced in 
the wire and 
the change in
normalized the resistanceby the initial resistance. This relationshipnormally expressed in terms is 
(GF), 

of a factor called Lhe gage factorwhich is a measure of the sensitivitysensitive alloy used 
of the strainin a strain 


gages, gage. For commercial strain
the gage factor is 
a measured quantity which is determined
by mounting several gages of

calibration a given type in a special
apparatus and measuring AR/RE for
strain (F) in the calibration 

a known value of

bar. Theis ratio of these quantitiesthen averaged obtainto the nominal value the(GF) for of gage factorthat particular gage type. Thus, 
the gage factor, can be
defined by the following equation:
 

AR/R o 
GF = 

(22)
 
F_'
 

For a specified value of the gage factor, the uniaxial strain can
then be obtained 
for a given change 
in the gage resistance
obtained from datalogger readings.
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Determination of the Gage Resistance
 

To determine the urnit resistance change AR/Ro, both
potentiometer and bridge circuits as 
the
 

shown in Fig. 17 are used.
 

(1) Potentiometer Circuits
 

Figure 17(a), illustrates a basic circuit 
with two resistors. The voltage V. can be calculated by using a voltage

divider, such that
 

Vx * Rg
 
Vo =  (23)


Rg + R1 

where Vo is the output voltage, i.e., the voltage across the
resistor R , V is the excitation voltage supplied to
circuit, R g is the resistor where the change in 
the 

resistance isdesired (e.g. strain gage), 
and RI is the resistor with the known
value of resistance in the circuit.
 

Rearranging the above equation, we can obtain an expressionfor the strain gage resistance in terms of the input and outputvoltages and the known resistance R1 , i.e.
 

R1 *V0

R = --


(24)
(Vx - Vo) 

Thus, the strain can be obtained using Eq. 22, for a gage with
 
known gage factor as follows:
 

ARIR O (Rg - RO)
E -- -- - g  -
 (25)


(GF) GF*R0
 

Althouqh the process of calculating strain from a strain
gage using the above method is straightforward, there is 
one
complication in that the measured change in the output voltage isusually very small. 
It can be verified that the 
output voltage
can only change 0.001696 Volts from. zero load to a 16,000load (Bourne, 1989). Thus, if 
lbs
 

the output voltage measurement
system has only three decimal places of accuracy, it is notpossible to detect the minute changes in output voltage necessary
to predict the strain. Such a problem can 
be overcome using the
Wheatstone bridge circuit and a differential voltage measurement 
system as discussed in the next section.
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(2) Wheatstone Bridge Circuit
 

Figure 17(b) shows the schematic of a Wheatstone bridge

circuit. It consists of 
two resistors in each of the 
two legs for
 a total of four resistors. The differential voltage measurement
supplies an output signal, Vo, which is taken as the difference
in the voltages at 
the center of each leg (i.e. Vo=VA-VB). Thus,
with a measuring system that- only handles three significant
digits, it would be possible to measure the change in voltage 
necessary to calculate the strain.
 

The great utility of the Wheatstone bridge derives from its

ability to "divide" voltage ) imposed acrossthe (V x its power
corners and supply an output signal (V ) across its signalcorners that is a function of Vx and the instantaneous arm 
resistances. The voltages VA and VB can be calculated as
 

VA = Vx * 
 -- ; VB = Vx * (26)
R3 + R 4 

and Vo can then be expressed as:
 

Vo = (VA-VB) = Vx * ....... 
 ...
R, + R2 R + R 1 (27) 

Dividing both sides by the input voltage, Vx:
 

Vx T + R2 +R3 (28 
The ratio (V /V ) is the output measured by the 21x

datalogger using the pull bridge 
measurement (Instruction £6).
Thus, given the fixed values of the 3 instantaneous armresistances, we 
can obtain the resistance of the strain gage

which represents one arm resistance of Wheatstonethe bridge.
However, it would he convenient if the strains are 
computed using
the differential vol [age output (V ) rather than the change in
resistance of the gage (AR). If we denote R to be the active
strain gage element and RI, and R4 to beR3 fixed resistors, the
change in voltage AVQ will be due only to 
the change at VA*
Thus, straining the active gage element an amount of AR will give
 
an expression for VA as:
 

R2 + A 
VA = Vx * 2-- R]-(29)
 

I 4+R2 + A 
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--------------- ---------------- 

-------- 

Expressing in terms 
 of the change in differential voltage

AVo , we obtain
 

A = Vx * - - - -  (30)

R1 + R2 ) * (R1 + R2 + AR) 

For simplification, it is a common practice to have the same
resistance of both resistors in the same 
leg of the Wheatstone
 
bridge. For this reason, Eq. 30 then reduces to
 

AVo = Vx *- (Exact) (31) 
*(2R + AR) 

Since 2R is generally much 
the above equation to yield 

greater than AR, we can approximate 

AoV x 
 (Approximate) 
 (32)
 

The slrain can be solved in 
terms of the change in

differential voltage A V0 by solving for 
AR in the exact solution
 
and substituting into Eq. 22,
 

4*Av 4*AVo/V
x
 
(Exact) (33)
GF*(Vx -2AV o ) GF*(1-2*AVo/Vx )
 

Similarly, for the approximate solution,
 

4*Av O 4*AVo/v
x
 

(Approximate) (34)
GF*Vx GF
 

From the above equations, it 
can be seen that the strain can

be computed directly from 
the value of 
(AVo/Vx) measured by the
21x datalogger. Also, the percent error of 
using the approximate

solution is dependent on the gage factor but will not change

significantly if it is close to two 
(Bourne, 1989).
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Basic Principles of LVDT
 

The linear variable differential 
transformer
used 	 (LVDT) can be
to measure displacement, 
linear velocity, fluid pressure and
force. In the laboratory, 
the 
LVDT plays an important role inmonitoring the displacement of 
the reinforcing mat
test progresses. 	 as the pulloutWith the data acquisition

datalogger, tLe LVDT provides 	

provided by the 21x
 
an 
automatic monitoring system for
the mat displacement, 
thereby minimizing the
during the 	 manpower needs
test and increasing the accuracy which 
is inherent
automatic data 	 to
acquisition.
 

As described in the 2nd Progress Report, thethis project is a DC-DC model with 
LVDT used for 

phase-sen.sitire a solid state oscillator and ademodulator. 
Physically, 
it consists
parts, the housing and 	 of two 
coils, one primary 

the core. The housing contains threeand two secondaries
primary coil is placed in the center of 

as shown in Fig. 18. The 
the housingsecondaries 	 and the twoare placed at equal distances on both sides of the

primary.
 

The ,VDT olerates on the principle of mutual 
inductance. The
displacement 
of the core changes the coefficientinductance between 	 of mutualthe primary and secondary coits, such
coefficient 	 that theof mutual inductance can be expressedof the core displacement. Since the 	
as a function 

related the 	
mutual inductance (MT) isto voltage (E) induced in the coil
E = -(MT)*(di/dt), from the relation


where di/dt is the 
time rate
current 	 of change of thein the primary coil, the core positionrelated Io the 	 can also beoutput voltag,.
differential voltage 	

This output voltage is abetween themeasured 	 two secondary coils and canusing the differential 	 bevoltage measurement
of 	 instruction
the 21x 
dataiogqer 	(Instruction E2). 
For an 
input voltage
within the range specified by 
the supplier, the core displacement
varies linearly with 
the output voitage.
 

The cal ibration data 
for the 
two models of
this projnct is given in Fig. 	
the LVDT used in


19 for a 12-Volt DC input. From the
calibration 
curve, the 
core displacement 
(x) in cm can be
obtained from 
the following equations:
 

x = 1.7036 V0 + 	8.3509 
 (Long LVDT) 
 (35)
 
x = 0.6231 
Vo + 2.9969 
 (Short LVDT) 
 (36)
 

where 	Vo is 
the output voltage measured by the 21x datalogger (in
Volts). The 
lonq IVDT has a 
maximum displacerment
while the short 	 of + 3 inchesLVDT has a 
maximum displacement of 
4- 1.5 inches.
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Methodology
 

Instrumentation
 

As was discussed in the Second 
Progress Report, 
the pullout
test was conducted using a 50"x 30"x 20" test cell made up ofsteel plates and steel channels. The normal pressure was 
supplied
by an inflated air 
bag positioned between 
two flexible metal
plates. The constant pressure maintained throughout the test wasmade possible through the use of a pressure regulator valveconnected between the air compressor and the air bag.
 

The pullout force was applied to the test specimen using ahydraulic jack mounted against the supporl-ing frame of thepullout cell (Fig. 20). The hydraulic jack was used due tooperational problems someencountered in the servo-controlledhydraulic cylinder. The reinforcing mat was Ettached to the ramusing a pullout clamp made up of 
two 
steel plates bolted together
to enclose the protruding part of mat.the The grooved portionthe ofplatos allow tho gripping of longLtudinal members maketofour-poini contg,.'?t surface with t-ho 
a 

clamp. Sl' ppage of the clampwas further prevented using contraction joints gripped throughthe longitudinal wires (Fig. 21 ). Th horizontal displacement ofthe mat was monitored using IVDT aand dial gauge positioned infront of the box an(] the mat specimen (Fig. 22). The horizontaldisplacement nf tho embedded port ion of the mat was recordedusing inextensihe wires attached to the transverse nodesconnected to dia1 andthe gauges attached in rearthe portion of thepullout box (Fig. 23). The inext-onsible wires are encasedstiff tubing into a] low free movoment in spite of the appliednormal load. Phis procedure is a means of checking the relativemovement of the transverse members during the loading process. 

The strains along the longitud'-nal members including thebending of the transverse wire during the waspullout monitoredby strain gages attached to desiredsome locations in the mat.The gages a long tho longitudinal members were attacheddiametrically opposite each other (top and bottom) and wired inseries to canel the bending stress such that only axial tensionin the rod is recorded. On the othor hand, those installed in thetransverse members were also mounted diametrically oppositeother (front aid back) and were wired independently 
each 

of each otherto measure bending diring the pullout Thetest. typical schematicdiagram of instrumented mats adopted in the laboratory pullouttest is given in Fiq. 24. The signals generated by tile straingages and LVDT are measured and recorded by the 21x microloggerand then stored in SM192the storage module for later retrieval 
(Fig. 25).
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Test Set-Up
 

In setting up the test, the pullout box
with only was first assembledthe bottom front cover plate inspecimen, which was place. The soilcured to the desired moisture content, wasthen placed in 
three successive 
lifts.
first compacted by tamping using 
Each lift of about 8" was

concretethen using a hand 
or wooden blocks, andoperated tamping machinecompacted lift up to a maximumof 6" and to the required density ofProctor. Control 95% standardof density and moisture content
the was done byusing Troxler Nuclear Gage and alternatelymethod. Aft-or by the sand conethe required density and moistureachieved, the surface of the 

content isfirst lifttamping was levelledand the instrumented by slight 
place. To 

mat specimen was positioned inensure that the reinforcement is exactly in theof the slot after compacting middle 
lift the next successive lifts, theheight was adjusted to project first

about 1/2-3/4" higher thanthe top edge of the lower front plate. The wire extensometerswere tihen instal led at the desi red locationscapenter's level was "sed to 
in the mat. Aensure that the wasHorizontal mat horizontal.6" long metal pl.ates were positioned acrossof the box near the widthti slot, above and belowdecrease the reinforcement tothe horizontal stress near the door face welleliminate asarch ing effect as todurinr pullout. Thisthe procedure alsokeeps normal load off the front 6" of the specimen. 

