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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 descripntion of the results
are presented herein. Outlined in this progress report are the
pullout testing made in the laboratory, with 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 collaboraticn, 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 contents (dry and wet sides of
optimum). The tests were conducted with normal pressures ranging
from 1 to 13 tsm. 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 wusing 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 m high, welded wire wall/embank-
ment system utilizing poor quality backfills, was constructed in
the area north of ET Building inside the AIT campus. The
constructinor 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" 1long
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 clayey. 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 m 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 the wall and its foundation,
evaluation of the total base pressure of the wall, and
measurements <f the excess pore pressures genarated in the soft
clay. The settlements measured at several sections of the wall
reached up to 60 cm 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 tension distribution back from the face of the wall during
the construction stage, indicated 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) vatue 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.



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 and 1
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 preseat, 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 doctoral student will soon
start his pullout test program using clayey sand backfill.

II. RESEARCH COLLABORATION

Last April 2%, 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 electrical wires for automatic data acquisition
in the field. Their assistance was very valuable to the research
team especially at the initial stage of embankment construction.
The embanrkment was constructed for one month from April 24, 1989
to May 24, 1989.

Prof. Anderson also was the invited speaker together with
Dr. Bergado during the seminar on earth reinforcement at
Chulalongkorn University that was held last April 25, 1989. The
seminar was sponsored by the Enaineering 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 8enior Staff regarding the use of steel geoygyrids earth
reinforcements on highway infrastructures.
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IIT. 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 THE NEXT REPORTING PERIOD

For the next succeeding months, laboratory pullout tests on
ciayey sand backfill will be carried out using different backfill
conditions and varying reinforcing mat geometry. Pullout tests on
lateritic residual soil will also be conducted for higher normal
pressures while additional effects of different backfill
conditions and other mesh sizes will be investigated using
weathered clay backfill. It is also planned to carry out
numerical modelling of the soil-reinfo.cement interaction for
comparison to the laboratcry and ftield 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 settl]lement 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.



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 ecunomical
means of supplying the proper input to various servo
valves, control pumps, pressure control valves, and flow
control valves. In addition, the electronic control
components may be interfaced with a variety 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
mocule, supplying it with the proper excitation voltages,
and connecting it to external circuit components through a
terminal strip. 1In addition, a highly regulated 12-Volt
power supply circuit is inclrded 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 FEM-D-20)

The amplifier module 1is designed to control servo
valves, electrohydraulic control pumps, pressure control
valves in closed loop pressure control circuits, and flow
control wvalves in closed 1loop 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 current 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.



(2) Hydraulic Flushing Valve (Model SMA4FV)

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-liydraulic Servo _Valve (Model SM4-20/Flapper Nozzle
Piloted)

The flapper nozzle piloted servo valve provides the flow
modulation, reversibility and fast response reguired 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 coitpensation, handwheel, or
level control, thus, allowing the mechine 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 0il Tank (Model T20VBSC)



(5)

(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 exceeds 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.

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 reguire 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
oucputs, or certain pulse counting measurements. The



(6)

(7)

(8)

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.

SR-4 Load Cell (Baldwin Lima Hamilton Corp)

The load cell translates changss 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 thLe
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.

Air Bag (Signode Corporation, Lake Ave., Glenview, I1l.)

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 nrovided by the air
compressor,

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 surface cleaner)

(b) Neutralizer 5 (water-based alkaline surface cleaner)
(c) FTF-1 Degreaser

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

(e) M-line Rosin Solvent

(f) M-Coat D (air-drying acrylic coating)



(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 rcle 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
Epsvn 1.Q-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 1load during the
pullout test.

VI. TENSILE STRENGTH TESTS OF STEEL REINFORCEMENTS

Tensile strength tests were performed on two sizes of 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 of 0.4% to 0.5%. The
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 soil, and clayey sand) not included in
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 Consclidated Undrained (CIU) triaxial test
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.



VIII. FIELD TESTS AT THE WELDED WIRE WALL EXPERIMENTAL SITE

The field tests performed prior to the installation of any
instrumentation (and subsequent construction of the embankment )
in this period consisted of pressuremeter tests, vane shear
tests, Dutch cone tests and screw plate load tests. Initial
results of the vane shear and Dutch cone tests were presented in
the Second Progress Report while the complete procedure and
results 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 location of the main
embankment at 2, 4, 6, 8 and 10 m depths. The apparatus used was
JLLT Type M' (Lateral Load Tester) Model 4165 of the 0OYO
Corporation of Japan. This apparatus is used to obtain the
deformation characteristics of the ground from the relation
between the pressure then given, and the corresponding expansion
value of the rubber tube (sonde) in the borehole. The value of
elastic moduli obtained at the various deplths assuming plane
strain condition an Poisson's ratio of 0.3 are 38.9, 42.4, 7.65,
25.72, 176.72 Kg/cm<, respectively. From Fig. 5 it can be seen
that the minimum value of net yield pressure and limit pressure
occurs at a depth of about 6m and from then on increases with
depth.

Vane Shear Tests

One vane shear test was performed at location of main
embankment and the other, at the location of the control
embankment. The results of these tests are shown in Figs. 6 and
7. The results obtained are similar to those of the previous
tests. The maximum undrained shear strength in the undisturbed
state at the loSation of the main embankment was of the order of
about 3.25 t/m“ at a depth of about 6 m. The minimum value,
however, can be taken as about 2 t/m<. In the remoulded state,
the averagS 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 test are shown in Figs.
8 to 11. The Dutch cone a%Paratus consists of a 60 degree cone
with a base area of 10 m » attached to the bottom of a rod
protected by a casing. The tube, pressure rod and sounding cone
assembly is driven into the soil (e.g. to 20 cm depth). Next,
the rod extending from the tube is pushed down another 5 cm with
the aid of 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 bhase 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 ' m is somewhat higher than in the soft clay below.
The average value of cone Eesistance (O.) in the soft clay up to
8 m depth is about 60 t/m“ and further below it, 1t increases
rapidly. The averag% value of the local triction up to 8 m
depth is about 1.5 t/m¥%, 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. Tts 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 m and 6 m depths. The load was applied
rapidly and then 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 and
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 the formula Eusp= KP /w, where K is the
undrained modulus factor taken as 0.61 for @he 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 ultima%e bearing
capﬁcities 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
and26 m depths have been found to vary between 350 to about 500
t/m<.

11



Subsoil sampling

Subsoil samples were obtained at the location of the main
emhznkment by using 10" diameter sampler and at the location of
the control embankment by using a 3" diameter shelby tube
sampler. However, at the location of the msin embankment, 10"
diameter samples could be 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 as could be seen visually from a sample at 5.5 m
depth was sandy. Samples were obtained up to a depth of about 9 m
at both locations.

IX. LABORATORY PULLOUT TESTS

Theoretical Background

General

As in vonventional reinforced earth structures, the internal
stability of the welded wire reinforced system consists of two
basic components. The {irst component 1is the tension failure of
the wvires and the second is the pullout failure of the
reinforcement. The first component can easily be verified for
adequacy on tho basis of the actual lateral stress imposed on the
reinforcement of known cross-sectional area and allowable tensile
stress. However, for the latter component, the mechanism of
failure has not been fully understood vet. This is especially
true for the case of the welded wire reinforcement where there
are two components 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 ccmponent 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 bhetween the soil and
reinforcement to be composed «f three main mechanisms, namely:
(a) soil shearing over plar= reinforcement surface areas, (b)
soil bearing on grid reinforcement bearing surfaces, and (c) soil

12



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 over-
burden pressure, the coefficient of friction between reinforce-
ment 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 welded wire mat is

Fg
---- = o 1 d tan § (1)
L )

where ¢ is the average overburden pressure computed from
0 = ——-a--c S T = 0.750 (2)

@ 1is the diameter of the wire, and

6 1is the friction angle between reinforcement and the soil.

Jewell et al (1984) suggested a theoretical expression for
direct sliding resistance of the geogrid. The loading condition
is 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 shear
between 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 using *the follcwing: |

f3s tan hgs = %gg tan & + (1 - cgs) tan b3qs (3)

where: fds is the coefficient of resistance to direct sliding,
¢3s is the angle of friction for soil in direct sliding,
§ is the angle of skin friction for soil on plane
reinforcement, and
@gs is the fraction of grid surface area that resists
direct shear with the soil.

13



For design cases with reinforcement grids providing
stability in embankments or retaining walls where the soil fill
particles penetrate the grid apertures, a suitable value of
maximum direct sliding resistance can be obtained by adopting a
value o = 0y, where a_ is the fraction of snlid surface area in
a grid ?ﬁewelf et al, 1584).

Bergado et al (1987) successfully predicted the pullout
resistance of geogrids in the short term, undrained condition
using cohesive frictional backfills. The adhesion resistance, Ff,
was evaluated as

Fe = 2HAgC (4)

where 11 is the adhesion factor between the soil and reinforce-
ment, Ag is the total plan area of the geogrid, and Cc_ is the
undrained cohesive strength of the soil defined by Ingofé (1983)
as

Chy =C+o0 tané (5)
where 0 is the normal pressure at the level of the reinforcement
in consideration which is egual to the overburden pressure. The
upper limit of the adhesion factor, v (=1) was used in the
solution because of the larger values obtained from direct shear
tests on reinforced soil.

