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ABSTRACT

A fully instrumented test embankment reinforced with hexagonal wire mesh was constructed on soft
clay foundation in Thailand, The reinforced wall consisted of 90 degrees inclined gabion facing on one side and
a sloping unreinforced sandfill in the opposite side with a total height of 6.0 meters, The existing embankment
was later raised up to another 1.0 m. The maximum observed settlement and lateral movement due to additional
surcharge was 0.049 m at 190 days and 0.007 m at 173 days, respectively. The excess pore pressure increased
due to additional surcharge and gradually dissipated. The predicted settlement by using C, from Asaoka’s
method presents a higher rate of settlement than by using C, from oedometer test. The calculated settlement by
‘Asaoka’s method is closer to the observed settlement. The maximum tension lines in the test embankment were
closer to the tie-back wedge assumption. The tension induced in the hexagonal wire mesh in the laboratory
during pullout test was higher than the monitored data from the full scale embankment wherein the tension
induced in the zinc-coated hexagonal wire mesh was slighty higher than the PVC-coated. The forces developed
in the reinforcement of full scale embankment was in the working stress level where the corresponding
laboratory pullout tension and displacement of reinforcement in the field were correlated. The external stability
of the test embankment has been verified to be safe.

INTRODUCTION

A gabion facing structure can be modified into a reinforced wall/embankment system by adding a
hexagonal wire mesh reinforcement anchor to its backfill. The first structure with gabion facing and anchored to
the backfill with steel strips was built in Sabah, Malaysia in 1979 (Macaferri, 1990). Lo (1990) and Lo and Li
(1990) conducted pullout tests to determine the design parameters of hexagonal wire mesh, A series of large
scale laboratory tests were conducted to measure the pull-out resistance and load-elongation response of the
reinforcing mesh panels when embedded in a granular soil. The test results unambiguously establish significant
increases, compared to uniaxial testing in air, in both strength and stiffness values of a mesh panel due to
embedment in granular soil subject to overburden stress. Indraratna and Lasek (1996) evaluated the load-
deflection behavior of clay beams reinforced with galvanized wire netting, The use of galvanised steel wire
netting as reinforcement in the tensile zone of the beams provides a substantial increase in flexural tensile, and
enables the beams to sustain much larger deformations without causing complete failure, Moreover, the
reinforced clay beams demonstrate a definite ductile-plastic (post-peak) behavior following the pre-peak elasto-
plastic response. Mir (1996) conducted in-air tensile and pullout tests of hexagonal wires and possible
applications were explored (Bergado et al, 1998a). The two types of hexagonal wire mesh tested were the Camel
Brand of B.B. Trading (Malaysia): one is zinc-coated while the other is zinc-coated with PVC sleeve. Further
pullout tests using different backfill materials were conducted (Kabiling, 1997; Bergado et al, 1998b).
Teerawatanasuk (1997) conducted direct shear tests and further interaction studies. Moreover, field and
laboratory pullout tests were conducted to obtain data on the interaction and pullout mechanism of the wire
mesh with silty sand backfill (Wongsawanon, 1998; Modmoltin, 1998). A 6 m fully instrumented reinforced
embankment was constructed and monitored to investigate the field behavior of gabion facing embankment with
hexagonal wire mesh embankment (Voottipruex et al ,1998; Khwanpruk, 1998) Finally, the embankment was
raised up to another 1 m and was monitored and analyzed (Anujorn, 1999). This paper is concerned with the
deformation characteristics of the hexagonal wire mesh reinforcement of a reinforce wall/embankment system
based on field monitored data before and after additional surcharge load.
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HEXAGONAL WIRE MESH EMBANKMENT WITH GABION FACING

The hexagonal wire mesh embankment was constructed inside the campus of the Asian Institute of
Technology (AIT) located 42 kms north of Bangkok, Thailand, The cross-sectional view of the test embankment
is shown in Fig. 1. The soil profile and properties are plotted down to 10,0 m depth as shown in Fig. 2. The
uppermost soil profile can be divided into 3 sublayers, namely: weathered crust, soft clay and stiff clay. The
weathered crust consisting of heavily overconsolidated reddish-brown clay forms the uppermost 2 m thick layer
followed by grayish soft clay layer about 6 m thick. The soft clay layer is underlain by stiff clay found at 8.0 to
15.0 m depth. Below the stiff clay layer is the dense sand layer of more than 10.0 m thick.