The upper front plate is therr set incovered place and the mat iswith soil in lifts as done in the previous step.thick "flexible" A 1/4"metal 

soil with 

plate was then placed on the compactedthe air bag laid on top ofplate was finally set 
it and the 5/8" thick cover 

across the length 
in place. Three reaction beams, runningof the plates, were then bolted at the topflange of t:hr pullout box. 

Running the Test 

After sel 
appli ed 

ing the apparatus, the desired normal stress wasthrough the air bag and
for about. 10 to 

al lowed to come to equilibrium20 mi nutes. A seating loadapplied to the of 500 lbs. wasloading ram to eliminate the slack in thesystem. The prllout whole 
read 

rate was kept constant et I mm/min andthrough wastle dial gage mounted in frontof of the box. Readingsthe load and di.placements were periodicallyseconds unti I :he taken every 20mat was pulled to a maximun disp.acementto 2.5 cm. The of 2normal, pressure was then increased,adjustments made, necessaryaid the whole system wasequilibrirPr allowed to come toby ioniking theat verticalfurther verticil. dial gages. When nomovements were detected, the loadapplied and srbse€querrt readings taken. 
was again 

from 1 to The normal pressure rynges13I /r for weathered clay an(l from 0.2 to 7 t/mthe lateritic forresidual soil. Afterremoved by digqing 
each set-up, the mat wasout the soil and the soil below the mat wasthen checked for compaction. The soil was removed and replaced by 
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fresh sample if the applied normal 
load compacted the soil to
great extent. However, to verify and 
a
 

to account for the strain
dependency of the soil sample, further tests were made to
duplicate the previous test 
but this 
time, with normal pressures

overlapping that of 
the previous test.
 

X. DISCUSSION AND PRELIMINARY ANALYSIS
 

In this section, the discussion and preliminary analysis are
separately made for 
the two backfill materials being tested so
far, namely: weathered clay and lateritic soil.
 

Weathered Clay Backfill
 

Basic Properties
 

The soil. specimen used is 
a reddish, inorganic weathered
clay of low plasticity in the CL group. It has 
a plasticity index
of about 24% 
and about 83% 
of which passes the U.S. standard
sieve No. 200. The opti num moisture content is 22% at a maximumdry density of 1.60 .t/m The detailed summary of 
the basic soil
properties is given by Bergado qt al (1988b). In addition, theshear strenath parameters obtained from direct shear and triaxial
(UU and CIU) tests are tabulated in Tables 3 to 5 for different 
compaction densities.
 

Stress-Strain Relat onship
 

A total of eighty-seven (87) pullout 
tests were carried out
using welded steel bars of 
varying mesh sizes and bar diameters.
The mats used consisted of 3/8" and 1/4" 
diameter steel bars with
varying aperture sizes of 6"x9", 
6"x12" an,] 
6"x18". The backfill
material was compacted at 95% 
standard Proctor densities at both
dry and wet sides of optimum. Of these 
87 tests performed, a
total of 15 tests were invalidated due to weld failures. Also,several strain gages failed due to insufficient shielding andprotection from excessive 
impact during compaction, and shearing
during the 
test. It took several days 
to work out these
operational problems and to get 
the test running smoothly.
 

Typical stress-strain relationships for the test performedon 
the dry and wet sides of optimum are given in Figs. 26 
and 27,
respectively. it 
can 
be observed that the pullout strength in the
wet side compaction is very much 
lower compared to the dry side
compaction. For all tests, the load-displacement 
curves indicated
yield points where 
the curve seems to flatten out such that
further increase in strain does not 
cause a significant increase
in the load. 
The yield strength occurred at very low strains in
the order of 1 to 2 
mm displacements which 
is attributed 
to the
low extensioility of 
the steel geogrids reinforcement. 
This can
be further 
confirmed from the typical relationship exhibited 
by
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the front displacement of the mat and 
the displacement measured
by the inextensible wire 
extensometers 
attached at the grid
junctions (see Fig. 28).
 

Some tests show indications of weld failures in 
the embedded
mat through their load-displacement curves, where abrupt drop in
the load at 
a rapid increase 
in strain is observed. This can be
also depicted in the 
front movement of the mat in
the other which usuallyedge of the pullout
photograph of 

cl,,mr moves faster. A typicalthe deformed 
mat after the test 
is shown in Fig.
29.
 

Adhesion/Friction Resistance of Longitudinal Members
 

Longitudinal bars 
in the welded mats provide pullout
resistance through adhesion/friction between the soil andreinforcement. To determine the contributionmembers to the total 
of th.! longitudinal

pullout resistance, some reinforcing matswith their transverse members 
dry and wet 

removed, were pulled out at bothsides of optimum. Typical resultsFigs. 30 and are plotted in
31 . As expected for
adhesion/friction component is 

poor quality backfills, the
 
quite minimal at about 3.5% 
of the
total pullout resistance of the mat.
 

Effect of 
 the Number and Diameter of Transverse Members 

The magqitude of the passive resistance (F ) contributedthe transverse members of bythe welded wire reinforcement wascalculated from 
a known amount of adhesion resistance (Ff) due to
the longitudinal members. Thus, for mata withthe transverse members, a plot of 
given diameter of

the passive resistance per unit
width of mat (F' 1w) against the overburden (normal) pressuremade as illustrated in Figs. is32 and 33. It can be seen that thepassive resistance increased when the number of transversewas increased from 3 to wires4, while further increase 
in the number
of wires from 4 to 6 qave opposite results. This seems 
to suggest
that there exist an optimum number of transversesize) wires (ornecessary meshfor full mobilization of the shear strength ofthe compacted soil.
 

The plots of the passive resistance per unit width of themat (F /w) as a function of the overburden pressure (avconstat number ) for aof embedded transverse wires34 are shown in Figs.and 35. As expected, the 
pullout resistjnce increased
using bigger diamek-er bars. This when
 
can be attributed to
utilization the optimalof the internal friction of the soil as the failureplanes around 
the wire increase in 
total length due to the
increase in wire diameter 
(Nielsen and Anderson, 1984). This full
mobilization of the bearing resistance of the transverse membersare obviously seen for 
tests conducted at wet side of optimum.
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Pullout Resistance
 

The maximum pullout force for 
a typical mesh size is 
plotted
in Fig. 36a,b. The result showed 

increased 

that the pullout resistancewith the number of embeddel andtransverse barsvertical 
s ress. 
The higher strains measured in the dry
compacted :ackfil sidereflected the higher mobilized pulloutresistances 
as compared to the wet 
side compaction. On the 
basis
of the preliminary 
results presented, 
it se2ms that
mesh size was the 6"x9"
superior for both the 
dry mid wet compacted

densities of 
the soil.
 

Lateritic Residual Soil
 

Basic Properties
 

The soi] specimen used was obtained from Saraburi, Thailandand is classified 
(GC). 

as lightly brownish, well graded clayey gravelThe sampLe has an average specific gravity
plasticity index of 
of 2.61, a
about 16%, 
and about 18% fraction
passes U.S. standard sieve which

No. 200. The optimum moisture contentaveraged at abotit 11 .5% corresponding
3 to a maximum dry density1.93 t/m . Detailed summary of 

of
the basic properties is given byBergado et 
a] (1988b).
 

The shear strength parameters obtained from direct shear andtri xial (UU arnd CIU) tests for higher normal pressurest/m ) are tahul t4-d in Tables 
(5 to 20

3 to 5. For low normal pressures(0.2 to 1.8 t/mn', a specially-designed direct shearwas fabricated by Amin apparatus
(1989) to investigate the behavior ofsample. theAs was expected, the failure envelope

yielded higher values 
of the specimen

of friction angle (q)) at low pressuresat higher normal prossures. than
This result has been attributedthe particle breakagn of to

residual soils when sheared under highnormal pressures (flergado et al, 1 9 88a). The result of directshear tests on latoritic residual soil at three differentstandard Proctor compaction densities (dry, optimum, wet) aredepicted 
in in Figs. 37, 38 and 39.
 

Stress-Strain Relationships
 

A total of fort-y-eight (48) pullout tests on welded mildsteel bar grids were performed using lateritic residual soilbackfill material. asThe te~ts were conducted at low pressures0.2, 0.8, 1.3 and of1.8 t/m . The wire mats used consistedand 1/2" diameter steel of 1/4"
bars with varying aperture sizes of 6"x9"
and 6"x6". The tests were also conducted at different backfillcompaction densities of 95% and 100% standard Proctor compactionwith moisture contents at optimum and + 2%optimum. As in 

dry and wet sides ofthe weathered 
clay backfill,
required some of the testsrepet itions 
problems. To verify the 

due to weld failures and operational
extent of strain-dependency and 
particle
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breakage during 
the test, a second set of test 
with normal
pressures of 1.3, 1.8, 3.6 and 7.2 t/m2 
was conducted.
 

The typical load-displacement 
curves for pullout
reinforced lateritic residual soil 
tests on
 

are plotted in Figs. 40 42.
It can be seen that to
the pullout resistance 

first increases rapidly at
and then flattens 
out up to a 
maximum
displacement. This of 20 mm
indicates that 
even at small displacements, 
a
higher pullout force is 
required at 
the initial stages of
pulling. Also, 
in all the tests at low 
normal pressures,
seemed to no there
be well-defined 
peak in the stress-strain
although the curves,
pullout resistance increased with 
increasing normal
pressure. As 
observed 
for weathered 
clay backfill, the 
yield
strength occurred at 
very low strains in 
the order of 1 to 4 mm
displacements due to the 
inextensibility of 
the steel grids.
 
Variation of Strains and Mobilized Resistance with Distance
 

The 
typical strains recordrd by the strain gages at 
various
locations 
in the longitudinal bars of
Figs. 43 the mat are plotted in
and 44. can
It be seen that the strains vary linearly
with distance from 
the front 
face of the box, with the largest
value near 
the face.
 