The value of the frictional resistance is commonly
determined in the laboratory by running pullout tests on mats
with their transverse members removed such that only the
contribution of the longitudinal bars to the total pullout
capacity can bhe measured. Alternatively, the frictional
resistance 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 employing any
of those expressions given previously to determine the frictional
resistance. It was found that the frictional resistance
determined experimentally yielded higher values than those
predicted theoretically (Peterson and Anderson, 1980; Chang et
al, 1977).

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 is due to the anchoring effect of
the transverse members. Chang et al (1977) were the first to
recognize that the pullout resistance of a bar mesh made of 3/8"
diameter smooth hars welded into a 4" x " grid, was
approximately six times greater than for strip reinforcement
embedded in the same soil with the same surface area and the same
overburden. 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" X 6" mesh was used as
reinforcement. The pullout resistance was estimated to be 5.5
times greater thun when using strip reinforcement. Nielsen and
Anderson (1984) concluded that the pullout resistance of welded
wire mats is definitely a functicn 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 with only longitudinal reinforcements failed by
slippage of the bars through the soil. The failure mode seems to
represent the full mobilization of the soil resistance which is
the passive resistance developed in the soil. Because of this
failure mode, it was concluded that the soil and 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 not observed by Chang et
al (1977) except 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 footing with conventionil stress characteristic field for
a footing rotated to the horizontal (Fig. 14). The relationship
between the qgrid bearing stress (obﬂ) and the overall normal
effective stress in the soil (ov') as derived by Prandtl (1921)
and Reissner (1923) 1is given by the following classical
expression:

O 1
b Ng = el mtand) 4420450 4 4/2) (6)
ov'
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This value of N_ can then be substituted to the Terzaghi-Buissman
bearing capacitg equation (Dunn et al, 1980) given as:

- B¢ 2
where Q 1+ 1is the force rer unit length of the strip footing.
For welgeg 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:

-5 = Qu1¢ = Ben + 1/2nyBZNY+ YD¢BN (8)

Nw d
For a welded wire transverse member of diameter d, with a

corresponding overburden pressure g,,, we tan write

-~ = chc + O.SOVdZN + onN

. v q (9)

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

(a) Cohesive-Frictional (c-¢) Soil

Fp

= cN. + g.N {(10)
Nwd ¢ v

b) Frictional Soil (c=0)
~-T~ = oqu (11)

where N is the number of transverse wires embedded in the soil, w
is the width of the mat, and No=(N,-1)cot ¢ . The assumption of a
bearing capacity failure as the mé%hanism governing the passive
resistance of 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:

Fp = mAbNCCU (12)

where m is the total number of transverse members, N_, is the
bearing capacity factor for a strip footing embedded in the soil
as given by Skempton (1951) which is equal to 7.5 according to
Ingold (1983), Ay, is the cross-sectional area perpendicular to
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the direction of pull of the individual transverse members, and
C, 1s given in Eg. 5. The total pullout resistance was obtained
by combining Egs. 4 and 12 to yield:

Fe = Fe o+ Fp = (2uhg + mApN,)C, (13)

The bearing stresses on vertical surfaces loaded
horizontally have been studied for the case of anchor plates
embedded in sand and in saturated clay (Rowe and Davis, 1982).
The study reported extensive numerical investigations based on
the finite element method, giving results which compared well
with available data from anchor tests. Soil dilatancy, anchor
roughness and initial stress state were considered in the
theoretical formulation. It was reported that collapse 1load
increased sensibly with embedment. It was also collated that for
deep anchors, more extensive contained plastic deformation (local
vyield) 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 q, may
be represented in the form:

dq, = o + thY' (14)

'
c
where c* is the soil adhesion, FC' is the factor to account for
the effect of cohesion on anchor behavior and is a function of
the embedment ratio, friction angle and surcharge pressure, and
FY' is the factor for the effect of soil weight and is defined as

+ ! - 0
FY = FYRerRk (15)
where F_ is the anchor capacity factor for a smooth anchor
resting in a soil which deforms plastically at a constant volume
and K. = 1. The factors Ry R, and Ry are the correction factors
for t%e effect of soil di%atancy, anchor roughness, and initial
stress state, respectively.

The value of ¢ in Egq. 14 is computed to include the effect
of the surcharge g, such that for soil with cohesion ¢ and angle
of friction ¢ :

¥ - qgtan ¢ (16)

Using the above equation, the factor F_.' is solved by also
considering the influence of the surcharge on the breakaway of
the anchor from the soil, i.e.

Fo' = F_ + q/c” . (173

where F_ is the anchor capacity factor for immediate breakaway.
Charts are presented for the values of the factors FY' Fo, RP’ Ry
and R, .

k

17



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, with
the 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 1low bearing pressure observed have been associated
with the punching failure mode in the soil (Vesic, 1963). The
resulting stress characteristics and boundary conditions depicted
in Fig. 15(a), can be used to obtain the value of Nq as:

Nq = {907+ d)tand tan(45%+4/2) (18)

Using the value of N given above to solve Egs. 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 Egs. 6 and 18. The
genef%l form of the equation is given as:

tan o) d Qb
fb = ag "o + N - s < 1 ‘ (19)
S q
tan ¢ S 2tany
where:
o is the fraction of solid surface area in a grid,

8 iz the angle of skin friction for scil on plane rein-
forcement surfaces (6/¢ = 0.50 to 0.80 for sands and
silts as given by Potyondy (1961)), and

op 1s the fraction of grid width available for bearing
and has a value of unity for welded grid.

The value of N_ can be measured directly in the pullout test
to yield the coeffigient of bond strength, fi5.

An analytical method for geogrid-reinforced soil structure
was proposed hy Ochiai and Sakai (1987) which considers the
property of displacement dependence of the pullout resistance.
The method assumes that when the geogrid lJaid in a soil is
subjected to a pullout force, the resistance effect of the ribs
at right angles with the direction of pulling is transferred to
the grid junctions in a concentrated manner. The pullout
resistance is 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 geogrid
is not always uniform even at the same level of vertical stress
but varies with the displacement of the grid junctions in the

soil. The strain (Eij) resulting from the displacement, X;r of
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each grid junction produced by the applied pullout force, Fiy in
front of the geogrid can then be calculated by:

13
where a is the distance between each grid junction.

€5 = (X - X)) / a (20)

Fundamentals of Strain Determination Using Strain Gages

Basic Principles

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

where AL is the change in length and L is the original length.
The unit of strain is thus dimensionless (length/length). In
strain gage terminology, 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 based on the
principle that a wire produces an electrical resistance to the
current flowing through it. This resistance will change as the
length of the wire is changed. Thus, if the wire with an initial
resistance (RO) is stretched, the resistance will increase to
some value (Rf an amount which is equal to AR (= Re-Rg). By
dividing this change in resistance by the initial resistance, we
can obtain a dimensionless number in units of resistance/resis-
tance. This principle helps us to obtain a relationship between
the strain induced in the wire and the change in the resistance
normalized by the initial resistance. This relationship 1is
normally expressed in terms of a factor called the gage factor
(GF), which is a measure of the sensitivity of the strain
sensitive alloy used in a strain gage. For commercial strain
gages, the gage factor is a measured quantity which is determined
by mounting several gages of a given type in a special
calibration apparatus and measuring AR/Rn for a known value of
strain (€) in the calibration bar. The ratio of these quantities
is then averaged to obtain the nominal value of the gage factor
(GF) for that particular gage type. Thus, the gage factor, can be
defined by the following equation:

GF = --._-Z. (22)

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 unit resistance change AR/RO, both the
potentiometer and bridge circuits as shown in Fig. 17 are used.

(1) Potentiometer Circuits

Figure 17(a), illustrates a basic circuit with two resis-
tors. The voltage Vo can be calculated by using a voltage
divider, such that

Vo= - F 9 (23)

where Vo is the output voltage, i.e., the voltage across the
resistor Rq, V, is the excitation voltage supplied to the
circuit, R_"is %he resistor where the change in resistance 1is
desired (e.g. strain gage), and Ry is the resistor with the known
value of resistance in the circuit.