The plan and cross-section as well as the instrumentation layout of the test embankment are shown in
Fig. 3. There are three surface settlement plates for each type of hexagonal wire mesh reinforcement and 2
subsurface settlement plates at 3 m and 6 m depths. Open standpipe piezometers and inclinometers were
provided to monitor the pore pressures and the fateral movements of the embankment, respectively.

The construction of the wall involved the placement of the gabion facing unit with reinforcement
attachment at every 0.5 m vertical spacing. The gabion facing was first filled with boulder. After placing the
gabion wall filled with boulder, the first reinforcement was placed and instrumented, The backfill was spread
out in 0.15 m lifts to a total of 0,5 m with the required density of 95% of standard Proctor and compacted with
combination of roller compactor and wherein the settlement plate, standpipe piezometer and inclinometer were
installed. After completion, the embankment with hexagonal wire mesh reinforcement was 6.0 m high, 6.0 m
long, and 6.0 m at the top with a base width of 18,0 m, The embankment was divided into two sections along its
length (see Fig.3). Each sections was constructed using different type of hexagonal wire mesh, namely: zinc-
coated and PVC-coated using the same backfill material, The inclination of the gabion facing wall was 90
degrees from the horizontal. The side slope and back slope have an inclination of 1 vertical to 1 horizontal
inclination,

Additional surcharge of 1 meter high was constructed on top of the existing hexagonal wire mesh
embankment, One thousand plastic sand bags each filled with 40 kgs of Ayutthaya sand were laid in one cubic
meter of gabion cage. Thus, the unit weights of additional surcharge load amounted to 16.7 KN/m?, To prevent
degradation of sandbags from ultraviolet rays, geotextiles were used to totally cover the plastic sand bag. The
existing embankment with additional surcharge is shown in Fig. 4.

UNDRAINED SHEAR STRENGTH

The undrained strength parameters were obtained by Anujorn (1999) and Khwanpruk (1998) using UU
and UC tests and are plotted with depth as shown in Fig, 5, From the test results, the lowest strength was found
at 3.0 to 4.5 m depth below the ground surface. It can be observed that the undrained strength values from UU
test are slightly higher than the undrained strength from UC. This is due to the presence of confining stress in
the UU test. The confining stress in the UU test closed the fissures and shear resistance developed, hence,
higher shear strength was obtained.

MAXIMUM PAST PRESSURE

The preconsolidation pressure is the maximum pressure to which the soil has been subjected
throughout its geologic history. It represents a yield stress that separates small strain “elastic” behavior from
large strain “plastic deformation” during one-dimensional compression. The preconsolidation pressure of each
layer are tabulated in Table 1. These values were obtained using the empirical method of Casagrande (1936).
The void ratio versus effective stress in logarithmic scale are plotted in Fig. 6. In this case, the value of
preconsolidation pressure ranges from 85 to 100 kPa, The values of overconsolidated ratio (OCR) of the subsoil
prior to embankment construction and one year after embankment construction are also summarized in Table
1. One year after construction, the effective stress in the subsoil changed due to embankment load with stress
increment of 108 kPa. At this stage, the effective stress of the subsoil exceeded the maximum past pressure
which reduced the overconsolidation ratio to one in some layers. Therefore, during application of the additional
surcharge, the subsoil is in normally consolidated state.
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OBSERVED SETTLEMENT

Before and after the installation of additional surcharge, the surface and subsurface settlements beneath
the embankment were observed by the surface settlement plates and subsurface settlement gages, respectively.
Figure 7 shows the plot of the surface settlements from plates S1 to S6 and Fig. 8 shows the subsurface
settlements from gages SS1 to SS4 for both PVC-coated and zinc-coated hexagonal wire mesh reinforcements.
The surface settlement at S1 represent the maximum settlement of 40 mm before installation of additional
surcharge, additional settlement of 17 mm after the end of additional surcharge construction, and 49 mm after
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190 days since the beginning of construction of surcharge. The degree of consolidation is about 80%. The
subsurface settlement gages at 3.0 m and 6.0 m were slightly different. Most of the surface and subsurface
settlement slowly increased after about 50 days since the beginning of construction of surcharge.

The maximum surface settlement after construction of embankment including the additional surcharge
was about 435.5 mm occurring at the front face of embankment (S4) after about 630 days since the beginning of
embankment construction. The subsurface settlement showed the maximum settlement at about 278 mm and
164 mm at SS1 and SS2, respectively.