In most cases, the displacoment of 
the rearmeasured from end of the matthe back dial gaqes agreed very closely with thefront horizontal displacement measured by another dialimplies that gage. Thisthe mat moved more like 
a 
rigid body without
undergoing 
unduly large strains. 
The large deflections
transverse of the
bars were observed only with 
smaller diameter bars.
The strains measured 
were in the order of 0.1% 
 to 0.5%, typical
for 
inextensible reinforcements 
as reported by Yokota 
et al
 
(1988).
 

The typical plots of mobilized 
passive resistance at grid
junctions 
versus distance from 
the face, computed using the
method suggested by Ochiai and Sakai 
(1987), are shown in Figs.
45 and 46. Tt: can be observed that the 
mobilized resistance is
larger near the andfaco decreases approximately linearlydistance. Thiis withvariation 
was confirmed 
from several tests in
which weld 
failure occurred third point (3rd or 4th
at: the 

transverse wire) of 
the mat.
 

Variation 
of the Passive 
Transverse Resistance 
with Normal
Pressure
 

Since the frictional component of
resistance the total pullout
is only minimal and as
not important as the
resistance of the transverse members, 
passive


the contribution from
longitudinal members the
 were only estimated using Eq. 
1 to obtain
the friction/adhesion 
component. The 
maximum frictional
resistance 
was calculated 
to be about 5% of the 
total pullout
force 
for the lateritic 
soil compared to 3.5% obtained 
for
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weathered clay 
from actual test. 
The values 
of the frictional.
resistance 
(F) were subtracted 

resistance (F 

from the total pullout
to 
obtain the passive resistance
transverse memrers. (F ) of the
The passive resistance 
per unit ara of the
transverse 
bars normal 
to the direction of 
the pullout (Fp/Nwd)
was plotted aqainst the 

47, 48 and 49. 

normal pressure (o,) as shown in Figs.
The y-intercept can

while N 

be viewed as the component cN
represents 
the slope of 
the ling. These values came
to be hciqh enough in which ouFN ranged between 15.54 and 138.5
while 
Nq ranged between 4 :o 
95 
for all the
densities. 3 compaction
The plots also 
depict the influence
geometry and of the mesh
the size 
of the transverse

resistance. In 

bars to the passive
all cases, 
the value of 
F /Nwd definitely
increases with increasing vertical normal stpess.observation An importantfrom all these tests is thatgives the 1/4" diameter bara hjqher 
value of the passive resistance
1/2" diameter than the larger
bar. This 
can be attributed 
to
experienced the lower strains
by the larger diameter bars leading partial
mobilization to
of the 
bearing resistance. 
This observation
accordance with what is in
was observed by several 
other investigators
(Chang et al, 1977; Ilanrion and Forsyth, 1984).
 

Another 
important observati on 
from these
generally, plots Js thatt-hme 6"x9" mesh geometry seems to he
section for both sizes 
the most efficientof bars and all compaction densities usedin this study. This observation 
was also detected by earlier
investigators 
for both granular and cohesive 
backfills (Mitchell
and Villet:, 1987; 
Nielsen and Anderson, 1984). Figures 47 49
depict the differences to


between 
the behavior at
densities (dry, three compactionopt imum, wet) and it is evident thatcompaction general ly the wet sideseemed to give the lowest pulloutresistance.
 

Predicted Pullout Resistance
 

The experiment-at results obtained in the laboratory,analyzed and compared to the are
various expressions proposedpredict the passive toresistance as discussedweresection on theoretical background. 

in the previous
The method proposed by Bergadoet al (1987) for 
undrained condition, closely predicted the total
pullout resistance 
for both bar diameters (1/4" and 3/8") using
weathered 
clay backfill compacted at
(Figs. 50 arid 51). For 

the dry side of optimum
lateritic 
residual soil., 
 however, best
agreement with 
the observed 
data was observed for dry
the side
and optimum moisture contents (Figs. 52 and 53). 
Underestimation
resulted for 
the wet side compaction (Fig. 54).
 

For the prediction 
of passive resistance
members, of the transversethe bearing capacity failurePeterson arid mechanism propo3edAnderson (1980) by 
of the passive 

seems to overestimate magnitudethe
resistance 
normalized 
wi-th respect to mesh
geometry of the
the grid (F /Nwd)


weathered clay 
for the dry side compacted
backfill. 
'The model, however, yielded a good
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agreement with 
experimental 
results for
(see Figs. 55 and the wet side compaction
56). Similar observation
lateritic soil compacted at 
was deduced for the 

moisture in which overprediction 
both the dry side and optimumresulted (Figs.agreement was obtained for the wet 

47 and 48). Fair
side compacted laterite
49). The difference in behaviour exhibited (Fig. 

types maybe due to the 
by the two backfilllow pressure range adopted for thelateritic residual soil.
 

The close agreement observed 
in the wet
maybe be due side compaction
to the full mobilization of
for the wet side the passive resistancecompacted sample comparedcompaction. Also, to the dry sidethe full development of passive resistance isobvious for the smaller diameter bar (Fig. 49).
accordance with the This result is in
mobilization of
(1/4") larger strains for
than for the 6 mm
12 mm 
(1/2") diameter reinforcing bars.
 
The punching failure mode proposed by Jewell.
which can be developed for condit-ions et al (1984),


of small strains,closely predict the actual seems tobehaviourin terms of the of the soil-grid interactionmobilized passive resistance in the dryboth soils (Fiqs. 47 and side for 
(Fig. 48). The model, 

55), and for optimum compacted lateriteslightly underestimated the passive resistance in the wet side compaction for both soil types.
 
The method of Rowe and Davis 
(1982),
horizontal arid vertical anchors using 

which was developed for 
seems the finite element method,to give the best agreement for
at two the weathered clay backfillcompaction conditions (Figs. 55 andlateritic soil compacted on the dry 

56) and for the 
The method side i)f optimum (Fig. 47).slightly underpredicted 
the passive resistance for
both the optimum and wet side compaction (Figs. 48 and 49).
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XI. 
ANALYSIS AND DESIGN CONSIDERATION OF WELDE.D WIRE WALLS
 

As in other types of retaining walls, 
the welded wire walls
must be designed to meet 
both external

criteria. and internal stability
These criteria are affected by primary 
factors such
internal as
loadings, foundation conditions, 
backfill properties,
drainage, 
and geometric constraints 

For (Nelson ind Selvage, 1987).
external stability, 
the entire mechanically stabilized
is treated mass
rigid gravity
as a retaining wall
pressures applied behind the wall 

with active soil
 
(Anderson et
et al, 1986; Anderson
al, 1987). Thus, external stability criteria
the wall often requires
to have adequate safety


sliding, factor against overturning,
bearing capacity and overall 
slope stability. Bearing
capacity and overall slope stability requirements may be critical
for walls on 
soft foundation conditions.
 

The int:ernal stability, on 
the other hand, considers the
design 
of the reinforcing 
elements. 
This usually
considering involves
the adequacy of the iongitudina], wires 
against
tension failure as 
well as 
the system resistance to pullout.
 

Tension in 
the Jon gtudinal Wires
 

The tonsion in ihe longi.tudina1 wires depends on the lateralsoil pressuires 
that are developed within the welded wireThe magnitude may wall.be determined experimentally by measuring
rod tieforces in 
prototype walls constructed 
in the field or
model walls constructed in in
 
a load cell (Aknderson 
et al, 1986).
 

The magn ituide of the tension can be determined by assumingthat each longit.udina] wire provide the lateral restraint for anarea that extends half the distance to the adjacent wires above,below, and on both sides, i.e. 

T = Oh(w)(d) = K(3v(w)(d) 
(37)
 

where: T = tension iin the longitudinal wire,
K = lateral earth pressure coefficient, 

0 = overburden pressure,
w = horizontal spacing of He longitudinal wires, and
d = vertical 
spacing of longitudinal wires.
 

The amount of yiel.ding that: 
can 
take place dictates the
value of the 
coefficient, 
K. For welded wire
recommended walls, K is
to vary between the 
at-rest condition and the activecondition 
and must 
he determined experimentally (Anderson et
1986, al,
1987; Anderson 
and Wong 1987). Based
laboratory and on results from
field performance of 
a 23-ft high wall, Bishop and
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Anderson 
(1979) recommended 
an average value of 0.65
Hannon and Forsyth (1984) measured at-rest 
for design.
 

reinforcement wall. values of K on
McKlttrick a grid
 
vary (1978) recommendedlinearly from K values which
the at-rest 
case at
active the top of the wall tocase (K a ) at a depth of 20 the
wall. Bel.ow feet for a Reinforceda depth of Earth20 ft, activerecommended. values forAll the recommendations K were

stated abovewalls constructed were basedof on 
construIcted of pooi 

granular backfill materials. Thus, for walls
quality cohesive 
backfills, 
higher values of
K may be expected.
 

Pullout Resistance of WeIded Wire Mats
 
The mats in welded wire 
 walls mustsufficierlt be designedpu I lout resistance to develop

the behind the failure planetension forces induced to supportin tire longitudinallongitudilial wires.reinforcement Hence, the 
potential failure surface 

must extend far enough behind theto restrainsliding. a failure'I'ho potent i a] failure surface mass from 
point of maximum can then correspondtension to the 
the in a nat for that elevation.tension in the longitudinal Measuring

wires atback from the a number offace locationsof the 
location 

wall gives an understanding of theof the potential failure surface.
 
The pl ! out: 
res istance of welded wirefunction of: (1) tie mats was shown to benumber of aembedded transversethe failuro p!ane, wires behind(2) the diameorthe overhurden pressure, 

of the transverse wires, (3)and (4)of the longitludina]. the number, diameter, and lengthwires which developsbehind frictionalthe failure resistanceplane (Ni[elsonfactor arid Ander. on, 1984).of two against pullout is A safetygenerallystability. required forTimitirrgc internalthe pullout deflectionimplicitly toost:ablishes 0.75 inchesa deflection criteriastability of for the internalthe wall (Anderson et 
al, 1986).
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XII CONSTRUCTION 
PROCEDURE, INSTRUMENTATION, AND 
MONITORING
PROGRAMS FOR THE WELDED WIRE EXPERIMENTAL WALL
 

Construction Procedure
 
The welded wire experimental


sections along 
wall was divided into three
its length, 
each about 16 ft
three different backfill long, and utilizing
materials 
(Fig. 57).
vertical welded-wire It consisted
reinforced a
wall facing 

of 

sloping unreinforced opposite side as 

on one side, and

shown in 

a
 
of the welded-wire wall are 

Fig. 58. The parts
shown 
in Fig. 59.
mats, consisting of W4.5 
The reinforcement
 

x 
W3.5 wires with
and each 8' 6" x
wide by 18'9" 9" grid openings

instrumented with strain gages 

long including the facing, 
were
in the main body of
for various backfil]s. A typical 
the embankment
 

instrumented section of the wall
is shown 
in Fig. 58. 
A minimurfl

each of about 7 instrumented layers for
backfill 
were provided. 
The instrumentation
described in detail points
in the instrumentation are
 
the details of program together with
the 
dummy reinforcements
The embankmnut for field pullout
construiction tests.
wais
Construction Guide for 

carried out following 
the
 
Hi] fiker Companly 

Welded Wire Walls presented by the
(1988). 
It involved
reinforcemeit placement
with the of the
bent-up portion
forming the casing. of the reinforcement
Backing 
mats and screen were
the vertical side of provided along
the wall
fill was to prevent erosion of
then placed the soil.
and compacted The
 over the
specified reinforcement
compaction at a
lift. 
The process
full height was repeated until
was reached the
of about 18'6"
The construcr-tion procedure 
above the ground level.
is described 
in detail 
in the
following discussions.
 

