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ABSTRACT: A new method, the confined-reinforced earth (CRE) method, has been suggested to strengthen
the subgrade layer, at the bottom of road pavement. The method uses granular soil, geogrids and confining tie
rods. It is intended to reduce the damage from the large differential settlement between bridges or culverts
and their approaches due to major earthquakes, and to make it possible for vehicles, especially emergency
vehicles to pass the resulting unevenness. This study presents model tests designed to investigate the effects
of the length of confined-reinforced earth by examining how lateral boundary conditions affect the
consequences of differential settlement. Tests with two lateral boundary conditions, i.e. fixed-fixed (both
ends of the geogrids are laterally fixed) and fixed-free (one end of the geogrid is laterally fixed and the other
end is free) of the CRE method were performed and the effect of differential settlement was compared. The
results show that the lateral boundary condition significantly affects the CRE behavior and the deformation in
the fixed-fixed boundary condition is smaller than that in the fixed-free boundary condition.

Keywords: Confined-reinforced earth, Geogrid, Differential settlement and Lateral boundary condition

1. INTRODUCTION —‘7 Asphalt pavement
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Earthquakes often induce differential Fm————— B e __ -
settlement between bridge abutments and — S |
approaches due to slope movement or grainslip : e Geogrid :
[1]. In major seismic events, large deformations Subgrade | ) |
and significant differential settlement develop : A N :
when liquefaction of the foundation occurs, | SRS e Googrid |
resulting in cracking, settlement, lateral :_ Tie rod
spreading and slumping [2]-[4]. Consequently, Fig. 1 Confined-reinforced subgrade ~ (Adapted
vehicles cannot pass the stepwise settlement from [13])

created by the earthquake. Because of its high
seismic resistance, geosynthetic reinforced soil
has been widely used to mitigate such damage
from earthquakes [5]-[7]. Furthermore, one
important aspect of reinforced-soil is its
potential to reduce differential settlement [8]-
[11]. The confined-reinforced earth (CRE)
method, has been proposed to make it possible i ‘ . = s

for emergency vehicles to pass road surfaces Fig. 2 Road deformation due to settlement, (a)
roughened caused by earthquakes. The CRE with CRE method, (b) traditional method [12]

method employs geogrid layers, prestressed
steel tie rods, and granular soil applied to

would allow a vehicle to pass while the other

subgrade layers under paved roads. In this would not, because of a significant crack in the
method, reinforced soil is confined by pavement. Reference [13] have also proved that
prestressed tie rods as shown in Fig. 1. A full- the CRE method effectively improves the stiffness
scale field test was previously carried out to of the subgrade layer and can reduce a step-wise
compare the behavior of road structures, which deformation of road pavement under differential
were constructed by using the CRE method and settlement.

a conventional method (without geosynthetics), It has been noted that the key point of the CRE
when differential settlement of 550 mm was method, which makes it different from ordinary
introduced into the supporting layer [12]. The reinforced soil methods, is the confining tie rods.
results of trials with the two methods illustrated Prestress is introduced into the tie rods,
in Fig. 2 have shown that the road with CRE contributing to the integrity of reinforced soil that
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has high stiffness [14], [15]. As a result,
deformation is reduced when it is subjected to
differential settlement or traffic loading [16]. The
prestress in tie rods strongly affects the CRE
deformation.

In practice, CRE structures are not limited to a
fixed length, though, previous experiments have
not taken into account the effect of the length of
the CRE on its behavior. For this issue,
experiments with different lateral boundary
conditions, i.e., both ends of the geogrids laterally
fixed (fixed-fixed condition) and only one end of
the geogrids laterally fixed (fixed-free condition)
were performed. The fixed-fixed case simulates
the condition in which one end of the geogrid is
fixed on an abutment and the other end is
embedded long enough so that the geogrid is not
pulled out. The fixed-free case simulates a
condition in which one end of a short geogrid is
fixed on an abutment and the other end is
embedded very short so that the geogrid is not
fixed in the soil. Experiments with overburden
stress, g, of 0 kPa and 4 kPa on the CRE surface
simulating surcharge of the upper layers were
carried out to investigate the deformation, strain in
geogrid layers, reaction at both ends of the geogrids
and force in the tie rods.
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Fig. 3 Grain size distribution of Toyoura sand

2. TEST ON CONFINED-REINFORCED
EARTH

2.1 Material properties

The geogrid (Adeam HG-200) used in this
study is made of high density polyethylene with an
opening size of 26 x 28 mm (longitudinal x
transversal). The longitudinal rib is reinforced by
aramid fibers. The geogrid has tensile strength of
200 x 5 kN/m (longitudinal x transversal) with
rupture strain of 4.5 %. The granular soil used in
the model was dry Toyoura sand (uniform sand)
with specific gravity ys= 2.645; emax= 0.973; emin=
0.609; Dsp= 0.2 mm. The internal friction angle of
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the dense sand is 42° at relative density of 80 %
[17]. The grain size distribution is shown in Fig. 3.