The settlement profile of the subsoil below the reinforced embankment was plotted to compare with the

settlement profiles below the reinforced soil mass of the steel grid and geogrid reinforced embankments (Alfaro,

1996) as shown in Fig. 9. Larger settlements were observed below the toe than below the center of the
embankment especially in the steel grid reinforced wall embankment. The steel grid which is on inextensible
reinforcement is capable of acting more as a rigid block than the geogrid which is an extensible reinforcement.
In this study, the trend of the settlement profile of hexagonal wire mesh reinforcement seems to be similar to the
case of geogrid reinforcement. A more rigid reinforced mass tends to rotate more about the toe due to the lateral
thrust from behind.

Figure 10 shows the comparison of toe settlement of the three embankments. The settlement of steel
grid embankment is larger than those of the geosynthetic embankment and hexagonal wire mesh embankment.
In the case of steel grid and geogrid embankments, the weathered clay crust was first broken along the edges of
the embankment system and also at the center, both in longitudinal and in the transverse directions, by
excavation of a trench with a width of about 1 foot (0.3 m) to a depth of 2 m below the general ground surface.
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Fig. 10 Comparison of Surface Settlement in the Subsoil at Different Reinforcement Type

The trench was then filled up with the same excavated material and compacted with a hand compactor before
placing the first layer of reinforcement. The objective was to eliminate the weathered clay crust beneath the
embankment to act as a floating raft foundation. In the hexagonal wire embankment, the weathered clay crust
underneath the embankment was not excavated prior to construction. This is the main reason for lower
settlement magnitudes than the other two embankments, Moreover, the steel grid embankment behaved as a
rigid mass due to inextensible and seem to rotate more which caused larger settlement at the toe than using the
geogrid embankment. The geogrid reinforcement is an extensible material and, hence, less rotation occurred
than the steel grid embankment,

PORE WATER PRESSURE

The pore water pressures in the soft clay foundation were obtained from two piezometers, located at 3
m and 6 m depth for both types of hexagonal wire mesh reinforcement. The location of the piezometers are
shown in Fig. 3. Before surcharge, the pore pressure continued to decline at a very slow rate resulting from the
dissipation of excess pore water pressure with time. After the installation of additional surcharge, the pore
pressure increased rapidly and slowly decreased afterwards due to very low rate of dissipation and became
constant 50 days after the addition of surcharge. The total pore pressures are plotted versus time in Figs. 11 to
12 for PVC-coated and zinc-coated areas, respectively.

Figures 13 and 14 show the pore pressure versus depth at the dummy atea and below the embankment,
respectively. It can be observed that the hydrostatic pressure fluctuated in each period. The total pore pressure
versus depth of the dummy area is plotted for comparison. The water table fluctuated between -0.262 m to —
2.071 m from the original ground, The excess pore pressure versus time plot from the beginning of embankment
construction unti! additional surcharge are shown in Figs.15 and 16.

The excess pore pressure depend on Skempton’s pore pressure parameter, A, (which is said to
approximate the pore pressure coefficient at failure, Ay, and the geometry of the loading condition (Skempton
and Bjerrum, 1957). Lambe (1962) repotts that for slightly overconsolidated clays, the value of Ar should be
from 0.3 to 0.7. Cox (1968) also reported similar results with Bangkok clay subsoil. The excess pore pressure
vary from 50 % of the increase in the vertical stresses for overconsolidated clay to 100 % of the increase in the
verticat stresses for normal consolidated clay.
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LATERAL MOVEMENT

One inclinometer was installed near the front face of the embankment as shown in Fig, 3. The lateral
movement was monitored since 2 July 1997, until additional surcharge was constructed since 16 July 1998. The
total monitoring petiods are 379 days from starting date. The lateral-movement increased significantly until the
maximum value within 173 days. Afterwards, the lateral movements decreased. In case of the additional
surcharge, the load applied to embankment is so small when compared with the load of the existing
embankment. Consequently, the lateral movements after the additional load is not much when compared to
lateral movements due to the embankment load.

The maximum lateral movement in the soft clay subsoil occurred at about 2.5 to 4.0 m below the
ground surface, corresponding to the weakest zone of the subsoil layer. The lateral movements during cons-
truction and in the post construction surcharge phase were quite considerable. Most of the lateral movements in
the subsoil occurred within 50 days from the beginning of the additional surcharge construction, and thereafter,
slowed down considerably. The additional surcharge construction lasted for 7 days, The rate of the laterat
movements of the wall face slowed down considerably within 90 days after completion of additional surcharge.
The lateral movements versus depth before and after additional surcharge are shown in Fig. 17.
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Fig, 17 Lateral Movement From Test Embankment Before and After Additional Surcharge
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DISPLACEMENT OF WIRE MESH

The displacement in the wire mesh reinforcements were measured using the high strength wire
extensometer. Before surcharge, the measured displacements were found to be continually changing, exactly by
the horizontal and vertical movements, and the response of the test embankment to these movements. The
maximum displacement for both types of the hexagonal wire mesh reinforcements was observed in the topmost
layer (layer 6) while the minimum displacement occurred at the bottom layer (layer 1). Moreover, the maximum
displacement measured from high strength wire extensometer agreed well with the maximum lateral movement
measured by the inclinometer, Further displacements of hexagonal wire mesh reinforcement measured from the
displacement board in the embankment with distance from face of the wall in each layer after additional
surcharge applied are shown in Fig. 18, The observed period in the figure was counted from the end of
embankment construction.