Rearranging the above equation, we can obtain an expression
for the strain gage resistance in terms of the input and output
voltages and the known resistance Ry, i.e,

R = ..l o _ (24)

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

e = —_-_.O. - S (25)

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 is
usually very small. It can be verified that the output voltage
can only change 0.001696 Volts from. zero load to a 16,000 1lbs
load (Bourne, 1989). Thus, if the output voltage measurement
system has only three decimal places of accuracy, it is not
possible 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 djifferential voltage measurement
supplies an output signal, Vor which is taken as the difference
in the voltages at the center of each leg (i.e. V,=Va-Vg). Thus,
with a measuring system that only handles tnree 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 te "divide" the voltage (V) imposed across its power
corners and supply an output signal (VO) across 1its signal
corners that is a function of V. and the instantaneous arm
resistances. The voltages Vp and Vg can be calculated as

Va =V, % S ; Vg = V, *leeoo o (26)

R2 R4
Vo = (Vp-Vp) = Ve * STmmees = e (27)
Ry + R, R3 + Ry
Dividing both sides by the input voltage, V_:
Vv R R
S (28)
Vx R‘ + R2 R3 + R4

The ratio (V,/V_ ) is the output measured by the 21x
datalogger using the fhll bridge measurement (Instruction £6).
Thus, given the fixed values of the 3 instantaneous arm
resistances, we can obtain the resistance of the strain gage
which represents one arm resistance of the Wheatstone bridge.
However, it would be convenient if the strains are computed using
the differential voltage output (VO) rather than the change in
resistance of the gage (AR). Tf we denote R, to be the active
strain gage element and R,, R, and R, to be fixed resistors, the
change in voltage AV. will be due only to the change at Va -
Thus, straining the active gage element an amount of AR will give
an expression for V, as:

VA =V L [ (29)
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Expressing in terms of the change in differential voltage

Y we obtain

ol

Wy = Vg * oL (30)
(R1 + R2) * (R1 + Ry + 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

Wy = Vo * e (Exact) (31)
2* (2R + AR)

Since 2R is generally much greater than AR, we can approximate
the above equation to yield

Ny =V, *|---- (Approximate) (32)

The strain can be solved in terms of the change in
differential voltage AVO by solving for AR in the exact solution
and substituting into Eq. 22,

£ = ——-on-o o S L (Exact) (33)
GF*(V, -2AV ) GF*(1-2*AV_/V )

Similarly, for the approximate solution,
€ = —weo-Io S (Approximate) (34)

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 lincar variable differential transformer (LVDT) can be
used to measure displacement, linear velocity, fluid pressure and
force. In the laboratory, the LVDT plays an important role in
monitoring the displacement of the reinforcing mat as the pullout
test progresses. With the data acquisition provided by the 21x
datalogger, the LVDT provides an automatic monitoring system for
the mat displacement, thereby minimizing the manpower needs
during the test and increasing the accuracy which is inherent to
automatic data acquisition.

As described in the 2nd Progress Report, the LVDT used for
this project is a nc-pe model with a solid state oscillator and a
phase-sensitive demodulator. Physically, it consists of two
parts, the housing and the core. The housing contains three
coils, one primary and two secondaries as shown in Fig. 18. The
primary coil is placed in the center of the housing and the two
secondaries are placed at equal distances on both sides of the
primary.

The LVDT operates on the principle of mutual inductance. The
displacement of the core changes the coefficient of mutual
inductance between the primary and secondary coils, such that the
coefficient of mutual inductance can be expressed as a function
of the core displacement. Since the mutual inductance (MI) is
related to the voltage (FE)}) induced in the coil from the relation
E = —(MI)*(di/(H:), where di/dt is the time rate of change of the
current in the primary coil, the core position can also be
related to the output voltage. This output voltage is a
differential voltage between the two secondary coils and can be
measured using the differential voltage measurement instruction
of the 21x datalogger (Instruction E2). For an input voltage
within the range specified by the supplier, the core displacement
varies linearly with the output voitage.

The calibration data for the two models of the LVDT used in
this project is given in Fig. 19 for a 12-Volt DC input. From the
calibration curve, the core displacenent (x) in cm can be
obtained from the following equations:

X =1.7036 V_ + 8.3509 (Long LVDT) (35)

X

0.6231 VO + 2.9969 (Short LVDT) (36)
where V_ is the output voltage measured by the 21x datalogger (in

Volts). The long LVDT has a maximum displacernent of + 3 inches
while the short LVDT has a maximum displacement of + 1.5 inches.
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Methodclogy

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 of
steel 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 was
made possible through the use of a pressure regqulator valve
connected between the air compressor and the air bag.

The pullout force was applied to the tect specimen using a
hydraulic jack mounted against the supporiing frame of the
pullout cell (Fig. 20). The hydraulic jack was used due to some
operational problems encountered in the servo-controlled
hydraulic cylinder. The reinforcing mat was cttached to the ram
using a pullout clamp made up of two steel plates bolted together
to enclose the protruding part of the mat. The grooved portion of
the plates allow the gripping of longitudinal members to make a
four-poini conta~t surface with the clamp. Slippage of the clamp
was further prevented using contraction joints gripped through
the longitudinal wires (Fig. 21). The horizontal displacement of
the mat was monitored using LVDT and a dial gauge positioned in
front of the box and the mat specimen (Fig. 22). The horizontal
displacement of the embedded portion of the mat was recorded
using inextensible wires attached to the transverse nodes and
connected to the dial gauges attached in the rear portion of the
pullout box (Fig. 23). The inextensible wires are encased in
stiff tubing to allow free movement in spite of the applied
normal load. This procedure is a means of checking the relative
movement of the transverse members during the loading process.

The strains along the longitud’nal members including the
bending of the transverse wire during the pullout was monitored
by strain gages attached to some desired locations in the mat.
The gages along the longitudinal members were attached
diametrically opposite each other (top and bottom) and wired in
series to cancel the bending stress such that only axial tension
in the rod is recorded. On the other hand, those installed in the
transverse members were also mounted diametrically opposite each
other (front and back) and were wired independently of each other
to measure bending during the pullout test. The typical schematic
diagram of instrumented mats adopted in the laboratory pullout
test is given in Fiqg. 24. The signals generated by the strain
gages and LVDT are measured and recorded by the 21x micrologger
and then stored in the SM192 storage module for later retrieval
(Fig. 25).
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Test Set-Up

In setting up the test, the pullout box was first assembled
with ouly the bottom front cover plate in place. The soil
specimen, which was cured to the desired moisture content, was
then placed in three successive lifts. Each lift of about 8" was
first compacted by tamping using concrete or wooden blocks, and
then using a hand operated tamping machine up to a maximum
compacted lift of 6" and to the required density of 95% standard
Proctor. Control of density and moisture content was done by
using the Troxler Nuclear Gage and alternately by the sand cone
method. After the required density and moisture content is
achieved, the surface of the first 1ift was levelled by slight
tamping and the instrumented mat specimen was positioned in
place. To ensure that the reinforcement is exactly in the middle
of the slot after compacting the next successive lifts, the first
lift height was adjusted to project about 1/2-3/4" higher than
the top cdge of the lower front plate. The wire extensometers
were tihen installed at the desired locations in the mat. A
capenter's loevel was vsed to ensure that the mat was horizontal.
Herizontal 6" long motal plates were positioned across the width
of the box near the slot, above and below the reinforcement to
decrcase the horizontal stress near the door face as well as to
eliminato arching offect during pullout. This procedure also
keeps the normal load off the front 6" of the specimen.

The upper front plate is then set in place and the mat is
covered with soil in lifts as done in the previous step. A 1/4"
thick "flexible" metal plate was then placed on the compacted
soil with the air bag laid on top of it and the 5/8" thick cover
plate was finally set in place. 'Three reaction beams, running
across the length of the plates, were then bolted at the top
flange of the pullout box,

Running the Test

After scotting the apparatus, the desired normal stress was
applied through the air bag and allowed to come to equilibrium
for about 10 to 20 minutes., A scating load of 500 1lbs. was
applied to the loading ram to eliminate the slack in the whole
system. The pullout rate was kept constant at 1 mm/min and was
read through the dial gage mounted in front of the box. Readings
of the load and displacements were periodically taken every 20
seconds until the mat was pulled to a maximun displacement of 2
to 2.5 cm. The normal pressure was then increased, necessary
adjustments made, and the whole svstem was allowed to come to
equilibrium hy lTooking at the vertical dial gages. When no
further vertical movements were detected, the load was again
applied and subsequent readings taken. The normal pressure r&nges
from 1 to 13 t/m? for weathered clay and from 0.2 to 7 t/m“ for
the lateritic residual soil. After each set-up, the mat was
removed by digging out the soil and the soil below the mat was
then checked for compaction. The soil was removed and replaced by
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fresh sample if the applied normal 1load compacted the soil to a
great extent. However, to verify and 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 CIL group. It has a plasticity index
of about 24% and about 83% of which passes the U.S. standard
sieve No. 200. The optiyum moisture content is 22% at a maximum
dry density of 1.60 t/m>. The detailed summary of the basic soil
properties is given by Bergado =t al (1988b). In addition, the
shear strength parameters obtained from direct shear and triaxial
(UU and CIU) tests are tabulated in Tables 3 to 5 for different
compaction densities, :

Stress-Strain Relationship

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" and 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 and
protection 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 slress-strain relationships for the test performed
on 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 extensinility 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 wizre 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 oi the mat in which usually
the other edge of the pullout cli¢mr moves faster. A typical
photograph of the 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 and
reinforcement. To determine the contribution of th.: longitudinal
members to the total pullout resistance, some reinforcing mats
with their transverse members removed, were pulled out at both
dry and wet sides of optimum. Tynical results are plotted in
Figs. 30 and 31. As expected for poor quality backfills, the
adhesion/friction component is quite minimal at about 3.5% of the
total pullout resistance of the mat.