The first layer 
of reinforcnmet

the ground level.. Correct 

mats were laid 18" below
spacing between
by the 6" mats were
spacers facilitated
(Fig. 60). 
Wooden
reinforcement mats 
stakes were used to
-in place during hold the
 

subsequently backfill placement. These were
removed 
when 
the mats were weighted with
at both lon(litudinal fill. Mats
were
dimensions. This 
ends cut to fit the 
embankment
was done by cutting only
Backing the transverse wires.mats weL-e then placed against
clipped with the face of
hog rings in the wall and
such arrangement
The screen was also as shown in Fig.
clipped 61.
in place with hog
Three backfill rings
materials (Fig. 62).
 

different 
were then placed at each
sections of the
of 
the embankment.
reinforcement: Backfill
mats layers between
were placed


lifts. Each 
and compacted in three
lift 
was compacted by both 

equal

roller and hand
the density tamper
of about to
95% standard 
content Proctor compaction.
was maintained Moisture
within 1-2% on the dry
Moisture-dens side of
ity control optimum.was made using the
gauge. The Troxler
completed Nuclear
backfill


and at 
in each layer must bethe depth shown in the formin Fig. 63. Underfillingexcess 
bulging in would causethe face of
backfill and 
the wall.. The void between the
the wall would be 
filled with gravel 
as soon 
as the
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next reinforcement layer was installedgravel only required slight 
and fixed in place. Thecompaction effortand hence avoid possible damage in the wire or 

against the wall 
In addition, bending the mats.
it would also help prevent erosion
at the face of of the backfill
the wall. 
The reinforcement 
mats for the
layer were then placed next
to match the 6" spaces between the mats
the layer below. The bottom of uipper in
 mat rested on
wire of tile lower top horizontalmat as illustratedwere used to hold in Fig. 64. Wooden stakesthe mats in place and weremats removed when thewere already weighted with
horizontal fill. A string lineand providedvertical alignmentplacement of backing mats 

as shown in Fig. 65. Thefor the second layer of reinforcementand onwards were different from that of thedone by slidinq the first layer. This wasbottom
of wire of backing matwall and down between faceprong until it stopped againstwhile the seconid bent part of prongwire of backingillustrated ini Fig. 6f,. 

mat was kept outside of prong asPlacement of screenmaterials were as well as backfillthe same in theas preceedingwas repeated tnt:il layer. The procedurethe desired embankmentfinal layer of reinforcement height was reached. Tile 
reinforcerimerit mat. The 

was provided by the pronglesstop capunder second wi.re of face 
was tilt to catch the front hookof prongtessThe final grade mat as shown in Fig. 67.of the embankmentFigures was 6" over the top68 and 69 show the photographs cap.

of the experimentalfor different: sitestages of the wall construction. 

Purpose of Instrumentin1_ the Wall
 
An instrurentation 
programperformance was developed to evaluateof the welded thewire wall. Th2instrumentation purposeprogram was of the 

the tension to determine the relationship betweenin the longitudinal
and to find means 

wires and the height of the wall,to relate this tocould be the soil parametersusorl for design. Since that 
clay subsoil, several 

[-he wal l is founded on a softother field instrmon-:at the shbstirface were installed bornand in the wamonitoring program 
Il itself. Thus, an extensiveformeasuremerl s, 

the wa l consisting of settlementporn pressure moni toring,monitoring lateral movementand measuremeit s of ti1e pressurewall was carried out at the base of the
 
measurements 

since the beginning of construction. 
 Theseare of utmost importanceis as the behaviorhighly dependent of the wallon the responsefoundati on. of the flexible clayThe photograph
installation of 

of the site just after thethe subsoil instrumentation is 
given in Fig.
68(a).
 

Periodic monnitoring of the wallcontinues in order to 
is ongoing as s, ctlementevaluate the post constructi-term performance and longof :oth the wal. Idummy mats instrumented with 

and the soft subsoil. Somestrain gageswere for fieldalso installed pullout testsat different 
levels 
to compare 
the resu-l's
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obtained 
from the 
laboratory. 
Uninstrumen:-ed 
dummy mats for
corrosion testing were also embedded at different depths for each
section of 
the wall. These mats will
some period be tested for strength after
of time 
to evaluate 
the effect 
of corrosion 
in
reducing the tensile strength of 
steel.
 

Scope of the Instrumentation Proaram
 
Three different 
sections of 
the wall 
were instrumented.
Silty, clayey sand backfill with 
about 45%
sieve was passing the
used in Section I of No. 200


(Section II) the wall. The middle section
used a higher quality backfill
residual soil) with 18% material (lateritic
passing 
 sieve No.
weathered clay backfill material 
200. The reddish


with 83% passing sieve 
No. 200
was used in Section II.I.
 
The insLrumentation 
program 
involves
in the longitudinal wires measuring the tension
at 12 locations
four instrumented mats and 

on each of the bottom
 
instrumented layers 

at 10 locations on each of the top 3
for each of 
the three sections of the wall.
Thus, for the entire length of 
the wall, a total of
instrumented. 21 layers are
This gives a total
within and of 234 instrumentation
throughout points
the length of
these, a total of nineteen (19) 
the wall. In addition todiummy matspullout tests (Fig. 70a,b) forwere fieldalso instrumentedmat and efheddd at at selected pointsdifferent in thelocations withinwall. Additional seven (7) 

the height of themats for corrosion observation 
and
testing were also embedded at different depths of the wall.
 
Aside from the tension measurementsnineteen settlement plates, made in the wires,

surface, 10 at the subsurface andwere installed 9 at the 
length. at different locations alongFour pneumatic piezometers the wall 
were used in conjunction with 

and 6 hydraulic piezometers
the settlementthe devices
excess pore pressure developed in 

to monitor
 
SINCO inclilometlers the soft clay subsoil. Five
(3 at the front,
the back) I at the middle, and
were installed 1 at
to measure 
the
vertical and sloping faces of 

lateral movement 
of the
 
distribution the wall. The base
at the mid-length pressure
of the wall
using 3 total was also monitored
pressure cells. The schematic layout 
of
instrumentation is given in Fig. 71. 

the field
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Description of the Instrumentation Program
 

Tension Measurement
 

The tension 
force in 
the longitudinal 
reinforcement 
is
measured using self-temperature compensating electrical resistant
strain gages manufactured by Micro-Measurements. Two strain gages
were installed 
at each measurement 
point and
diametrically opposite were attached at
sides of the 
wire and
series. then wired in
This configtiration 
of wiring the
discussed, gages, as previously
causes bending stresses 
in the wire to cancel, thus
only the axial tension in 
the wire is 
measured. The locations of
the strain gages 
for the bottom four and
layers top three instrumented
are given in Figs. 72 and 
73, respectively. A
way of wiring the gages was done by 
systematic
 

establishing
convention such as a definiteassigning the 
red wires at
the black ones the top gages, and
at the bottom. A short white wire
connect the was used to
legs of 
the top and bottom gages together. The otherwire (white) was connected to the common leg of
gage. Connecting the top strainthe two ends of any of themeasuring device three wires toenables one to measure either axial 
a 

and black) tension (redor the magnitude of 
bending (red-white and
white). black-The wire leads 

of 12 

from the gages were bundled into one setfor each mat and were 
down the 

placed into a conduit that extendedface of the wall to a monitoring station (Fig.Each bundled load wires 74a).were connected
plug a 12-pin quick-connect(Fig. 7-1b) which could 

to 
then be quickly, pluggedswitching into theunit oC the AMI16 multiplexer for ease in making thereadings.
 

The 21x da..aoqger 
was attached with prcecision, completion
resistors such that activation of 
the AM416 multiplexer completes
the full-bridge circuit 
measurement 
scheme. 
The measurement
consists of 
two sets of bridge completion uni's. One
the measurement set enablesof each strain gages in series while thewas designed to measure otherthe gage rc-sistance independently of each
other. The amount of bending in the wires can thenfrom the knowledge be calculatedof stresses at the top and bottom portions ofthe wire.
 

Initial readings 
were taken at 
the time
installed the mats were
to indicate the 
strain reading corresponding
tension in to zero
the wires. Subsequent readings were 
then taken
wall was constructed. The difference between 
as the
 

and a subsequent reading is a measure 
the initial reading


of the
the backfill placed 
strain induced from
over the mat 
at the
From the measured strain, 

time of the measurement.

the tension 
in the wire can be
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computed, given the modulus of elasticity and the cross-sectional
 

area of the wire using:
 

T = E*E*A
 

where: 
 T = tension force in 
the wire,
 
E = axial strain,
E 
 modulus of elasticity of steel,
A = cross-sectional and
 area of 
the wire.
 

The computed 
tensions 
are plotted
height increa.ses for each mat
as typically as the wall
shown
each section of 
in Figs. 7 5(a) to 7 7(a) 
for
 

of 
the wall. Lines correspondingK are to different valuesalso shown to estimate theconstruction range of valuesstage as during thethe wallthat height increases.the va lue of K ranges from the 

It can be seen(K 0 ) vatlue active valuefor cot ive back!fi 1 
to the at-rest

tension .s compacte]in the wires in layers. Theploted withthe wall ar(- distance back from 
line 

also typically given in Pigs. 
the face of

representing 75(b) to 77(b).maximumi1 Thetensionto vary in the reinforcingat a l ocation ranging mats seems
the wal.1. Thi s from 2 to 6 feet from thepre I imina ry behaviour face ofagree with durn ng constructionthe resuLlts seems toof Anderson etdetailed iinalyses will al (1987). Hlowever,be made
performance of for the post-construction
the wall, especially for this
the specificwall is resting case whereon a very soft foundation. 