2.2 Model test

The model test setup is shown in Fig. 4. The
reinforced soil was made in a soil box with inner
dimensions of length x width x height = 1200 mm
x 400 mm x 800 mm. The composite layer was
supported by two bottom plates, Plate 1 and Plate
2. Plate 1 was fixed on the frame (to simulate the
abutment of a bridge or a culvert) while the other
plate was supported by jacks so that it could move
down to simulate settlement of the embankment
below the pavement. Four geogrid layers (G1, G2,
G3, G4) and three sand layers with the thickness of
each layer of 100 mm were used. The lowest layer,
G4, was placed directly onto the plates. Strain
gauges were attached at four points, A, B, C, D as
shown in Fig. 4a (at 300 mm, 500 mm, 700 mm,
900 mm from the left to right of the soil box,
respectively) on each geogrid layer of G1, G2, G3,
and G4. To measure both tensile strain and
bending strain, pairs of strain gauges were attached
on both sides of each point, i.e., on the upper and
lower surfaces of the geogrid. Tie rods were set
with spacing of 400 mm in the longitudinal
direction and 200 mm in the transversal direction.
They were placed at 200 mm, 600 mm and 1000
mm from the left to right of the soil box. It should
be noted that in the fixed-fixed case, both ends of
the geogrid were fixed in horizontal direction but
free in vertical direction by using pulleys. While,
in the fixed-free case, only one end of geogrid on
Plate 1 is laterally fixed. (In order to prevent the
sand from leaking when the CRE deformed, the
sand layers were wrapped by thin low strength
geotextile).

Table 1 Experimental cases

Cases Later.a} boundary Overburden,
conditions q (kPa)

Case 1 Fixed-fixed 0

Case 2 Fixed-free 0

Case 3 Fixed-fixed 4

Case 4 Fixed-free 4

2.3 Test procedures

Four experiments with different overburden
stress (q) and lateral boundary condition were
carried out. Test conditions are shown in Table 1.
4 kPa was applied as the overburden considering
the field condition as shown in Fig. 2 (Ohta et al.,
2013). The experimental procedure was as follows.
In the first step, the lowest geogrid layer (G4) and
six tie rods, R1 - R6 were placed on the bottom
Plates 1 and 2. Then, the 100 mm - thick sand
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layer was made by air pluviation technique as
proposed by [18]. The sand was poured from a
height of 45 cm using multiple sieve layers to
achieve a constant relative density of
approximately 80% (dense sand), and leveled. The
other geogrid layers (G3, G2, G1) and upper sand
layers were prepared in a similar way until
completion. After the placement of the top geogrid
(G1), the left end of the geogrids on the Plate 1
were all fixed in the horizontal direction by
pulleys, whereas the right end of the geogrids on
the Plate 2 were similarly fixed in the fixed-fixed
cases or free in the fixed-free cases. The tie rods
were then preloaded to 3 kN, a pressure high
enough for effective CRE, but still well below
failure level [15]. The allowable stress, qa, on the
soil (dense sand) is based on the ultimate bearing
capacity of unreinforced soil, qu, as proposed by
[19] as cited by [20] for square footing as follows:
qu = 1.3cN; + gqNg + 04N,

where N¢, Ng and Ny are the bearing capacity
factors depending on the soil frictional angle, ¢ =
42°. q, c, y are surcharge, cohesion and unit
weight, respectively. Allowable stress is qa=qu/FS,
in which FS is the safety factor, about 3 to 4.
Therefore, q.=qu/FS= 1737/3.5=496 kN/m>. The
pressure on sand can be roughly calculated as
force/area of the plate of the tie rod=3/(0.1*0.1)=
300 kN/m?. In case of reinforced soil, the bearing
capacity is larger compared to that of unreinforced
soil [21]. Therefore, this pressure is low enough
and acceptable. Then, overburden was applied. In
the last step, Plate 2 supported by jacks was
lowered to induce differential settlement, Sv, with
respect to Plate 1. Lowering Plate 2 in Case 1 and
3 was stopped when the CRE layer was detached
from the Plate 2. Responses of the CRE in Case 2
and Case 4 were compared with those at the same
amount of settlement in Case 1 and Case 3
respectively. The deformation of the CRE surface
was measured manually. The strains of the
geogrid, reaction at the left side of the soil box and
force in the tie rods monitored by strain gauges
and load cells were recorded by the data recorder
during the test.