Effect of the Number and Diameter of Transverse Members

The magnitude of the passive recsistance (F_) contributed by
the transverse members of the welded wire rginforcement was
calculiated from a known amount of adhesion resistance (Ff) due to
the longitudinal members. Thus, for a mat with given diameter of
the transverse members, a plot of the passive resis:ance per unit
width of mat (F_/w) against the overburden (normal) pressure is
made as il]ustrgked in Figs. 32 and 33. It can be seen that the
passive resistance increased when the number of transverse wires
was increased from 3 to 4, while further increase in the number
of wires from 4 to 6 gave opposite results. This seems to suggest
that there exist an optimum number of transverse wires (or mesh
size) necessary for full mobilization of the shear strength of
the compacted soil.

The plots of the passive resistance per unit width of the
mat (F,/w) as a function of the overburden pressure (0,) for a
constagk number of embedded transverse wires are shown 1in Figs.
34 and 35. As expected, the pullout resistance increased when
using bigger diameter bars., This can be attributed to the optimal
utilization of the internal friction of the so0il as the failure
planes 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 members
are 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 that the pullout resistance
increased with the number of embedded transverse bars and
vertical s!'ress. The nigher strains measured in the dry side
compacted uvackfill reflected tho higher mobilized pullout
resistances as compared to the wet side compaction. On the basis
of the preliminary results presented, it sea2ms that the 6"x9"
mesh size was superior for both the dry and wet compacted
densities of the soil.

Lateritic Residual Soil

Basic Properties

The soil specimen used was obtained from Saraburi, Thailand
and is classified as lightly brownish, well graded clayey gravel
(GC). The sample has an average specific gravity of 2.61, a
plasticity index of about 16%, and about 18% fraction which
passes U.S. standard sieve No. 200. The optimum moisture content
averaged _at about 11.5% corresponding to a maximum dry density of
1.93 t/m”. Detailed summary of the basic properties is given by
Bergado et al (1988bh).

The shear strenqgth parameters obtained from direct shear and
trigxial (UU and CIU) tests for higher normal pressures (5 to 20
t/m) are tahulﬁ;od in Tables 3 to 5. For low normal pressures
(0.2 to 1.8 t/m“ » @ specially-designed direct shear apparatus
was fabricated by Amin (1989) to investigate the behavior of the
sample. As was expected, the failure envelope of the specimen
yielded higher values of friction angle (¢) at low pressures than
at higher normal pressures. This result has been attributed to
the particile breakage of residual soils when sheared under high
normal pressures (Bergado et al, 1988a). The result of direct
shear tests on lateritic residual soil at three different
standard Proctor compaction densities (dry, optimum, wet) are
depicted in in I'igs. 37, 38 and 39.

Stress~Straiq_Belgqunshigs

A total of forty-eight (48) pullout tests on welded mild
steel bar grids were performed using lateritic residual soil as
backfill material. The tefts were conducted at low pressures of
0.2, 0.8, 1.3 and 1.8 t/m?. The wire mats used consisted of 1/4%
and 1/2" diamecter steel bars with varving aperture sizes of 6"x9"
and 6"x6". The tests were also conducted at dJdifferent backfill
compaction densities of 95% and 100% standard Proctor compaction
with moisture contents at optimum and + 2% dry and wet sides of
optimum. As in the weathered clay backfill, some of the tests
required repetitions due to weld failures and operational
problems. To verify the 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/m? was conducted.

The typical load-displacement curves for pullout tests on
reinforced lateritic residual soil are plotted in Figs. 40 to 42.
It can be seen that the pullout resistance increases rapidly at
first and then flattens out up to a maximum of 20 mm
displacement. This 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, there
seemed to be no well-defined peak in the stress-strain curves,
although the 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 steal grids.

Variation of Strains and Mobilized Resistance with Distance

The typical strains recorded by the strain gages at various
locations in the longitudinal bars of the mat are plotted in
Figs. 43 and 44. 1t can 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 displacement of the rear end of the mat
measured from the back dial gages agreed very closely with the
front horizontal displacement measured by another dial gage. This
implies that the mat moved more like a rigid body without
undergoing unduly large strains. The large deflections of the
transverse 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 face and decreases approximately linearly with
distance. This variation was confirmed from several tests in
which weld failure occurred at the third point (3rd or 4th
transverse wire) of the mat.

Variation of the Passive Transverse Resistance with Normal

Pressure

Since the frictional component of the total pullout
resistance is only minimal and not as important as the passive
resistance of the transverse members, the contribution from the
longitudinal members 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 sojil compared to 3.5% obtained for
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weathered clay from actual test. The values of the frictional
resistance (F,) were subtracted from the total pullout
resistance (F { to obtain the passive resistance (F_) of the
transverse members. The passive resistance per unit ar%a of the
transverse bars normal to the direction of the pullout (F_/Nwd)
was plotted against the normal pressure (9 ) as shown in Figs.
47, 48 and 49. 'The Y-intercept can be viewed as the component cN
while N_ represents the slope of the lin=s. These values came oug
to be ﬁ%gh enough in which N ranged between 15.54 and 138.5
while N ranged between 4 %o 95 for all the 3 compaction
densities. The plots also depict the influence of the mesh
geometry and the size of the transverse hars to the passive
resistance. In all cases, the value of F_/Nwd definitely
increases with increasing vertical normal st ess. An important
observation from all these tests is that the 1/4" diameter bar
gives a higher value of the passive resistance than the larger
1/2" diameter bar. This can be attributed to the lower strains
experienced by the larger diameter bars leading to partial
mobilization of the bearing resistance. This observation is in
accordance with what was observed by several other investigators
(Chang et al, 1977; Hannon and Forsyth, 1984).

Another important observation from these plots is that
generally, the 6"x9" mesh geometry seems to be the most efficient
section for bhoth sizes of bars and all compaction densities used
in this study. This observation was also detected by earlier
investigators for hoth granular and cohesive backfills (Mitchell
and Villet, 1987; Niclsen and Anderson, 1984). Figures 47 to 49
depict the differences between the behavior at three compaction
densities (dry, optimum, wet) and it is evident that the wet side
compaction generally seemed to give the lowest pullcut
resistance.

Predicted<Eglloq§_Rqa£§§ance

The experimental results obtained in the laboratory, are
analyzed and compared to the various expressions proposed to
predict the passive resistance as were discussed in the previous
section on theaoretical background. The method proposed by Bergado
et 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 the dry side of optimum
(Figs. 50 and 51). For lateritic residual soil, however, best
agreement with the observed data was observed for the dry side
and optimum moisture contents (Figs. 52 and 53). Underestimation
resulted for the wet side compaction (Fig. 54).

For the prediction of passive resistance of the transverse
members, the bearing capacity failure mechanism proposed by
Peterson and Anderson (1980) seens to overestimate the magnitude
of the passive resistance normalized with respect to the mesh
geometry of the grid (F /Nwd) for the dry side compacted
weathered clay backfill. "The model, however, yielded a good
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agreement with experimental results for the wet side compaction
(see Figs. 55 and 56). Similar observation was deduced for the
lateritic scil compacted at both the dry side and optimum
moisture in which overprediction resulted (Figs. 47 and 48). Fair
agreement was obtained for the wel side compacted laterite (Fig.
49). The difference in behaviour exhibited by the two backfill
types maybe due to the low pressure range adopted for the
lateritic residual soil.

The close agreement observed in the wet side compaction
maybe be due to the ful]l mobilization of the passive resistance
for the wet side compacted sample compared to the dry side
compaction. Also, the full development of passive resistance is
obvious for the smaller diameter bar (Fig. 49). This result is in
accordance with the mobilization of larger strains for g mm
(1/4") than for the 12 mm (1/2") diameter reinforcing bars.

The punching failure mode proposed by Jewell et al (1984),
which can bn developed for conditions of small strains, seems to
closely predict the actual behaviour of the soil-grid interaction
in terms of the mobilized passive resistance in the dry side for
both soils (Figs. 47 and 55), and for optimum compacted laterite
(Fig. 48). The moderl slightly underestimated the passive resis-
tance in the wet side compaction for both soil types.

The method of Rowe and Davis (1982), which was developed for
horizontal and vertical anchors using the finite element method,
seems to give the hest agreement for the weathered clay backfill
at two compaction conditions (Figs. 55 and 56) and for the
lateritic soil compacted on the dry side . f optimum (Fig. 47).
The method slightly underpredicted the passive resistance for
both the optimum and wet side compaction (Figs. 4¢ and 49).
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XI. ANALYSIS AND DESIGN CONSIDERATION OF WELDED WIRE WALLS

As in other types of retaining walls, the welded wire walls
must be designed to meet both external and internal stability
criteria. These criteria are affected by primary factors such as
internal loadings, foundation conditions, backfill properties,
drainage, and geometric constraints (Nelson and Selvage, 1987).
For external stability, the entire mechanically stabilized mass
is treated as a rigid gravity retaining wall with active soil
pressures applied behind the wall (Anderson et al, 1986; Anderson
et al, 1987). Thus, external stability criteria often requires
the wall to have adequate safety factor against overturning,
sliding, bearing capacity and overall slope stability. Bearing
capacity and overall slope stability requirements may be critical
for walls on soft foundation conditions.