Lateral Movements
 

Lateral 
 movement-s of the subsoilmeasured using a Digitilt and the embankment wereInclinometer.
13, in Fig. 71) plastic casings 
Three of these (II to
were
the face to measure installed vertically near
the lateral 
movement of
subsoil. 
 A fourth casing the wall and the
(T4)
reinforced middle was installed
section at in the non

intersects thnr point where
the top. the back slope
The other casing (I5)
toe in the back and was installed at 
the
this measures
movements. The grooves of 
only the subsoil 
lateral
 

directions of 1-he 
the casings were oriented inprincipal the
perpendicular novement, i.e., into the face of a directionthe wal.l.is lowered The torpedo orinto the the sensor
 

wheels 
casing with the p)roper polarity and the guidemove in trhe opposite grooves.%crtically by the The torpedo isinterconnecting suspendedcable.cable The otheris connected end of theto the Digitijtreadings indicator.
were road Inclination
 

same depths, 
at every 0.5 in. Consecutive readings
taken at at the
periodic intervals of
converted into lateral. 

time, can be
movements.
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The plots of depth/height versusof the lateral. movemerns forfive casings are eachshown in Figs. tothat in all 78 82. It can be seenthese plots 
the maximum 
lateral
subsoil movement
occurs at in the
a depth of about 3 m, i.e.
exists. 29 where the soft clay
In days of observation 
beginning
construction ended, from the day the
the lateral movement
is about II0 to 120 mm. 
of the top of the wallThe maximumat about 3 m depth 

lateral movement of subsoilfrom the beginning,80 to is of the order of110 mam, as measured from 11 13. 
about 

movement, to 'T'he subsoil lateralas well as that of thetilting outwards, is continuing 
face of the wall which iseven after
ceased. the construction
It can le seen from Figs. 83 to 

has
 
85, that the
vertical movement has rate of
slowed down 
enormously at
depths near the face, but 

both 3 m and 6 mthe lateral
at a faster rate 
movement continues to occur
than in 
the initial
especially st.ages of construction,at 3 m depth. This indicates that thebeing squee;,d ouit soft clayfrom beneath isthe embankment, simultaneouslywith the d is ;i Pation of the pore pressures. 

The diroctlion of the subsoil are opposi Ic lateral movements i-nto that of II 14 and 15to [3 near the
magnitude I0' face and also theof le lateral. movemnoni.

records a is small in comparison.la [era l movement I5of about 28 mi in 29construction days afterat about the same 3 in depthis seen that (Fig. 82). Therefore ittie soil is beingembankmen squeezed ou't from beneath, both from the front and from 

the 
tile back, butpredominarn! Iy from the front. 

Casinq 
T4 became nusable atconstruco- 3 in depth and below4, at the joint. duringAt: the joint, the casingmust: above/belowhave moved more in excess of theto insert [how torpedo, arid 
other, making it difficult 

locked once it js inserted,in the constriction makinq it much 
the torpedo gets

more difficultit out. It should he noted to take 
length and a 

that- each casing pipe is 10 feet incouipling joins two 
 such casings to extend
length. Therefore, it insubsequent readings
in the plot of Fi[. 81) 
(and thereby the curves
have been taken only 
from about 3 indepth
and above.
 

The outward inclination of thle wallthe face is a reflectionlateral movements ofof the subsoil.face. and settlementsThe excessive near thelateral movementsindicates at about 3 inthat any (rotation) failure 
depth 

developed or likel.y surface that is beingto develop
layer at 

will pass through this softthis depthli, which clayoffersincumbent the ]east resistanceforces. llowever, to theit will needmonitoring some more time ofaind observation to decisively concludeof the fai iur- the exact pathsufaces. In all probability, itcut throughl he reinforced is not likely tosectionsomewhere anl possibly miqhton Ilie backslope be starting 
through the 

and pass below the reinforced sectionsoft clay layer at about 3 in depth and emerge out infront of the 
face at some 
distance.
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Settlements
 

Settlements 
are 	measured 
by levelling
bench mark. 	 with reference to a
The surface settlement plates (9 of them in all,
Fig. 71, showing the 	 see
instrumentation 

mpnt) were placed 	

layout beneath the embankbelow the 
bottom-most 
reinforcement
0.45 m depth. It should be noted that 	
layer at


the whole area
bankment 	 of thewas 	 first excavated emto a depth of m0.45 (18")installing the instrumentation in the subsoil and at 
before 

The first layer of 	 the surface.
reinforcement 
was 	placed over
settlement platrs at 	 the surface
-0.45 m. 
 The
consist of a 16 	
surface settlement plates
mm dia. steel 
rod connected 
to a 	0.4
base 	plate and protected by m X 0.4 m
 

subsurface 	 a 19 mm dia. casing of GI
settlement gages (10 all) consist 
pipe. The
in
diameter steel 	 of a 25 cm
screw head 
connected
These are screwed 	 to a 16 mm dia. steel rod.
into the ground by of
means
diameter steel 	 19 mm inner
tube 	which is attached to
keyway. 	 the screw head by
After installation 	 a
to the desired depth, the outer
is lifted from the 	 tubekeyway by about 20 cm.the ground and filled with oil 	

The tube is left in 
on 	 to eliminate dragthe inner rod caused 	

the down forcesby the compression
Settlement readings 	 of the clay.
are 	taken at 
on 	 regular intervals of
the surface and 	 time both
the 	subsurface settlement gages.
temporary bench mark 	 Theis situatedthe right 	 in front of the embankmentscorner 	 atin a fence, from which levels are
of embankment via 	 run to the topthe ramp. The permanent bench mark (located onthe top of a well, 
considered to be unyielding) is situated
distance from 	 the embankment site and 
some 

permanent bench mark to 	
levels are run from thisthe temporary bench mark once every month
to account 
for the effects of subsidence.
 

Of the 10 subsurface gages, 4 themdepth (SS1, 	 of are installed at 6 mSS3, 	 SS5 and SS9) and thedepth. SSi, 	 rest are installedSS3 and SS5 	 at 3 mare 
at 6 	m depths nearof 	 face beneath each
the backfill soils, respectively, and SS9 
is at 6 m depth, 3 m
from 	face below the weathered clay.
 
The surface settlements at 
the front near
identical 	 the face have been
below all 
the three


However, it 
types of backfill soils (Fig. 86).
is observed that the maximum surface settlement is in
the very center (S5) (see Fig. andsurface is 	
87) the deformed shape of thesomewhat 
like a dish. Settlement 
of
considerably beyond that of its counterparts S4 and 

S5 shot up

S6 somewhere
near 	the end of construction as 
seen 	in Fig. 87.
are more or The settlements
 

to the face. 
less symmetrical about the centre line, perpendicular
The 	end sections ($1-$4-$7 line
and 	S3-S6-S9 line below clayey sand
below weathered clay) show
at the front 	 larger settlements
and 	that the settlements decrease
the back. But the 	 as we go towardsmiddle section (S2-S5-S8 lineshows maximum settlement at the center, i.e. S5, 

below laterite) 
settlement near the face 	 followed by the(S2) and the settlement(S8). With all 	 at the backthese surface settlement plates, the rate of
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settlement 
has reduced 
considerably
construction has ceased from the time that
(Figs. 86 the

89) to 88).
show almost identical SS1, SS3, and SS5
settlements (Fig.

cf SS9 (Fig. 90) with time, but
slightly higher than near 

settlement 
vertical stresses face, due to higher 

is 

at the middle.settlements The magnitude ofrecorded at 3 m depth thethe surface is in between thatand at 6 m recordeddepth, atSS2, SS4, near 

at or near aboutand SS6 the same area.the face at 3 mscatter (Fig. 89). SS7 
depth show considerableand SS8patterns 

SS10 
show almost similar(Fig. 91). settlement 

(5.5 is the lone settlement
m from face) in the gage far back
middle section at
similar pattern 3 m depth, also shows
of settlements

depth (Fig. 92). 

as other the gages
Again with all at the same

sectlement the subsurface gages, the
has decreased rate of
considerably 
in the 
post construction
poase.
 

Excess Pore Pressures
 

Pneumatic piezometers and hydraulic piezometers
type) are 
used to measure (closed

installed the pore pressures.
at various depths These have been
embankment at different points(see Fig. 71). beneath thein the embankment Two pneumatic trEnsducersbackfill are placedin the weatheredm. The Sinco pneumatic transducers used 

clay at +" m and +4
the subsoil and (6 in all, 4 of 
to a digital 

2 in the embankment backfill soil) 
them in 

are connectedpneumatic pressure indicator and pore
pressures are 
 water

piezometers, 

read almost immediately.
one But the hydraulic'end of which is connectedmanometer, requires a laborious procedure of de-airing the 


to a mercury
with the other end before readings system
is used as are taken. Thisa de-airing second linelinepiezometer system (with the help 

by 
of 

flushing water through the a pump) from oneother. De-airing needs tube to 

readings. to be done frequently to obtain 

the
 
reliable
 

the system 
After de-airing, considerable time must be allowed for
to stahijise, usually overnight, and then readings are
 noted on the mercury manometer.transducers make use 

On the other hand,of nitrogen gas 
the pneumatic

readings. toA compact nitrogen tank 
obtain pore pressureIs accommodatedpneumatic pressure indicator itself. 

in the digital 

Of the four pneumatic piezometers installed in the subsoil,three were damaged during construction, probably due to excessive
settlements and only N2 is functioning. Hydraulic piezometer H1
could be activated only after construction
piezometers show an was completed. All the
increase in 
the total
during construction and development of excess 
porewater pressure

porewater pressure,
which also increased during the full phase of construction.
of these, total Bothporewater pressurepressures showed and the excessa decrease, porewater

construction almost immediatelyhad ceased after theand continuesslow rate (Figs. to show a decline at a93 to 101). veryThis dissipation of 
excess
porewater pressure indicates that the process of consolidation is
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taking place in 
the subsoil due to
seen the embankment loading.
in these figures is Also
the increase
calculated in verticalby stressthe method suggested as
In all by Pouloscases, 
the excess and Davis (1974).porewater pressure developed is
below 
the consolidating far
pressure 
(increased 
vertical
calculated by the Poulos and Davis 

stress 
as
 
(1974) method).
 

The porewater 
pressure coefficient
of the porewater pressure at 
r, defined as the ratio
depth Z(u)
at depth Z (i.e. yZ) was 
o the vertical pressure
found
0.35. A value of 

to be in the range of about 0.3
equal to
ru to unity expresses 
an extreme
critical condition wherein the effective stresses 
and


sand condition). are zero (quickThe long term stabilitywith the dissipation of should only improvethe excess porewater pressure with
Another important factor time.influencingthe present site the 
this long term stability atis fluctuatingvery close to water table, whichthe ground level could bein thewhich are at relatively shallow depths, 

rainy season. N2 and N3
respectively, i.e.show the 2 m and 3 m depths,total porewaterconsolidating pressure lesspressure than theand almost closepressures, tunlike to the excess porewaterin Ni and N4and 6 m, which are at greater depths of
respectively. A similar observation 5 m
the hydraulic piezometers 113 and 

could be made with116 in comparison with the otherhydraulic piezometers.
 