3. RESULTS AND DISCUSSION
3.1 Surface settlement

Surface deformation due to the lowering of the
bottom plate was measured at 100 mm intervals
from the left to the right of the soil box. Figure 5
shows a typical tilting of the CRE due to settlement
where clearly illustrates the displacement of the tie
rods due to settlement, S, (the rotation of tie rods
was seen in all cases and the rotation of middle tie
rods was larger compared with the other tie rods).
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Distribution of the surface settlement in the four
test cases were compared to investigate the effect
of the lateral boundary conditions of the CRE on
reducing the differential settlement at the surface.
The distributions of the surface settlement are
shown in Fig. 6 at Sv=35 cm in Cases 1 and 2 and
Sv =9 cm in Case 3 and 4. It is to be noted that the
surface settlement no more increased for the
increase in Sv more than 5 cm in Case 1 (q =0
kPa) and 9 cm in Case 3 (q = 4 kPa), when the
geogrids were in fixed-fied conditions. On the
other hand, in fixed-free conditions, the settlement
increased more than 9 cm together with the
increase in Sv. Therefore, in Fig. 6, distributions of
the surface settlement are shown at Sv =5 cm for
Case 1 and 2 and at 9 cm for Case 3 and 4. Table 2
shows the slope of the surface in Case 1 and Case
2 for 5 cm settlement of Plate 2 and Case 3 and
Case 4 for 9 cm settlement of Plate 2. The
maximum slope surface was observed at 50 cm in
all cases. As can be seen in Fig.6, at 5 cm
settlement, the deformation in the first two cases
without overburden stress, Case 1 and Case 2, was
not much different (10 % of the maximum surface
slope in Case 1 compared to 9.3% in Case 2 as
shown in Table 2). This is because the settlement
was small, resulting in small displacement of the
CRE at the right side in Case 2. As a result, the
boundary condition did not strongly affect the
CRE deformation. However, in the cases with
overburden stress of 4 kPa, Case 3 and Case 4, the
deformation was clearly different (12.55% of the
maximum surface slope in Case 3 compared to
21.35 % in Case 4 as illustrated in Table 2). This is
due to the fact that in the fixed-fixed case, the right
ends of the geogrids were restrained by boundary
condition, resulting in reducing the CRE
deformation while in the fixed-free case, the right
ends were free, which allowed the right ends



International Journal of GEOMATE, Oct., 2017, Vol.13, Issue 38, pp.1419-156

Fig. 5 Deformation of CRE in Case 3
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Fig. 6 Surface settlement due to the lowering of
Plate 2

Table 2 Slope of surface at 30 cm, 50 cm and 70
cm

Cases Slope of surface, i (%) at SV q
30cm  50cm  70cm cm  kPa

Case 1 2.50 10.0 4.00 5 0
Case 2 0.75 12.55 10.6 5 0
Case 3 0.00 9.30 5.35 9 4
Case 4 2.45 21.35 7.65 9 4

Sv: settlement of Plate 2

q: overburden

moved leftward. This explains why the

deformation in Case 4 was larger than in Case 3.
3.2 Strains in the geogrid

Strain changes along the geogrids with the
increase of S, were monitored at four locations (A,
B, C, D) as shown in Fig. 7 (Case 1), Fig. 8 (Case
2), Fig. 9 (Case 3) and Fig. 10 (Case 4). A positive
strain value indicates the tensile deformation of the
geogrid while a negative one means compression.
In general, the tensile strain in the geogrid
increased with an increase in settlement of Plate 2,
Sy, in almost all the cases. However, strains of G4
was small and almost remained unchanged in
Cases 2 and 4 of fixed-free condition. This is
because the bottom layer in Case 2 and Case 4
could move leftward when the right end of the
CRE was free, resulted in very small tensile or
compressional deformation of G4. In the fixed-
fixed cases (1 and 3), the highest strain was seen in
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Gl at A due to large rightward tilting of the middle
tie rods, R3 and R4. The smallest strain was seen
again in G1 but at D caused by clockwise rotation
of the tie rods RS and R6, though almost strains
showed positive value, indicating tensile
deformation of geogrids because tension must have
developed in geogrids to support the vertical load
by the membrane effect [22] like a hammock.
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Fig. 10 Strain in geogrids of Case 4

It was also found in the fixed-fixed cases that
the location of the peak strain shifted from point A
in the top geogrid of G1 to point D in the bottom
geogrid G4, i.e. the location of the highest strain
shifted from the left to the right with depth. This is
also because the mode of bending deformation of
the CRE causing clockwise rotation of the tie rods
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as described above as seen in Fig. 5. By contrast,
in the fixed-free cases, Case 2 and Case 4, the
strain showed both tension and compression. This
is because the mode of deformation in Case 2 and
4 was rather step-wise than a hammock and
compressional deformation dominated at the
bottom geogrid. The bottom of the tie rods R3 and
R4 moved further left than in Case 1 and Case 3.
Moreover, as can be seen from Fig.8, strain at B of
G3 in Case 2 showed a large negative value
(compression). It is due to the mode of CRE
deformation was shown in Fig. 11. As
schematically illustrated in Fig. 12, the CRE
showed step-wise deformation, especially between
R1, R2 and R3, R4. The upper layer of CRE was in
tension, whereas the lower layer was in
compression. In the case of G4, it was not in good
contact with the soil layer as seen in Fig. 11 and
could be free from compressional deformation of
the lowest soil layer, so it was almost zero. On the
other hand, in the case of G3, it was confined by
the upper and lower soil layers and compressional
deformation of the soil was reflected in the
deformation of G3. This compressional strain was
observed again in the repeated experiment with the
same test condition.