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

Tension_ in the longitudinal Wires

The tension in the longitudinal wires depends on the lateral
soil pressures that are developed within the welded wire wall,
The magnitude may be determined experimentally by measuring tie-
rod forces in prototype walls constructed in the field or in
model walls constructed in a load cell {Anderson et al, 1986).

The magnitude of the tension can be determined by assuming
that each longitudinal wire provide the lateral restraint for an
area that extends half the distance to the adjacent wires above,
below, and on both sides, i.e.

T

op(wh(d) = Ko, (w)(d) (37)

-3

where: tension in the longitudinal wire,

lateral earth pressure coefficient,

overburden pressure,

horizontal spacing of the longitudinal wires, and

vertical spacing of longitudinal wires,

o u

o< X

nou

The amount of yielding that can take place dictates the
value of the coefficient, K. For welded wire walls, K is
recommended to vary between the at-rest condition and the active
condition and must be determined experimentally (Anderson et al,
1986, 1987; Anderson and Wong 1987). Based on results from
laboratory and field performance of a 23-ft high wall, Bishop and
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Anderson (1979) recommended an average value of 0.65 for design.
Hannon and Forsyth (1984) measured at-rest valuyes of K on a grid
reinforcement wall. McKittrick (1978) recommended K values which
vary linearly from the at-rest case at the top of the wall to the
active case (Ka) at a depth of 29 feet for a Reinforced Earth
wall. Below a depth of 20 ft, active values for K were
recommended. All the recommendations stated above were based on
walls constructed of granular backfill materials. Thus, for walls
constructed of Poci quality cohesive backfills, higher values of
K may be expected.

Pullout Resistance of w elded Wire Mats

The mats in welded wire walls must be designed to develop
sufficient pullout resistance bhehind the failure plane to support
the tension forces induced in the longitudinal wires. Hence, the
longitudinal reinforcement must extend far enough behind the
potential failure surface to restrain a failure mass from
sliding. The potentianl failuyre surface can then correspond to the
point of maximum tension in a mat for that elevation. Measuring
the tension in the longitudinal wires at a number of locations
back from the face of the wall gives an understanding of the
location of the potential failure surface,

The pullogt resistance of welded wire mats was shown to be a
function or: (1) the number of embedded transverse wires behing
the failure plane, (2) the diameter of the transverse wires, (3)
the overburden pressure, and (4) the number, diameter, and length
of the longitudinal wires which develops frictional resistance
behind the failure plane (Nielsen and Anderson, 1984). A safety
factor of two against pullout is generally required for internal
stability. Limiting the pullout deflection to 0.75 inches
implicitly ecstablishes a deflection criteria for the internal
stability of the 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 wall was divided into three
sections along its length, each about 16 ft long, and utilizing
three different backfill materials (Fig. 57). 1t consisted of a
vertical welded-wire reinforced wall facing on one side, and a
sloping unreinforced opposite side as shown in Fig. 58. The parts
of the welded-wire wall are shown in Fig. 59. The reinforcement
mats, consisting of w4.5 x W3.5 wires with 6" x g grid openings
and each 8' wide by 18'9" long including the facing, were
instrumented with strain gages in the main body of the embankment
for various backfills., A typical instrumented section of the wall
is shown in Fig. 58. A minimum of about 7 instrumented layers for
each backfill were provided. The instrumentation points are
described in detail in the instrumentation program together with
the details of the dummy reinforcements for field pullout tests.
The embankment construction was carried out following the
Construction Guide for Welded wire Walls presented by the
Hilfiker Company (1988). 1¢ involved pPlacement of the
reinforcement with the bent-up portion of the reinforcement
forming the casing. Backing mats and screen were provided along
the vertical side of the wall to prevent erosion of the soil. The
fill was then placed ang compacted over the reinforcement at a
specified compaction lift. The process was repeated until the
full height was reacheq of about 18'6" above the ground level.
The construction Procedure 1is described in detail in the
following discussions.

The first layer of reinforcement mats were laid 18" below
the ground level., Correct spacing bhetween mats were facilitated
by the 6" spacers (Fig. 60). Wooden stakes were used to hLold the
reinforcement mats in place during backfill placement. These were
subsequently removed when the mats were weighted with fill, Mats
at both longitudinal ends were cut to fit the embankment
dimensions. This was done by cutting only the transverse wires.
Backing mats were then placed against the face of the wall and
clipped with hog rings in such arrangement as shown in Fig. 61.
The screen was also clipped in pPlace with hog rings (Fig. 62).
Three backfil] materials were then placed at each of the
different scctions of the embankment. Backfill layers between
reinforcement mats were placed and compacted in three equal
lifts. Each 1ift was compacted by both roller and hand tamper to
the density of about 95% standard Proctor compaction. Moisture
content was maintained within 1-2% on the dry side of optimum,
Moisture—density control was made using the Troxler Nuclear
gauge. The completed backfill in each layer must he in the form
and at the depth shown in Fig. 63. Underfilling would cause
excess bulging in the face of the wall. The void between the
backfill and the wall would be filled with gravel as soon as the
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next reinforcement layer was installed and fixed in place. The
gravel only required slight compaction effort against the wall
and hence avoid possible damage in the wire or bending the mats.
In addition, it would also help prevent erosion of the backfill
at the face of the wall., The reinforcement mats for the next
layer were then placed to match the g" Spaces between the mats in
the layer below. The bottom of uUpper mat rested on top horizontal
wire of the lower mat as illustrated in Fig. 64. Wooden stakes
were used to hold the mats in place and were removed when the
mats were already weighted with £ill., A string line provided
horizontal and vertical alignment as shown in Fig. 65. The
placement of backing mats for the second layer of reinforcement
and onwards were different from that of the first layer. This was
done by sliding the botton wire of backing mat down between face
of wall and brong until it stopped against bent part of prong
while the second wire of backing mat was kept outside of prong as
illustrated in Fig. 6€. Placement of screen as well as backfill
materials were the same as in the preceeding layer. The procedure
was repeated until the desired embankment height was reached. The
final lavyer of reinforcement was provided by the prongless
reinforcement mat. The top cap was tilt to catch the front hook
under second wire of face of prongless mat as shown in Fig. 67.
The final grade of the embankment was 6" over the top cap.
Figures 68 and 69 show the photographs of the experimental site
for different stages of the wall construction.

Purpose of Inst fumenting the wall

An instrumentation brogram was developned to evaluate the
bperformance of the welded wire wall., Th2 purpose of the
instrumentatinon program was to determine the r2lationship between
the tension in the longitudinal wires and the height of the wall,
and to find means to relate this to the s0il parameters that
could be used for design. Since the wall is founded on a soft
clay subsoil, severa] other field instrumente were installed botn
at the subsurface and in the wall itself, Thus, an extensive
monitoring program for the wal]l consisting of settlement
measurements, pore pressure monitoring, latera] movement
monitoring and measurements of the pressure at the base of the
wall was carried out since the beginning of construction. These
measurements are of utmost importance as the behavior of the wall
is highly dependent on the response of the flexibhle clay
foundation. The photograph of the site just after the
installation of the subsoil instrumentation is given in Fig.
68(a).

Periodic monitoring of the wall is ongoing as s‘ ctlement
continues in order to evaluate the post constructi-.. and long
term performance of 2oth the wall and the soft subsoil. Some
dummy mats instrumented with strain gages for field pullout tests
were also installed at different levels to compare the resulls
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obtained from the laboratory. Uninstrumented dummy mats for
corrosion testing were also embedded at different depths for each
section of the wall, These mats will be tested for strength after
Some period of time to evaluate the effect of corrosion in
reducing the tensile strength of sleel.

Scope of the Instrumentation Program

Three different sections of the wall were instrumented.
Silty, clayey sand backfill with about 45% passing the No. 200
sieve was used in Section I of the wall. The middle section
(Section TI) used a higher quality backfill material (lateritic
residual soil) with 18% passing sieve No. 200. The reddish
weathered clay backfill material with 83% passing sieve No. 200
was used in Section TIT.

The instrumentation program involves measuring the tension
in the longitudinal wires at 12 locations on each of the bottom
four instrumented mats and at 10 locations on each of the top 3
instrumented layers for each of the three sections of the wall,.
Thus, for the entire length of the wall, a total of 21 layers are
instrumented. Thisg gives a total of 234 instrumentation points
within and throughout the length of the wall. In addition to
these, a total or nineteen (19) dummy mats (Fig. 70a,b) for field
pullout tesis were also instrumented at selected points in the
mat and embedded at different locations within the height of the
wall. Additional seven (7) mats for corrosion observation and
testing were also embedded at different depths of the wall.