Earth Pressure at 
the Base of Wall
 
To determine 
the vertical 
pressure
base distributionof the wall., pneumatic along the

Indicator Company (Model 51482 
total pressure cells of the Slope


used. Three with 514178 transducer) are
of these total beingpressurecentre line cells are placedperpendicular to along

latericic soil 

the face of the wall beneath 
the
 

at distances the
 
respectively, from 

of 0.5 m, 3
the face. m and 5.5 m,

0.434 inch thick, made of 

The cell is 9 -inch in diameter andstainless(ethylene glycol), steel, filled withand liqAidis attached
containing to a pneumatic transduoer
a low displacement,

rubber). flexible diaphragm (of Buta-N
The fluid pressure due to
into pneumatic pressure the major stress is converted
by force balancingcontinuous the diaphragmcont:olled with anitrogentube configuration from 

gas source supplied through twothe digital pneumaticmentioned earlier. pressure indicatorThe cell is 
placed
down on a levelled sand 
with its sensitive side
pad giving sufficient slack in 
the connecting tubing.
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The vertical 
pr-ssure distribution
three cells as observed
(front, middle and from the
 
construction are 

back) during different stages
shown in Figs. 102 and of
 
variation 103. Figure 102
of earth pressure with shows the
distance
wall and from 
the face
Fig. 103 shows of the
the variation of
time. Up to the earth pressure withlaying of tfle first fourwas pressurized (about 3 t/m.) 

layers, only the front 
read and the middle and the back
zero pressure. cells
But from the
laying of the fifth layer onwards up9th to the
 
(about 

laYer, the peak pressure shifted to3.5 to 4 t/m the middl@), while theand front still read aboutthe back cell. pressure slowly picking up. 
3 t/m

eleventh and twelfth layers, But at 
the tenth,

less uniform, the pressure distribution isbut increasing more oreach additionaltrend shifts back 

with layer. Theat the thirteenth layerto the middle and when the peak returnsthe front showing greaterback. pressure thanThe peak pressure at any instant the 
of YZ, is nowhere nearY being the value
the unit weight 
of backfill
height/thickness of and Z is the
the backfill over 
the celL.
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Table 1 	 Tension Test Results for 3/8"
 
Diameter Round Bar
 

Force 
 Stress 
 Strain 
 Stress
 
(kg) (kg/cm 2 ) - 6
x 10 (MPa)
 

0 
 0.000 
 0.0 
 0.000
 
50 
 78.616 
 63.0 
 7.712
 

200 314.465 
 -,166.0 
 30.849
 
400 628.931 
 383.0 
 61.698

500 786.164 
 395.0 
 77.123
 
540 849.057 
 416.0 
 83.292
 
600 943.396 
 499.0 
 92.547
800 1257.862 
 654.0 
 123.396
 

1000 1572.327 
 804.5 
 154.245
 
1200 1886.792 
 962.0 	 185.094
 
1400 2201.258 
 1116.5 
 215.943
 
1600 2515.723 
 1264.5 
 246.792

1800 2830.189 
 1415.5 
 277.642
 
2000 3144.654 
 1569.0. 
 308.491
 
2200 3459.119 
 1722.0 
 339.340
 
2400 3773.585 
 1889.5 
 370.189
 
2600 4088.050 
 25279.0 
A 401.038

2700 4245.283 
 27000.0 * 
 416.462
 
3000 4716'981 
 28000.0 
* 462.736
3300 5188.679 
 29000.0 * 
 509.009
 
3000 4716.981 
 32000.0 
* 462.736
 
2400 3773.585 
 33000.0 
* 370.189
 

• inaccurate values
 

Table 2 	 Tension Test Results for 1/4"
 
Diameter Round Bar
 

F'crcea 	 S t e ..g) .' 	 Sres _ _ )_pa 
0
:' 0.000 0.0 
 0.000
60 I 2.9239 40.0 
 20.82:
 

I00 I 353.732 163.0 34.701

200 707.464 
 305.5 69,402

300 1 061.196 
 475.0 
 104.103
1 .400 1414.927 633.5 138.E04

500 1 768.659 
 796 0 
 173 .505
600 2122. 391 
 557.0 
 20E 07
 
700 2476.223 
 1123.5 
 242.908

8.0 2829.855 
 1286.0 
 277.609
 
900 3183.587 
 1457.0 
 32 320
1000 3537.319 
 1627.0 
 347.011


1100 3891.0-1 
 1787.5 
 1i .712
2140 4032.543 
 3797.0 
 295.593
 
12 I 4244.7820 
 380.0 
 4: 4"3
 

130 4593.514 4000.0 
 471.114

25 4699.2.36 
 420. 0 
 8 . 1
 

Li_0 442-1.8 4300.0 
 ;33.6
 
00 37 .3.19 4800.034.-1
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Table 3 
Direct Shear Thst Results on Backfill Materials
 

WEATHERED 
 CLAYEY LATERITICProperties CLAY 
 SAND RESIDUAL
 
2 )c (t/m SOIL

a). Cohesion, 

85% CompactIon 
 9.0 3.6 2.590% Compaction 12.0 3.7 2.695% Compaction 12.9 3.8 8.8 

b). Angle of friction, o (degree)85% Compaction 29.1 25.8 38.090% Compactlon 29.7 26.2 39.795% Compaction 30.7 26.8 40.2 

Table 4 
CIU Triaxial Test Results on Backfill Materials
 

Eff. Water Dry Effective TotalSample Cons. Con- Unit 
Press. tent, Weight, 0 , c2 0 , ct/m % t/m 3 degree t/m2 degree t/m 2 

WEATHERED CLAY 
 5
(85%) 
 10 21.18 1.38 19.8 1.5 13.8 0.7 
20 

WEATHERED CLAY 
 5

(90%) 
 10 21.50 ;.47 20.4 1.6 14.0 1.1 

20 

WEATHERED CLAY 
 5

(95%) 
 10 21.12 1.55 25.8 1.9 15.5 2.4 

20 

CLAYEY SAND 
 5

(85%) 
 10 13.40 1.52 21.6 0.7 16.8 1.0 

20 

CLAYEY SAND 
 5
(90%) 
 10 13.40 1.62 23.6 1.2 17.1 1.9 

20 

CLAYEY SAND 
 5
 
(95%) 13.40 1.70 24.0 2.5 18.2 3.210 

20 

LATERITIC RESIDUAL 5SOIL (85%) 10 10.88 1.64 21.3 0.0 15.3 1.1 
20 

LATERITIC RESIDUAL 5SOIL (90%) 10 10.77 1.74 22.4 2.3 19.0 
20 

LATERITIC RESIDUAL 5SOIL (95%) 10 10.77 1.83 25.2 2.7 21.0 3.0 
20 
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Table 5 
UU Triaxial Test Results on Backfill Materials
 

Sample 

W.R.'IIERED CLAY 
(85%) 

WEATHERED CLAY 

(90%) 

WEATHERED CLAY 
(95%) 

CLAYEY SAND 

(85%) 

CLAYEY SAND 

(90%) 


CLAYEY SAND 

(95%) 


LATERI'fIC RESIDUAL 

SOIL (85%) 


LATERITIC RESIDUAL 

SOIL (90%) 


LATERITIC RESIDUAL 

SOIL (95%) 

Cell 

Pressure, 

/tim 

5
 
10 


20
 

5
 
10 

20 

5 
10 

20 

5
 
10 

20 

5
 
10 

20 

5 
10 

20 

5 
10 

20 

5
 
10 


20 

5
 
10 

20 

Water. 

Content, 

% 

21.21 

21.40 

21.34 

13.50 

1 3.50 

13.20 

10.60 

10.33 

10.64 

Dry Unit 

Weight, 


t/mrn 

1.38 

1.47 

1.55 

1.52 

1.61 


1.70 

1.64 

1.74 

1.83 

p , 
degrees I 

c , 

t/m 2 

28.2 7.3 

29.1 8.8 

31.5 11.8 

17.3 2.4 

20.2 2.7 

23.5 4.2 

29.2 4.2 

31.0 6.6 

32.5 8.0 
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Potentioleter Adjustmentsf
fo

0 mA S(CW). tDither - Adjusts dither output 
EM-D-20 AMPLIFIER MODULEmtERoMODULE40TA RMS (- W). (a) Note: Switch contacts are closed 

ias -Biases the Power 	
,-

when depressed side of switcstage output with no 
input from -400 	 is positioned toward edge ofmA the board. 

' " -"-
(CW), through 0 mA 	

m=n 
(C. ter) to + 400 mA S53 .--

Limiter-	 Umits output current 

from 0 mA (CCW) to
* in frmnegative directionto 0 ML

* -m axim unm output 	
A 

capability (CW). 

Limiter. Limits output in posi- IE iA FIj*I

E
 
- tive direction from 
 aI0 mA (CCW) 

to	 A
capability (CW).1.5TPmaximum output

Gain 1 -Adjusts gain of power Ti 
'.____stage from minimumT(CW).(CCW) to maximum 

7 
 _ 
_
Gain 2 -Adjusts gain of volt-
78 -54

B O DIage amplifier stage EM-D-20 BLOCK 	DAGRAMfrom minimum (CoW) 
Ratio to maximum (cW).- Adjusts ratio of inouts
at terminals 3 and 9. VOLTAGE AMP RESET 
 -

Center is for equal in-	 UNUSED 
puts. CW rotation in-	 (b) 2OHM3.3Kcre ases 8 /9 ratio. 

n 
I T R N I 2O M EJAC ccw rotation de- LIMITER 

creases 	8/9 ratio.I GAI N 	 I - -
VOLTAGE AMP SUMMING JUNCTION 10 L I..2 $2 LIMI'ER DITHER . _. ..A AC 

(c) 
cOK 	

327K 270KIOCKVOLTAGEAMPINPUT	 -'I
2 K 6 AK1E 

POWER 
RAFATIO O TAG POWER STAGE

PE -MPLIO 	 STAGE OUTGPUT 

! . L _.___ +20v 

POWERSTAGEPREAMPINPUT1I 
'51K " REGULATOR S 3 COMMON

POWER STAGE PREAMPINPUT -2 ( 
-POWERSTAGEPREAmpOUTPUT 7 H5 

EM-.20 Module Contag= 

Fig. 2 	 0 EMP-A-20 aid EMRS-A11 Terminas.EM-D-20 Amplifier Module (after Vickers, 1988) 
 1-519720.2
a) Plan Section, b) Block Diagram,
c) Potentiometer Adjustments 
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Fig. 14 
 a) Failure Planes for Strip Footings
 
(Dunn et al, 1980)
 

b) Suggested Slip Planes for Horizontal
 
Bearing (Peterson and Anderson, 1980)
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Soil friction angle 0 
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Fig. 15 a) 	Boundary Conditions for Bearing Stresses
 
on Grid Reinforcement during Punching Shear
 
(Jewell et al, 1984)
 

b) Comparison of Test Results with Predicted
 
Values of Bearing Stress (Jewell et al, 1984).
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Fig. 16 	 Analytical Model for Mobilization of Passive
 