After 15 days from additional surcharge, it can be observed that the displacement of PVC-coated and
zinc-coated are very small in mat 1 and 2 of wire mesh and increasing in the upper mat of reinforcement, The
maximum displacement occurred in mat 6. Displacements before and after additional surcharge of PVC-coated
reinforcement are similar while the displacement is different in zinc-coated zone in which the failure plane
moved toward the wall facing.
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Fig, 18 Displacement of PYC-Coated Reinforcement with Time
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In the reinforced soil wall, the maximum tension line can be obtained using both Coulomb/Rankine
failure plane or tie-back failure plane and Reinforced carth failure plane or coherent gravity failure plane. The
maximumn tension line was observed from the plot of displacement board in different periods as shown in Fig.
18. The maximum tension line did not exactly comply with any of the failure planes. However, the maximum
tension line is more closer with Coulomb/Rankine faiture plane or tie-back wedge failure plane.

PREDICTED SETTLEMENT

The immediate settlement was computed by using Janbu et al (1956) method. This method gives the
settlement of 0.017 m due to additional surcharge. In one-dimensional method, the settlement was calculated by
dividing the compressible foundation layer into four subsoil layers, and the data from standard oedometer test
were used. For the Skempton and Bjerrum (1957) method, the correlation factor, 1 is a function of the pore
pressure coefficient, Three methods of settlement calculations were used namely: one dimensional, Skempton
and Bjerrum, and water content methods. All of these calculations are shown in Tables 2 and 3. Figures 19 and
20 present the settlement prediction by using different C, values and also show the observed settlement
compared with the construction height of reinforced embankment, The calculations using C, from oedometer
test demonstrated that the shape of the predicted settlement curve is steeper than when using C, from Asaoka’s
method because the rate of settlement from oedometer test is lower than Asaoka’s method (as shown in Tables 4
and 5). The predicted settlement by Asaoka’s method yielded closer prediction to the observed settlement. The
settlement prediction by using one-dimensional and water content methods are very close together. Most of all,
the aforementioned prediction methods overestimated the settlement. The smaller magnitude of the actual
observed settlement may be attributed to the presence of the weathered crust acting as raft foundation.

EXTERNAL STABILITY

The external stability of the full scale embankment with additional surcharge in this study was checked,
namely: overturning, sliding , and bearing capacity failures with the factors of safety obtained as 17.54, 15.95

and 1.3, respectively.
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Fig. 19 Observed and Predicted Settlement by Using C, from Asaoka’s Method
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Fig. 20 Observed and Predicted Settlement by Using C, from Oedometer Test

RELATIONSHIP BETWEEN DISPLACEMENT OF EXTENSOMETE!
R WIRE AND TENSIO!
INDUCED IN THE HEXAGONAL WIRE MESH REINFORCEMENT ' N

) From the correlation of laboratory pullout test, the relationship betwe ¥ i

stram' gages, ‘and displacement from LVDT can be determined as shownpin Fig. ;?.%El}lltaogitnfg:g:tsceln\iﬁ: rfx‘::srg
h:cxs }ugher stiffness than PVC-coated wire mesh, thus, it was observed that the tension induced in the former is
higlier than the latter. Moreover, the relationship between displacement and tension in the hexagonal wire mesh
shows the same increment for both types of reinforcement. # ®
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Fig. 21 .Rela_ltionship Between Tension and LVDT of PVC-Coated and Zinc-Coated Wire Mesh
in Silty Sand from Laboratory Test .
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Fig, 22 Relationship Between Force and Displacement Board of PVC and Zinc-Coated
Hexagonal Wire Mesh in Silty Sand from Full Scale Embankment

Figure 22 shows the relationship between the force and the displacement of PVC-coated and zinc-
coated from board displacements and field pullout test from full scale embankment. The higher the normal
pressure, the lower the displacements. At the same normal pressure, the zinc-coated type shows higher tension
than the PVC-coated.