Aside from the tension mMeasurements made in the wires,
nineteen settlement plates, 10 at the subsurface and 9 at the
surface, were installed at different locations along the wall
length. Frour pneumatic piezometers ang 6 hydraulic pPiezometers
were used in conjunction with the settlement devices to monitor
the excess pore pressure developed in the soft clay subsoil. Five
SINCO inclinometers (3 at the front, 1 at the middle, and 1 at
the back) were installed to measure the lateral movement of the
vertical and sloping faces of the wall. The base pressure
distribution at the mid-length of the wall was also monitored
using 3 total pressure cells. The schematic layout of the fielg
instrumentation is given in Fig. 71.
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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 inslalled at each measurement point and were attached at
diametrically opposite sides of the wire and then wired in
series. This configuration of wiring the gages, as previously
discussed, causes hbending 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 top three instrumented
layers are given in Figs. 72 and 73, respectively. A systematic
way of wiring the gages was done by establishing a definite
convention such as assigning the red wires at the top gages, and
the black ones at the bottom. A short white wire was used to
connect the legs of the top and bottom gages together. The other
wire (white) was connected to the common leg of the top strain
gage. Connecting the two ends of any of the three wires to a
measuring device enables one to measure either axial tension (red
and black) or the magnitude of bending (red-white ang black-
white). The wire leads from the gages were bundled into one set
of 12 for each mat and were placed into a conduit that extended
down the face of the wall to a monitoring station (Fig. 74a).
Each bundled lead wires were connected to a 12-pin quick-~connect
plug (Fig. 74b) which could then be quicklv plugged into the
switching unit of the AM416 multiplexer for ease in making the
readings.

The 21x dataloager was attached with precision, completion
resistors such that acltivation of the AM416 multiplexer completes
the full-bridge circuit measurement scheme. The measurement
consists of two sets of bridge completion units. One sel enables
the measurement of each strain gages in serics while the other
was designed to measure the gage resistance independently of each
other. The amount of hending in the wires can then be calculated
from the knowledge of stresses at the top and bottom portions of
the wire.

Initial readings were taken at the time the mats were
installed to indicate the strain reading corresponding to zero
tension in the wires. Subsequent readings were then taken as the
wall was constructed. The difference between the initial reading
and a subsequent reading is a measure of the strain induced from
the backfill placed over the mat at the time of the measurement.
From the measured strain, 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*xpxp
where: T = tension force in the wire,
€ = axial strain,

E = modulus of elasticity of steel, and
= Cross-sectional area of the wire,

The computed tensions are plotted for each mat as the wall
height increases as typically shown in Figs. 75(a) to 77(a) for
each section of the wall. Lines corresponding to different values
of K are also shown to estimate the range of values during the
construction stage as the wall height increases. It can be seen
that the value or K ranges from the active value to the at-rest
(KO) value for cohesive backfills compacted in layers, The
tension in the wires plotted with distance back from the face of
the wall are algo typically given in Figs. 75(b) to 77(b). The
line reporesenting maximum tension in the reinforcing mats seems
to vary at a locat ion ranging from 2 to ¢ feet from the face of
the wall. Thisg preliminary behaviour during construction seems to
agree with the results of Anderson et al (1987). However,
detailed analyses will be made for the pPost-construction
performance of the wall, especially for this 5pecific case where
the wall is resting on a very soft foundation.

LateraLMMQKementg

Lateral movements of the subseil and the embankment were
measured using a Digitilt Inclinometer. Three of these (I1 to
I3, in  Fig. 71) plastic casings were installed vertically near
the face to measure the lateral movement of the wall ang the
subsoil. A fourth casing (T4) was installed in the non-
reinforced middje section at the point where the back slope
intersects the top.  The other casing (I5) was installed at the
toe in the hack and this measures only the subsoil lateral
Movements. The grooves of the casings were oriented in the
directions of {he principal movement, i.e., in g direction
Perpendicular to the face of the wall. The torpedo or the sensor
is lowered into the casing with the proper polarity and the guide

wheels move in the opposite grooves. The torpedo is suspended
vertically by the interconnecting cable. The other end of the
cable is connected to the Diqgitilt indicator. Inclination

readings were read at every 0.5 m. Consecutive readings at the
same depths, taken at periodic intervals of time, can be
converted into lateral movements.,
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The plots of depth/height versus lateral movemernts for each
of the five casings are shown in Figs. 78 to 82. It can be seen
that in all these plots the maximum lateral movement in the
subsoil occurs at a depth of about 3 m, i.e., where the soft clay
exists. In 29 days of observation beginning from the day the
construction ended, the lateral movement of the top of the wall
is about 110 to 120 mm.  The maximum lateral movement of subsoil
at about 3 m depth from the beginning, is of the order of about
80 to 110 mm, as measured from I1 to I3. The subsoil lateral
movement, as well as that of the face of the wall which is
tilting outwards, is continuing even after the construction has
ceased. It can he seen from Figs. 83 to 85, that the rate of
vertical movement hasg slowed down enormously at both 3 m angd 6 m
depths near the face, but the lateral movement continues to occur
at a faster rate than in the initial stages of construction,
especially at 3 p depth. This indicates that the soft clay is
being squeer-od ont from beneath the embankment, simultaneously
with the dissipation of the pore pressures,

The direction of the subsoil lateral movements in 14 and I5
are opposite to that of I1 (o '3 near the face and also the
magnitude of the lateral movement is small in comparison. I5
records a laleral movement of about 28 mn in 29 days after
construction at ahont the same 3 m depth (Fig. 872). Therefore it
is seen that the soil is being squeezed ouvt from beneath the
embankmenf, both from the Front and fron the back, but
predominantly from the front.

Casing T4 became unusable at 3 depth and below during
construction, at the joint. At the joint, the casing above/below
must have moved more in excess of the other, making it difficult
to insert the torpedo, and once it js inserted, the torpedo gets
locked in the constriction making it much more difficult to take
it out. Tt should be noted that cach casing pipe is 10 feet in
length and a coupling joins two such casings to extend it in
length, Therefore, subsequent readings (and thereby the curves
in the plot of Fig. 81) have been taken only from about 3 m depth
and above,

The outward inclination of the wall face is a reflection of
the lateral movements of the subsoil and settlements near the
face. The excessive lateral movements at about 3 n depth
indicates that any (rotation) failure surface that is being
developed or likely to develop will pass through this soft clay
layer at this depth, which offers the least resistance to the
incumbent forces, However, it will neod some more time of
monitoring and observation to decisively conclude the oxact path
of the failure sufaces. In all probability, it is not likely to
cut through the reinforced section and possibly might he starting
somewhere on 1 he backslope and pass below the reinforced section
through the soft clay layer at about 3 mn depth and emerge out in
front of the face at some distance.
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Settlements

Settlements are measured by levelling with reference to a
bench mark. The surface settlement plates (9 of them in all, see
Fig. 71, showing the instrumentation layout beneath the embank -
ment) were placed below the bottom-most reinforcement layer at
0.45 m depth. It should be noted that the whole area of the em-
bankment was first excavated to a depth of 0.45 n (18") before
installing the instrumentation in the subsoil and at the surface.
The first layer of reinforcement was placed over the surface
settlement plates at ~0.45 m. The surface settlement plates
consist of a 16 mm dia. steel rod connected to a 0.4 m X 0.4 m
base plate and protected by a 19 mm dia. casing of GI pipe. The
subsurface settlement gages (10 in all) consist of a 25 cm
diameter steecl screw head connected to a 16 mm dia. steel rod.
These are screwed into the ground by means of 19 mm inner
diameter steel tube which is attached to the screw head by a
keyway. After installation to the desired depth, the outer tube
is lifted from the keyway by about 20 cm., The tube is left in
the ground and filled with 0il to eliminate the drag down forces
on the inner rod Caused by the compression of the clay.
Settlement readings are taken at reqular intervals of time both
on the surface and the subsurface settlement gages. The
temporary bench mark is situated in front of the embankments at
the right corner in a fence, from which levels are run to the top
of embankment via the ramp. The permanent bench mark (located on
the top of a well, considered to be unyielding) is situated some
distance from the embankment site and levels are run from this
permanent bench mark to the temporary bench mark once every month
to account for the effects of subsidence.