Resistance at Grid Junctions (Ochiai et al, 1987)
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Fig. 17 
 Resistance Measurement Circuits
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Fig. 18 Schematic of LVDT Showing Excitation Voltage and 
Differential Output Voltage Location 
(Bourne, 1989)
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Fig. 20 Photograph Showing the Set--Up 
of the
 
Hydraulic Pullout Jack
 

Fig. 21 Clamping Mechanism for the Pullout Test Showing
Contraction Grippings Attached in 
the Longitudinal
 
Members
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M 

Fig. 22 Photograph of the LVDT and Dial Gage Positioned 
in Front of the Pullout Box 

Fig. 23 Inextensible Wire Extensometers Connected at 
the
 
Rear Portion of the Pullout Box
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Fig. 25 Photograph of 21x Datalogger with the
 
SM192 Storage Module while taking Strain
 
Measurements During the Pullout Test
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Weldod Bar (6- x 12" x 0.23')
9!-S Compacflcn, Id = 1.52 I'. -n - 21. 3% (dry)9 ,',oalharod Clay Backfill 
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Fig. 26 	 Typical Load-Displacement Curves for Weathered
 
Clay at 
the Dry Side of Optimum
 

Welded Bar (6'" x 12" x 0.25")
9 95% Compacflon, Yd 1.52= f/r', rnc 25.3% (wef)

Weafhered Clay BackfIll 

8 Legend: 
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Fig. 27 	 Typical Load-Displacement Curves for Weathered
 
Clay at 
the Wet Side of Optimum
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Fig. 29 Photograph of a Deformed Welded Wire Mat
 
After the Test
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Fig. 30 Dgpliacement (mm)Typical Load-Displacement 
Curves of Longitudinal
Bars Embedded 
in Weathered Clay Backfill Compacted
at 
the Dry Side of Optimum (1/4" 
Bar Diameter)
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Fig. 31 Typical Load-Displacement Curves of Longitudinal
Bars Embedded in Weathered Clay Backfill Compacted
at 
the Wet Side of Optimum (3/8" Bar Diameter)
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Fig. 33 
 Typical Plot Showing the Effect of 
the Number of
Transverse Wires 
on 
the Passive Resistance of
Transverse Members for Weathered Clay Compacted
at Wet Side of Optimum
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iD 
Lower Vertical Stress 
(Dia. = 0.25")


9 
 G-9 Welded Bar 6'" x 
 9" x 0.25" (mc = 21.3X)
Welded Bar 6" x 12" x 0.25" (me = 21.9) 
 Dry Side
8 
 --- Welded Bar 6" x 18" x 
0.25" (mc = 21.3%) 

7 
 & Welded Bar 6" x 9" x 
0.25" (mc 25.3%) 
X Welded Bar 6" x 12" x 0.25" (me 25.3) Wet 
 Side

a 6 
 - Welded Bar 6" x IS" x 
0.25" (mc 25.3X)
C 
a 

02
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 a to 

Normal Pressure (t/in') 
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Higher Vertical Stress (Dia, 
= 0.25")


9 G--O Welded Bar 6" x 9" x 0.25" (mc = 21.3x)+-4 Welded Bar 6" x 
 12" x 0.25" (mc = 21.3X) Dry Side 
a O----O Welded Bar 6" x 18" x 0.25" (mc = 21.3%)
* & Welded Bar 6" x 9" x 0.25" (mc = 25.3%) 

7 -- Welded Bar 6" x 12" x 0.25"
' Welded (mc = 25.3%)Bar 6" x 18" x Wet Side
0.25" (mc = 25.3%)
 

6 0 
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0 2 
 46 
 to 12 14
 
Normal Pressure (I/rn')
 

(b)
Fig. 36 
 Typical Variation of 
the Total Pullout Resistance
with Normal Pressure for Weathered Clay Backfill
a) Lower Vertical Stress, b) Higher Vertical Stress
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Fig. 37 Variation of 
Shear Strength with Normal Pressure
 
from Direct Shear Test 
on Lateritic Residual Soil
 
(Dry Side of Optimum)
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Fig. 38 Variation of 
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(Optimum Moisture Content)
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Pullout test on reinforced loterite 
S600 dy slde,9.U8 RC-95XD LEGEND 

o 150 X 150 X 12 mm dld.(Nc-15.54,4qT.17) DRY SIDE+ 150 X 225 X 6 mm dla.(.c-31.07,Nq-95)0 150 X 150 X 8 mm dla,(Nc-29.94Nq-5)500 / Observed Dataa 150 X 225 X 12 mm dla.(Nc-29.38.No-40O) 

X 
 Bearing Capacity (Peterson et al, 1980)
V Punching Shear (Jewell et al, 
1984)
 

400 * Finite Element '(Rowe

eE 

and Davis, 1982) 

300 ___• 

200 

100 -__ 

0 
0 0.2 0,4 0,6 0.8 1 1.2 1,4 1,8 1.8 2 

Overburden Pressure (t/q.m) 

Fig. 47 Comparison of the Observed and Theoretically
Predicted Values of Normalized Passive Resistance
 
Plotted Against 
the Overburden Pressure for

Lateritic Residual Soil 
(Dry Side of Optimum)
 

Pullout test on reinforced laterite 
omc-12.23% rc-100% 

o LEGENO OPTIMUM H.C..
0 150 X 150 X12 mm dia,(Nc-35.56 Nq-4)+ 150 X 225 X12 mm dlartc-53.70.Nq-7.5)| Observed Data0 150 X 225 X 6 mm dla.(Jc-2.96,Nq.41) 
500 
 x 
 Bearing Capacity (Peterson et al, 1980)
V Punching Shear (Jewell et al, 
1984)


* Finite Element
 
400 

E 

3O
 

200 

100 

0 
0. 0.2 0,4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Overburden Pressure (t/aq.m) 

Fig. 48 Comparison of 
the Observed and Theoretically

Predicted Values of Normalized Passive Resistance

Plotted Against the Overburden Pressure for
Lateritic Residual Soil 
(Optimum Moisture Content)
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PulloUt 	 test on reinforced laterite 
wetslde mc-14.83X rc-95%

B 

LEGEND 

1 150 X 225 X 12 rnm dia.,(NC.-34.97,Nq.49) 1 WET SIDE+ 150 X 150 X 6 mm dtd.(Nc-138.46,Nq.24) W S0 150 X 225 X 6 mm dlo.(Nc-123,0,Nq..37) 
1 Ob:erved Data500 
 a 150 X 150 X 12 mm dlo.(Nc,-38,Nq..5 

2 ) I 
x 
 Bearing Capacity (Peterson et al, 1980)
v Punching Shears, (Jewell et al, 1984)
 

400 S Finite Element (Rowe and Davis, 1982) 
E 

300 

z
 

200 

100 

0 
0 0.2 0.4 O.e O.8 
 1 1.2 	 1.4 
 1.8 1.8 2 

Ovarburden Pressure (t/q.m) 

Fig. 49 	 Comparison of 
the Observed and Theoretically

Predicted Values of Normalized Passive Resistance

Plotted Against 
the Overburden Pressure for
Lateritic Residual Soil 
(Wet Side of Optimum)
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Weathered Clay aockfill 
 Dry Side 	of Optimum


9 	 95% Compaction
 
1/4" Diamofer
 

a 
 A Observed Data
 
7 - Predicted (Bergado et al, 
1987)
 

.6 6 

6~0 

0 

3 

2 

0 
0 2 6 to 

Normal Pressurv (1/in') 

Fig. 50 	 Comparison of the Observed Maximum Total Pullout

Resistance with Predicted Values for Weathered
Clay Backfill Compacted at 
the Dry Side of Optimum

(1/4" Bar Diameter)
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10 

Weathered Clay Backfill 
9 95% Compaction Dry Side of Optimum 

3/B" Dlameler 

S6 Obsezved Data 
- Predicted (Bergado et al, 1987) 

7 
'-' 6 
o0u 

,

00 

0 7 	 64. 	 810 

Normal Pressure (1/rn') 

Fig. 51 Comparison of tile Observed Maximum Total Pullout 
Resistance with Predicted Values for Weatheredo

U Clay Backfill Compacted at the Dry Side of Optimum 
(3/8" Bar Diameter) 

Lateritic Residual Soil
 

9 - 6 qx Dry Side of Optimum
 

0 - I 1 	 I I I I !II I I I I I I I I13 Observed Data
 
- 7 o Predicted (Bergado et al, 1987)


4 

2 5 

2 A 

0.0 0.2 0.4 0.6 0.8 1,0 1.2 1.4 .6 |.8 2.0
 

Normal Pressure. Vm' 

Fig. 52 	 Comparison of the Observed Maximum Total Pullout
 
Resistance with Predicted Values for Lateritic
 
Residual Soil Compacted at the Dry Side of Optimum
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Lateritic Residual Soil
 

6"x6" -L" Optimum Moisture Content 
8 

t Observed Data 
7- o Predicted (Bergado et al, 1987)
 

C 
6 

6
 
C
 

n 
a 

4 

2 

I 

0.0 0.2 	 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Normal Preusure. 1/rn' 

Fig. 53 	 Comparison of the Observed Maximum Total Pullout
 
Resistance with Predicted Values for Lateritic
 
Residual Soil Compacted at the Optilnum Moisture
 
Content
 

Lateritic Residual Soil
 
10 

61x6f Wet Side of Optimum
 

8 al Observed Data
 
7 0 Predicted (Bergado et al, 1987)
 

6 

5 

4 	 

2 .3-" -	 

0.0 0.2 	 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

W'krmal Pressure. t/m' 

Fig. 54 	 Comparison of the Observed Maximum Total Pullout
 
Resistance with Predicted Values for Lateritic
 
Residual Soil Compacted at the Dry Side of Optimum
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Weathered Clay (Dry Side)

100 

6 Observed Data
 
90 

Theoretical Predictions
 

Bearing Capacity (Peterson et al''1980) 
70 - Punching Shear (Jewell et al, 1984) 

- Finite Element (Rowe and Davis, 1982) 

V 60 

MA 	 -e.t 
0 

4
 

30 

20 	 "
 

10 m
 

0 0.2 0.4 0.6 0.8 

Overburden Presturo (kg/crn') 

Fig. 55 	 Predicted Versus Observed Passive Resistance of
 
Transverse Members for Weathered Clay Backfill
 
Compacted at the Dry Side of Optimum
 

Weathered Clay (Wet Side)
 
100 

90] Observed Data 

80 Theoretical Predictions 

70 - Bearing Capacity (Peterson et al, 1980)
Punching Shear (Jewell et al, 1984) 

60 - Finite Element (Rowe and Davis, 1982) 

z 
C0 

30 

20 

10 

0 0.2 u.4 0.6 0.8 

Overburden Presture (kg/c-n') 

Fig. 56 	 Predicted Versus Observed Passive Resistance of
 
Transverse Members for Weathered Clay Backfill
 
Compacted at the Wet Side of Optimum
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A 

' > " I $INSTRUMENTED SECTION
W4.5xW.5, 69 MESHES 8'... 
 8.IN,, EACH BACKFILL 

_ D2- -- -- 18 / . ,, _
- - .- 9--.. - - -- 1' -- _- 1-- . 