The significant difference between the two
series of cases, i.e. the fixed-fixed cases and the
fixed-free cases, is that large tension developed in
all geogrids in the fixed-fixed cases to support the
vertical load whereas large tension was only
observed at G1 in the fixed-free cases.

The tensile strain in all cases was maximum at
point A in geogrid Gl (Gl A). Change in the
tensile strain of G1 A is shown in Fig. 13 for an
increase in settlement, Sv. It should be noted that
the strain increased approximately linearly with the
settlement.

G4 separated from the upper sand layer

Fig. 11 CRE deformation (Case 2, Sv =15 cm)
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Fig. 13 Effect of settlement on strain in geogrids
3.3 Reaction at left end of the soil box

The reaction of geogrid layers, which were
fixed to the soil box’s left side by anchors, was
measured and is shown in Figs. 14, 15, 16 and 17
(G1-4L are the reaction of the geogrids G1-4 at the
left side, respectively). As with strain, a positive
value indicates tension whereas a negative
value indicates compression. In general, the total
reaction of fixed-fixed cases was larger than that of
fixed-free cases due to the restraint of right
boundary condition, and the reaction in all four
cases increased with overburden and settlement. In
Case 1 and 2, the reaction was small and much
smaller as compared to that in Case 3 and 4. The
largest reaction in each case was observed at
upper geogrids (G1, G2) while the lowest reaction
occurred at G4; this is due to the rotation of the tie
rods caused by the deformation of CRE layer, i.e.
the top of tie rods R1 and R2 moved rightward
while the bottom of the tie rods R3 and R4 moved
leftward (Fig. 5).

3.4 Force in tie rods

Forces in the six tie rods, R1, R2, R3, R4, R5
and R6 were measured by the load cells while
settlement of Plate 2 increased (Fig. 18). The tie
rods were preloaded to 3 kN. However, the
preload then decreased gradually before the
increase of settlement because of stress relaxation
of the soil. The rate of relaxation can be decreased
significantly by applying sufficiently large preload
during construction and allowing sufficiently large
creep deformation of the soil to occur during
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preloading [14]. As can be seen from Fig. 5, shear
deformation in the CRE was predominant near the
tie rods R3 and R4. When dense sand is sheared, it
initially shows volume decrease within the
small strain range. However, the dense sand then
shows volume increase with increase in shear
strain. Decrease in force in tie rods of four cases
was observed in general. However, the tension in
R3 and R4 recovered after the slight decrease
probably due to dilatancy of the dense sand
confined between geogrids in tension after certain
amount of shear strain in the fixed-fixed case
(Case 3). To the contrary, in Case 4 of fixed-free
condition, tension in the geogrids was much less as
compared to in Case 3 of fixed-fixed condition and
the confinement of sand was much less. The sand
particles could move more freely in Case 4 than in
Case 3 as schematically illustrated in Fig. 19. It
resulted in no recovery of the tension in the R3 and
R4 in Case 4 even after a certain amount of shear
deformation of the dense sand.
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4. CONCLUSIONS
A series of laboratory model tests was carried

out to investigate the effect of lateral boundary
conditions on the behavior of confined-reinforced

earth (CRE). The following conclusions were
obtained:

1) The lateral boundary condition strongly affects
the behavior of CRE. The deformation of the CRE
in the fixed-fixed case is smaller than that in the
fixed-free case.

2) In the fixed-fixed case, all geogrid layers work
simultaneously to support the vertical load,
whereas in the fixed-free case, most of the vertical
load is supported by the top layer, which is seen
large tension, at a given amount of settlement.

3) The tensile strain in the geogrid increases
almost linear with the increase in differential
settlement between the two bottom plates. The
location of high strain in fixed-fixed condition
shifted from the left to the right with depth due to
the rotational stepwise deformation of CRE with
differential settlement between two bottom plates.
4) An increase in the confining stress of soil with
shear deformation of CRE can be expected due to
dilatant behavior of dense sand if the soil is well
compacted and confined with geogrids and tie rods.
An increase in the confining stress increases in the
stiffness of the soil and therefore decreases the
deformation of CRE.
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