Of the 10 subsurface gages, 4 of them are installed at 6 m
depth (ss1, 553, 555 and SS9) and the rest are installed at 3 n
depth. SS1, SS3 and SS5 are at 6 m depths near face beneath each
of 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 the face have been
identical below all the three types of backfill soils (Fig. 86).
However, it ig observed that the maximum surface settlement is in
the very center (S5) (see Fig. 87) and the deformed shape of the
surface is somewhat like a dish. Settlement of S5 shot up
considerably beyond that of itsg counterparts S4 and S6 somewhere
near the end of construction as seen in Fig. 87. The settlements
are more or less symmetrical about the centre line, perpendicular
to the face. The eng sections (S1-S4-S7 line below clayey sand
and S3-S6-S9 line below weathered clay) show larger settlements
at the front and that the settlements decrease as we go towards
the back. But the middle section (52-85-S8 line bhelow laterite)
shows maximum settlement at the center, i.e. S5, followed by the
settlement near the face (S2) and the settlement at the back
(s8). With all these surface settlement plates, the rate of
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settlement has reduced considerably from the time that the
construction has ceased (Figs. 86 to 88). ss1, SS83, and ss5 (Fig.
89) show almost identical settlements with time, but settlement
cf SS9 (Fig. 90) is slightly higher than near face, due to higher
vertical stresses at the middle. 7The magnitude of the
settlements recorded at 3 m depth is in between that recorded at
the surface ang at 6 m depth, at or near about the same area.
SS52, Ss4, and S56 near the face at 3 n depth show considerable
scatter (Fig. 89), SS7 and SS58 show almost similar settlement
patterns (Frigq. 91). SS810 is the lone settlement gage far back
(5.5 m from face} in the middle section at 3 m depth, also shows
similar pattern of settlements as other the gages at the same
depth (Fig. 972). Again with all the subsurface gages, the rate of
s€ ctlement has decreased considerably in the post construction
pnase.

Excess Pore Pressures
£ACEeSs | rres

Pneumatic pPiezometers and hydraulic riezometers (closed

type) are used to measure the pore pPressures. These have been
installed at various depths at different points beneath the
embankment (sce Fig. 71). Two pneumatic trensducers are placed

in the embankment backfill in the weathered clay at +. m and +4
m. The Sinco bneumatic transducers used (6 in all, 4 of them in
the subsoil andg 2 in the embankment backfil] soil) are connected
to a digital Pneumatic pressure indicator angd pore water
Pressures are reagd almost immndiately. But the hydraulic
piezometers, one end of which is connected to 3 mercury
manometer, requires g laborious procedure of de-airing the system
with the other end before readings are taken, This second line
is used as a de-airing line by flushing water through the
piezometer system (with the help of a pump) from one tube to the
other, De-airing needs to be done frequently to obtain reliable
readings. After de-airing, considerable time must be allowed for
the system to stabilise, usually overnight, and then readings are
noted on the mercury manometer. On the other hand, the pneumatic
transducers make use of nitrogen gas to obtain pore Pressure
readings. A compact nitrogen tank is accommodated in the digital
Pneumatic pressure indicator itself.

Of the four pneumatic piezometers installed in the subsoil,
three were damaged during construction, probably due to excessive
settlements and only N2 is functjoning. Hydraulic Piezometer H1
could be activated only after construction was completed. All the
piezometers show an increase in the total porewater pressure
during construction and development of €Xcess porewater pressure,
which also increased during the full phase of construction. Both
of these, total borewater pressure ang the excess porewater
Pressures showed a decrease, almost immediately after the
construction had ceased and continues to show a decline at a very
slow rate (Figs. 93 to 101). This dissipation of excess
pPorewater pressure indicates that the process of consolidation is

41



calculated by the method suggested by Poulos ang Davis (1974).
In all cases, the €Xcess porewater pressure developed is far
below the consolidating pressure (increased vertical stress as
calculated by the Poulos and Davis (1974) method).

The porewater pressure coefficient r, defined as the ratio
of the porewater pressure at depth Z(u) to the vertical pressure
at depth 2z (i.e. YZ2) was found to be in the range of about 0.3 to
0.35. A value of 'y €qual to unity €xpresses an extreme and
critical condition wherein the effective stresses are zero (quick
sand condition). The 1long term stability should only improve
with the dissipation of the €xcess porewater pressure with time.
Another important factor influencing this long term stability at
the present site jig the fluctuating water table, which coulgd be
very close to the ground level in the rainy season. N2 and N3
which are at relatively shallow depths, i.e. 2 m and 3 m depths,
respectively, show the total porewater pressure less than the
consolidating pressure and almost close to the excess porewater
pressures, unlike in N1 and N4 which are at greater depths of 5
and 6 m, respectively. A similar observation could be made with
the hydraulic piezometers H3 and H6 in comparison with the other
hydraulic piezometers.

EZarth Pressure at the Base of wall

To determine the vertical pressure distribution along the
base of the wall, pneumatic total pressure cells of the Slope
Indicator Company (Model 51482 with 514178 transducer) are being
used. Three of these total pressure cells are placed along the
centre line perpendicular to the face of the walil beneath the
lateritic so0i1 at distances of 0.5 m, 3 m ang 5.5 m,
respectively, from the face. The cell is 9-inch in diameter and
0.434 inch thick, made of stainless stecl, filleg with liqaid
(ethylene glycol), and is attached to a Pneumatic transducer
containing a low displacement, flexible diaphragm (of Buta-N
rubber). The fluig Pressure due to the major stress is converted
into pneumatic pressure by force balancing the diaphragm with a
continuous cont;olled nitrogen gas source supplied through two
tube configuration from the digital Pneumatic pressure indicator
mentioned earlier, The cell is placed with itsg sensitive side
down on a levelled sand pad giving sufficient slack in the con-
necting tubing.
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The vertical br2ssure distribution as observed from the
three cells (front, middle ang back) during different stages of
construction are shown in Figs. 102 and 103. Figure 102 shows the
variation of earth bressure with distance from the face of the
wall and Fig. 103 shows the varia*tion of earth pressure with
time. Up to the laying of tge first four layers, only the front
was pressurized (about 3 t/m“) and the middle and the back cells
read zero pressure. But from the fifth layer onwards up to the
laying of the 9th lgyer, the peak pressure shifted to the middls
(about 3.5 to 4 t/m“), while the front still read about 3 t/m
and the back cell pressure slowly picking up. But at the tenth,
eleventh and twelfth layers, the pressure distribution is more or
less uniform, but increasing with each additional layer. The
trend shifts back at the thirteenth layer when the peak returns
to the middle ang the front showing greater pressure than the
back. The peak pressure at any instant is nowhere near the valye
of Yz, v being the unit weight of backfill and g is the
height/thickness of 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?) x 1076 (MPa)
0 0.000 0.0 0.000
50 78.616 63.0 7.712°
200 314.465 0 166.0 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 1264.5 266.792
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 *| 401.03¢8
2700 4245.283 27000.0 *| 416.462
3000 4716:.981 28000.0 *| 462.738
3300 5188.579 29000.0 *| 509.009
3000 4716.981 32000.0 *| 462.736
2400 3773.535 33000.0 *| 370.189
* inaccurate values
Table 2 1Tension Test Results for 1/4"
Diameter Round Bar
| Tcrce StresS Strain) Sirecss
: {kg) (La/csc) (210" 5" {Mpa) l
f O 0.000 2.0 0.000
50 212.239 40.0 206.822
i¢o 353.732 163.0 34.701
200 767. 464 305.5 €9.402
300 2061.155 475.0 104.293
400 1414,¢2 £33.5 139,904 |
50¢ 1768.65% 765.0 173.505
630 21z22.3¢21 $57.0 206%.207
700 2476,123 1123.5 242.908
820 2829.855 1286.0 277.503
G0 3183.527 1457.C 312,310
10069 3537.219 1627.0 347.0:1
1100 3891.031 1787.5 351.712
1ido0 4032.543 3757.0 2¢g5,.8¢3 |
120¢ £244.7¢2 g0, ¢ boezz g
1300 4593.514 £000.0 431,124 g
1385 ££99.,:36 £300.C $¢0.€10
1259 4421.648 4300.0 £33,764
1000 3337.319 4800.0 347.011
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Table 3 Direct Shear T=2st Results on Backfill Materials .