4 -- 'I 
 9 --- -- .
 

....X.,,
,.. 

,..,,,.,,,,,-, C-AYE SA ,-- ------- [A ----

_ . 
-+E-jc -WE-H-E -19",196 - - '-t- IGO0" (en,-d16sectionG.).C L A Y-. , OI'--- .
1'G(end section) (middle scc(nd1 ecnonZA

;" CLAYEY SAND LfIATERlilC -1- - WEAT'HERED C.Y' 

-I. 

181
18'
 

18,1 

G.L. 

18"-W4.5 Y W 3.5 , 6"x 9" meshes 
14 layers (typical) 

Fig. 58 View of 
the Welded Wire Wall Along Section A-A

Showing the Instrumented Welded Wire Mat Layers
 



G"x 9".ESH G"x 9" MESH FRONGLESS 
CAP • EINFORCEMENTMAT 

2"AitMMES1
BACKING MA-

RINGER STANDARD REIN-
I~INGR -,FORCEMENT MAT 

Fig. 59 
 Accessories Used for the Construction of the Welded
 
Wire Wall (after Ifilfiker Co., 1988)
 

FOLLOW YOUR PLANS CAREFULLY FOR BASE DEPTH 
AND WIRE SIZE OF THE MATS. EACH 7'-G" WIDE 
MAT SPANS 8'-O". USE SPACERS AS SHOWN FOR 

THE 6" 5PACE BETWEEN THE MATS. 

ro 71-G" MAT G 
SPACE S1ACE
 

Fig. 60 -Welded Wire Mat Layout Showing the 6" Spacers
 
(after 1ilfiker Co., 1988)
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PUT THE 	 BACKING MATS AGAINST THE MAT FACES. 
CUT A BACKING MAT IN HALF AND 

KING USE HALF 	AT THE BEGINNING 
MATS ARE AND ENDING OF EACH LIFT. 
THE SPA. 	 Y NO SPACE BETWEEN< 	 . BACKINO MATS

FROM CENTER MT 
TO CENTER OF. /BACSPACTHE :REIN-	 j AT FACE 

FORCEMENT 

Fig. 61 	 Placement of the Backing Mats Against the Face
the Wall (after Jilfiker Co., 1988)
 

/ CLI P WITH 
HOG RINGS 

UN OLL> 
THE SCREEN
AGAINST THE 

BACKING MATS.
 
KEEP IT AS TIGHT
 
AS POSSIBLE.
 

Fig. 62 	 Placement of the Screen with Ilog Rings

(after Ifilfiker Co., 1988)
 

RIQHT 

1 TOF WIRE 

Fig. 63 	 Proper Way of Backfill Placement
 
(after Hilfiker Co., 1988) 
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Fig- 64 
 Proper Placement of Two Succeeding Mats

(after Hilfiker Co., 
1988)
 

r "9 " _SHOULD BE USED 

/ ON STRAIGHT RUNS 

AND VERTICAL 
ALIGNMENT 

""i~i~i.!, ""TO 6"
 
> 1OFFSET
:.! 11% TOVEWO 

..TO VIE OF-
OF~~~~ TOSTINEEASI ~~5T~-Al STRING 

SEAD STRIG SAKE USE 2NASTS.MESF:OFTH .LING E T OENATND ATSlF 

F'ig. 65 
 Aligning Procedure 
for the Welded Wire MatsJ
 
(after Hilfiker Co., 
1988)
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Fig. 66 
 Placement of Backing Mats for Succeeding
Layers Other than the First Layer (after

Ifilfiker Co., 
1988)
 

PLACE PRONGLESS RE1NFORCEMENf"
MAT AND BACKFILL AS IN PREVIOUS
LIFTS. 

liLT CAP AND 
CATCH FRONTHOOK UNDER • ,
,,--'--..\_ SECOND W1RE\_, 1 .W
x 
 / \- ON FACE OF.,"\
A/ : \PRONGLE5S MAT. ,,
 

" 
 CAP '/ 

Fig. 67 Installation 
 o. the Prongless Reinforcing Mat
and 
the Top Cap in the Topmost Layer of 
the Wall
(after Hilfiker Co., 
1988)
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(a) 

(b)
 

Fig. 68 a) Experimental Site of the Welded Wire Wall
 
Just After the Installation of the Subsoil
 
Instruments
 

b) Photograph of the Site of Welded Wire Wall
Taken During the Placement of the First Layer
 
of Reinforcing Mats
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(a) 

(b)
 

Fig. 69 Welded Wire Wall After Laying Out the Fourth
 
Layer
 

b) Photograph Showing the Completed View of the
 
Welded Wire Wall
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.**.....- IIr :- -Ik! -

(ai) 

6" 

6" 

protrudes out 

from face of 
wall 

gravel (acing 

(b 

embeded in soil 

Fig. 70 a) Photograph Showing the Dummy Mat for PullouL 
Test Laid in Place 

b) Schematic Diagram of the Dummy Mat Showing 
Location of Instrumentation Points 
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LATERITICI 

CLAYEY SANE) 
SOT~II 

WEATHERED CLAY
I 

II 
 6m
 

MS I 

IUJ-8.S(9)s 
NOTE. 

I (B~s E4 oti.5
 
(OS to (9)S are at OI5 


I ~ t
 
E5 at,

----- 4---0-2
_ 2.5 M 

[..2.5 
M 

*l d: 21S 

I03-10.85 1 t S-E0.25 mIl-;O.85 RM3-I0.25 
-01 

..-..
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..............................
 

TV 
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* SURFACE SETTLEMENT PLATES 
HYDRAULIC PIEZOMETERS* SUBSURFACE SETTLEMENT PLATES A PNEUMATIC PIEZOMETERS* INCLINOMETER CASINC -
EARTH PRESSURE CELLS 

Fig. 71 
 Schematic Layout of Field Instrumentation for

the Welled Wire Wall
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Fig. 72 	 Location of Strain Gages Along the Welded Wire 
Mat for the Bottom Four Instrumented Layers 
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i I °°_ 
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- I° ''I I ... 
0 I 2 3 / 5 6 7 8 9 10 II 12 13 14 15 16 17 lB 19 20 21 22 

Fig. 73 	 Strain Gacje Locations Along the Welded Wire Mat
 
for the Top Three Instrumented Layers
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(a)
 

(b)
 

Fig. 74 a) Monitoring Station Located Just in Front of
 
the Welded Wire Wall Showing the Boxes for
 
the Quick-connect Plugs Connected to the
 
Strain Gages


b) Close-Up View of the Bundled Lead Wires with
 
Connecting Plugs for Tension Measurement
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Plot of Tension Against Wall Height Above Mat 
for Clayey Sand (Mat No. 2)


b) 
Plot of Tension Against Distance from the Face
 
of 
the Wall for Clayey Sand (Mat No. 2)
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Fig. 76 
 a) Plot of Tension Against Wall Height Above Mat


for Lateritic Residual Soil 
(Mat No. 2)
b) Plot of Tension Against Distance from the
Face of 
the Wall for Lateritic Residual Soil
 
-(Mat No. 2)
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INCUNOMETER NO. I1, A-DIRECTION 
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Fig. 78 
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for Inclinometer No. 1 
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INCUNOMETER NO. 13, A-DIRECTION 
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Fig. 80 	 Plots of Depth/fheight Against Lateral Movement 
for Inclinometer No. 3 

6 INCUNOMETER NO. 14. A-DIRECTION
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Fig. 61 	 Plots of Depth/Height Against Lateral Movement
 
for Inclinometer No. 4
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a--
INCUNOMETER NO. 15, A-DIRECTiON 
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Fig. 82 	 Plots of Depth/Height Against Lateral Movement
 
for Inclinometer No. 5
 

a-	 --23/6/89 

7-


E 6a 
a co 

5 ..-. 	 423/6/8929/5/89-o
 

C 4-

E 44, 

-24/5/89 
44
 

2- 0 	 19/5/89-+
 

4J e---e SS1 0 6m Depth
4un --- SS2 0 3m Depth

1 S1 0 0.45m Depth (Surface)
C') 

0 20 40 60 

Vertical Movement (Cme) 

Fig. 83 Lateral Movement Plotted Against the Vertical 
Movement of Wall (Inclinometer No. 1) 
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Fig. 84 	 Lateral Movement Plotted Against the Vertical
 
Movement of Wall (Inclinometer No. 2)
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Fig. 85 	 Lateral Movement Plotted Against the Vertical
 
Movement of Wall (Inclinometer No. 3)
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Fig. 87 
 Measured Surface Settlements at 
the Center of


Each Section of the Wall (S4 to S6)
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Fig. 88 
 Observed Surface Settlements at 
the Back Sections
 
of the Wall (S7 to S9)
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Fig. 89 
 Observed Subsurface Settlements of 
the Soft Clay

Foundation (SSl to SS6)
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Fig. 90 
 Observed Subsurface Settlements (SS7 and SS8)
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Fig. 91 
 Observed Subsurface Settlements (SS9)
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Fig. 93 
 Measured Excess Porewater Pressure Developed in the
 
Soft Clay Foundation 
(Pneumatic Piezometer No. 
1)
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Fig. 94 
 Measured Excess Porewater Pressure Developed in the
Soft Clay Foundation (Pneumatic Piezometer No. 2)
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Fig. 95 
 Measured Excess Porewater Pressure Developed in the
Soft Clay Foundation (Pneumatic Piezometer No. 3)
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Fig. 96 
 Measured Excess Porewater Pressure Developed in the
 
Soft Clay Foundation (Pneumatic Piezometer No. 4)
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Fig. 97 
 Measured Excess Porewater Pressure Developed iD the

Soft Clay Foundation (Hydraulic Piezometer No. 2)
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Fig. 98 
 Measured Excess Porewater Pressure Developed in 
the
 
Soft Clay Foundation (Hydraulic Piezometer No. 3)
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Fig. 99 
 Measured Excess Porewater Pressure Developed in 
the
 
Soft Clay Foundation (Hydraulic Piezometer No. 4)
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Fig. 100 
 Measured Excess Porewater Pressure Developed in 
the
 
Soft Clay Foundation (Hydraulic Piezometer No. 5)
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Fig. 101 
 Measured Excess Porewater Pressure Developed in 
the

Soft Clay Foundation (Hydraulic Piezometer No. 6)
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