From the comparison between field and laboratory pullout test results, it can be observed that the
laboratory pullout test gives higher values due to scale effect. In the laboratory, the pullout tests were done with
small scale pullout box in confined condition, Moreover, the facing conditions were not similar, and so were the
boundary conditions. However, the compaction and moisture contents can be controlled better in the laboratory
test,

CONCLUSIONS

Full scale embankment with hexagonal wire mesh and gabion facing with additional surcharge was
constructed to investigate and evaluate the behavior and performance of reinforced embankment. The maximum
surface settlement due to additional surcharge was 49 mm observed at the front face of the embankment at 150
days after additional surcharge. The degree of consolidation of subsoil foundation is 80 % after 640 days from
the beginning by using C, from Asaoka’s method. The lateral movement that occurred due to additional
surcharge is about 7 mm at 173 days corresponding to the zone of the weakest subsoil at about 2.5 mto 4.0 m
depth below the general ground surface. The excess pore pressure observed below the embankment at 3.0 m and
6.0 m depths indicate the build up and then dissipation during soil consolidation. The predicted settlement by
using Asaoka’s method were closer to the observed settlement than the other methods. The maximum tension
line which was observed from the wire extensometer connected to the hexagonal wire mesh agreed with the tie-
back wedge assumption in the location of the maximum tension line. There is a relationship between
displacement and tensions induced in hexagonal wire mesh. The lower the displacement, the lower the tensions
induced in the hexagonal wire mesh. Moreover, lower normal pressures induced lower tensions in the hexagonal
wire mesh. The zinc-coated hexagonal wires showed higher tensions induced in the wire than PVC-coated in
both the field and laboratory tests. The maximum pullout, Ppay, as a function of normal pressure was developed
to an empirical equation for use in the design analysis in the full scale embankment with hexagonal wire mesh
reinforcement.  The external stability of full scale embankment with hexagonal reinforcement after additional
surcharge was checked, namely: the overturning, sliding and bearing capacity with safety obtained as of 17.54,
15.95 and 1.30, respectively.
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STRESS DISTRIBUTION IN SUBGRADE SOILS AND APPLICATIONS
IN THE DESIGN OF FLEXIBLE PAVEMENTS

Y. Qiu', N.D. Dennis?, and R.P. Elliott’

ABSTRACT

A comprehensive study of stress distribution in highway subgrades of flexible pavements was
conducted, A stress-dependent non-linear finite element method (FEM) program, ARKPAVE, was used to
generate structural responses of pavements under vehicle loads. The subgrade depth of interest was found to be
around 1500 mm. The confining pressure within this depth of interest ranges from 15 to 40 kPa and averages
about 20 kPa. This average confining pressure is recommended to be the chamber pressure in triaxial and/or
repeated load testing in the evaluation of subgrade soils. The distribution of deviator stress along the subgrade
depth was found to be more or less independent of the layer thickness combinations. It is shown that the stress at
the top of the subgrade is a better criterion than the vertical resilient strain. This stress was mapped out in
accordance with the various thickness selections including full-depth asphalt concrete (AC) pavements which
can be readily incorporated into a modern pavement management system, The contours of deviator stress at the
top of the subgrade also facilitate the optimum design of flexible pavements as demonstrated in the paper by a
design example. This approach advocates the feasibility and promptness of the adoption of rational mechanistic-
empirical (M-E) design methods for pavement structures.

INTRODUCTION

Given traffic and environment, subgrade soils govern the succeeding layer combination and thickness
selection in the design of pavement structures. Subgrades beneath a pavement also have a controlling influence
on how long and how well a pavement performs. The major forms of distress that causes an asphalt pavement to
fail are fatigue cracking and surface rutting. The development of both types of distresses is largely controlled by
the support the pavement receives from the subgrade when subjected to vehicle loads. The support provided by
the subgrade is controlled by the foad deformation behavior of the soil, which can be divided into two
components:

E=6, 18y )
where:
£ = load-induced subgrade strain
& = resilient (or recoverable) strain
& = permanent or residual strain

The pronounced influence of subgrade soils on both distress modes was recognized long ago (Seed et
al., 1962), The resilient modulus (defined in Eq. 2) and permanent deformation (or permanent strain) are usually
used to characterize the resilient and residual deformation behaviors of subgrades, which in turn are thought to
be the direct factors governing the initiation-propagation of fatigue cracking and accumulation of rutting,
respectively.

Mp=c4/e, &)
where:
Mg = resilient modulus (kPa)
oy = deviator stress (o7 - g3) (kPa)
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