WEATHERED CLAYEY LATERITIC
Properties CLAY SAND RESIDUAL
SOIL
a). Coheslon, c (t/m2?)
85% Compactlon . 9.0 3.6 2.5
90% Compaction 12.0 3.7 2.6
95% Compaction 12.9 3.8 8.8
b). Angle of frictlon, o (degree)
' 85% Compaction 29.1 25.8 38.0
90% Compaction 29.7 26,2 39.7
95% Compaction 30.7 26.8 40.2

Table 4 CIU Triaxial Test Results on Backfill Materials

Eff. | water Dry Effective Total
Sample Cons., | Con- Unlt
Press. | tent, | Weight, ES ) c , &, c,
t/m2 % t/m3 degree| t/m? | degree t/m?
WEATHERED CLAY 5
(85%) 10 21.18 1.38 19.8 1.6 13.8 0.7
20
WEATHERED CLAY 5
(90%) 10 21.50 1.47 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%) 10 13.40 1.70 24.0 2.5 18.2 3.2
20
LATERITIC RESIDUAL 5
SOIL (85%) 10 10.88 1.64 21.3 0.0 15.3 1.1
20
LATERITIC RESIDUAL 5 _
SOIL (90%) 10 10.77 1.74 22.@ 2.3 19.0 2.4
20
LATERITIC RESIDUAL 5
SOIL (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

‘ ]
: Cell | Hater Dry Unit b, ; c,
Sample | Pressure, | Content, Height, degrees I t/m?
: t/m? ;4 t/m? '
HEATHERED CLAY 5
(85%) 10 21.21 1.38 28.2 ~ 7.3
20
HEATHERED CLAY 5
(90%) 10 21.40 1.47 29.1 8.8
20
HEATHERED CLAY 5
(95%) 10 21.34 1.55 31.5 11.8
. 20
CLAYEY SAND 5
(85%) 10 13.50 1.52 17.3 2.4
20
 CLAYEY SAND 5
(90%) 10 13.50 1.61 20.2 2.7
20
CLAYEY SAND 5
(95%) 10 13.20 1.70 23.5 4.2
20
LATERITIC RESIDUAL 5
SOIL (85%) 10 10.60 1.64 29.2 4.2
20 '
LATERITIC RESIDUAL 5
SOIL (90%) 10 10.33 1.74 31.0 6.6
20
LATERITIC RESIDUAL 5
SOIL (95%) 10 10.64 1.83 32.5 8.0
' 20
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Fig. 8 Variation of the Cone Resistance with bepth
from Dutch Cone Test
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Fig. 9 Variation of Local Friction with Depth from
Dutch Cone Test
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Fig. 12 Screw Plate Load Test Pesult at 3 m Depth
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Fig. 13 Screw Plate Load test Result at 6 m Depth
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Transverse wir

a) Failure Planes for Strip Footings
(Dunn et al, 1980)

b) Suggested Slip Planes for Horizontal
Bearing (Peterson and Anderson, 198a0)
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(a)  Potentiometer circuit (b} Wheatstone bridge circuit

Fig. 17 Resistance Measurement Circuits
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Differential

O Vx O-J Output Voltage
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Fig. 18 Schematic of LVDT Showing Excitation Voltage and
Differential Output Voltage Location (Bourne, 1989)
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Yeltage, volt
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Calibrotion: long LVDT

3 -

Calibrotian Fastor, Y = 0.587X—4,902 volt/cm

Dinplacerment, cm

(a)

Cualibsration: Sleart LYDT

————— 11

Calibbralion Fazbyr, ¥ « 1,6058X—4.810 volt /em e

Displicainant, =

(b)

Fig. 19 a) Calibration Data for Long LVDT
b) Calibration Data for Short [VDT
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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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Fig. 22 Photograph of the LVDT and Dial Gage Positioned
in Front of the Pullout Box

0 a2
- /
(R . s . ?

R GRS ¢

. i_R - " G,
Fig. 23 1Inextensible Wire Extensometers Connected at the
Rear Portion of the Pullout Box
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Fig. 24 Schematic Diagram of Strain Gages and Wire
Extensometer Locations , a) 6"x9" mesh,
b) 6"x12" mesh, c) 6"x18" mesh
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Photograph of 21x Datalogger with the
SM192 Storage Module while taking Strain
Measurements During the Pullout Test
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Fig. 26 Typical Load-Displacement Curves for Weathered
Clay at the Dry Side of Optimum
10
Welded Bar (6™ x 12" x 0.25")
9 95% Compactlon, ¥d = 1.52 t/m*, mc = 25, 3% (weol)
Weathored Clay Backitill .
8 Logond: '
- A fv = | {/m? ’
o ! ¥—Xgv = S t/m! ,
X P—F v = 9 {/m?
-— r,
-3 " B~ 2 5 1/ m! \
¢ 5 v = 9 t/m? i
E . 3 —0 (v = 13 §/m? ,
<2
H
3 8
C 2 B e S T iy R e e ————
___—__.,E___:"_:/fﬁ——ﬁ—..—
fo:’ ': : : o e T a—A
' W
/.
0 . * 1] 1] 1] . . Ll
4 8 12 16 20 24
Displacement (mm}
Fig. 27 Typical Load-Displacement Curves for Weathered

Side of Optimum
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LVDT Front Dlsplacement, em
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Fig. 28 Typical Plot of the Front Displacement of Mat
Against the Displacement of each Junction for
a 6'"x12"x3/8" mesh compacted at the Dry Side
of Optimum
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Fig. 29 Photograph of a Deformed Welded Wire Mat

After the Test
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Four Longludinagl Bars (0.25" dlameter 9 6" spacing)
700 - 95% Compoacilon,Ya = 1,52 t/m', me = 21.3% (dry)
Weathered Clay Backfil
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‘.‘3 O—€18v = 1 {/m?
§ 400 - vy = 5 1/m?
(-]
oy —o(v=09I1/m
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0
Fig. 30 i placement 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. 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 Shear Strength with Normal Pressure
from Direct Shear Test on Nateritic Residual Soil
(Optimum Moisture Content)
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INSTRUMENTED SECTION
IN EACH BACKFILL
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Fig. 57 Front Seciion of the Welded WiYe Wall
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Instrumentation points
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14 layers {typical)

Fig. 58 View of the Welded Wire wall Along Section A-A
Showing the Instrumented Welded Wire Mat Layers
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PUT THE BACKING MATS AGAINST THE MAT FACES.
]m-'! CUT A BACKING MAT IN HALF AND

BACKING =24 ]}r. USE HALF AT THE BEGINNING
MATS ARE ,:a:ja::—«f,;—;f,;’.lﬂgg m iy, AND ENDING OF EACGH LIFT.
&' WIDE. %f%::—;*o;’;;\jgﬁ& NO SPACE BETWEEN
THEY SPAN ——’o,;f;a%;'.).gag i BACKING MATS

88
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2777

(777

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

BACKING MATS.
KEEP IT AS TIGHT
AS POSSIBLE, \—

Fig. 62 Placement of the Screen with llog Rings
(after Hilfiker Co., 1988)

TOP WIRE

\

) TOP WIRE
| “«—BULGING

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)
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ET
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Fig. 65 Aligning Procedure i
(after Hilfiker Co.,
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i

g Mats for Succeeding
he First Layer (after

Fig. 66 Placement of Backin
Layers Other than t
Hilfiker Co., 1988)

PLACE PRONGLESS REINFORCEMENT

- MAT AND BACKFILL AS IN PREVIOUS
LIFTS.,

" TILT CAP AND
CATCH FRONT

HOOK UNDER ‘ 111,
SECOND WIRE .
, 4 ON FACE OF "
_ PRONGLESS MAT.
~

& CAP .

——PRONGLESS MAT

A

Fig. 67 1Installation of the Prongless Reinforcing Mat

‘and the Top Cap in the Topmost Layer of the wall
(after Hilfiker Co., 1988)

87




68

a)

b)
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(b)

Experimental Site of the Welded Wire Wall
Just After the Installation of the Subsoil

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

Welded Wire Wall After Laying Out the Fourth
Layer

Photograph Showing the Completed View of the
Welded Wire Wall
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protrudes out
from face of

»wall

Fig.

7f

b)

45"

gravel facing embeded in soil

(b)

Photograph Showing the Dummy Mat for Pullout
Test Laid in Place

Schematic Diagram of the Dummy Mat Showing
Location of Instrumentation Points
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Strain Gage Locations Along the Welded Wire Mat
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(b)

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

Close-Up View of the Bundled Lead Wires with
Connecting Plugs for Tension Measurement
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Wall height above mat (Inches)

(Ibs)
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(b)

Plot of Tension Against Wall lleight Above Mat
for Clayey Sand (Mat No. 2)

Plot of Tension Against Distance from the Face
of the Wall for Clayey Sand (Mat No. 2)
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INCLINOMETER NO. 11, A—-DIRECTION

Depth/Height (m)

Depth/Height (m)

: .End of Construcflon — | 5[ 9 1215 1 221 9 da
: RNy
: IVAVANC Y= o)
o 2V =
NSRSy '
0 ;ﬂﬂ,jc/fﬁ//méfi
-1 4%1f(£2i”"
! )l -
-3 g\(\« k\\‘ T
> WD S5
-5 ‘_ééw
-6
-7 4+
-8
-9
-10
-11
=12 ..
-20 20 60 100 140 180 220 264
Lateral Movement (mm)
Fig. 78 Flots of Depth/Height Against Lateral Movement
for Inclinometer No. 1
INCUNOMEFER NO. 12, A—-DIRECTION
: d of | Constfuction —> | _ 9 12 15 - 2‘2 2‘9 ddys
X . _ s
3 1/ |~ A /12:55222255//'
N (7
S EENIDEZ
-y l
-2 4—— el
-3 ]i; ]\}\\L~\/ ‘:%n
SN 1/ -
/
_6 B ——
-7 o e—— —
_8 e e—
-9 -
-10
-11 }
12 ; | ]
-~20 20 60 100 140 180 220 260
Lateral Movement (mm) '
Fig. 79 Plots of Depth/Hleight Against Lateral Movement

for Inclinometer No. 2
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Fig. 98 Measured Excess Porewater Pressure Developed in the
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