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a b s t r a c t

There have been very few studies on the application of soil-rock mixtures as the backfills of geogrid
reinforced soil retaining walls with due concern for their long-term performance and safety. In this study,
a 17-m high two-tiered reinforced soil wall backfilled with soil-rock mixture was instrumented for its
performance under gravity load after construction. The instrumentation continued for 15 months. It is
found that soil-rock mixtures with small rock content (<30%) have the potential to be used as the backfill
materials of geogrid-reinforced retaining walls, but special attentions should be given to compaction
quality, backfillegeogrid interaction, and installation damage to geogrids. Reinforcement slippage is
possible because of the large particles, but it was small in this case and ceased to develop nine months
after the end of construction. Compressibility difference between reinforced and unreinforced backfill
might led to rotation of the upper tier. Using the estimated soil strength, the predictions of reinforcement
loads by the FHWA methods were 100% higher than the estimated ones from measured strains.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Use of locally-available geological materials as the backfills of
geosynthetic reinforced soil retaining walls can further increase the
cost-effectiveness of this type of earth structures, provided that the
structure performance can be satisfactory. Since the emergence of
geosynthetic reinforced soil technology, considerable efforts have
been directed to test the feasibility of using different marginal
backfill soils with cohesive contents or large percentage of non-
plastic fines (e.g., Benjamim et al., 2007; Liu et al., 2009; Ling
et al., 2012; Yang et al., 2012a), but very few studies have been
reported on the application of soil-rock mixtures.

Soil-rock mixtures are commonly found geological materials in
many places. According tomany design guidelines of reinforced soil
walls (e.g., Berg et al., 2009), if the materials are to be used as
backfills, the rock content (particle size larger than 76.2 mm)
should be removed, which considerably increases the construction
x: þ86 27 8754 2231.
, hbliu@hust.edu.cn (H. Liu),
(B.-L. Xiong).
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cost. It is still not known if soil-rock mixtures with small rock
content (<30%) can be used as the backfill materials of reinforced
soil walls.

On another issue, there have been extensive full-scale test re-
sults on the performances of single-tiered reinforced soil walls
(Allen and Bathurst, 2002; Benjamim et al., 2007; Bathurst et al.,
2009; Kongkitkul et al., 2010; Yang et al., 2009, 2010;
Horpibulsuk et al., 2011; Huang et al., 2013), but those of multi-
tiered walls were still limited (Yoo and Jung, 2004; Yoo and Kim,
2008; Yoo et al., 2011; Stuedlein et al., 2012), although many high
reinforced soil walls are now built in tiered configurations, and
some analyses have shown that multi-tiered configuration may
improve the performance of reinforced soil walls (Leshchinsky and
Han, 2004).

In Shandong Province, China, a 17 m high two-tiered reinforced
soil wall backfilled with soil-rock mixture was instrumented and
monitored until 15 months after the end of construction. The soil-
rock mixtures have a rock content of 15e25%. This study focuses on
its post-construction performance, while its responses during
construction were reported elsewhere (Yang et al., 2012b). It is
hoped that the results from this field instrumentation will shed
light on the application of soil-rockmixtures as backfill materials of
reinforced soil walls. The results will also add to the literature of the
full-scale test results of multi-tiered walls.
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Fig. 2. Representative grain-size-distribution of the soil-rock mixtures.
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2. Field instrumentations

The two-tiered reinforced soil wall is located in Laiwu City in the
middle of Shandong Province, China. It serves as a retaining wall of
a large oxidized pellet facility in a steel plant. The hard-rock ground
underneath the retaining wall has a very uneven surface; hence a
concrete step-foundationwas prepared beforewall construction, as
shown in Fig. 1. Thewall is 17 m high, divided into a 7.9 m lower tier
and a 9.1m upper tier at an offset of 2m. The total length of thewall
is about 300 m. The modular block facings of both tiers were
designed to have a 1:10 slope. The facing of the lower tier was
directly placed on the concrete foundation without any fill in the
front, as shown in Fig. 1. Construction of the retaining wall started
in lateMarch of 2010 and ended in earlyMay of the same year. After
the construction, no sizeable surcharge was applied on the backfill
surface during the monitoring period.

Locally-available soil-rockmixtures were used as backfills in this
project. The soil-rock mixtures were considerably heterogeneous,
with a rock content (particle size > 76.2 mm) ranging from 15% to
25% by weight. The largest particle size was larger than 20 cm.
Excluding the rock content, the soil can be classified as poorly-
graded gravel with sand according to United Soil Classification
System. Fig. 2 shows a representative grain-size-distribution curve.
The rock and gravel contents were weathered products of lime
stone, while the rock particles are medium-weathered with visible
cracks. The backfills were compacted using a heavy vibratory roller
at a thickness of about 30 cm (after compaction), but the region
1.0 m away from the facing was densified by a lightweight vibrating
rammer. Backfill compaction quality was monitored during the
construction by water replacement method in a test pit (ASTM
D5030-04, 2004), resulting in an average moist unit weight g of
22.2 kN/m3, but the backfill density varied considerably at different
locations, and the dry unit weight gd ranged from 19.3 kN/m3 to
21.4 kN/m3. Due to the existence of large particles, the shear
strength of the backfill was not directly tested. Instead, the design
assumed a direct-shear friction angle f of 35� without cohesion
based on that of the soil content at medium dense state. According
to limited studies on soil-rock mixtures, rock content could in-
crease the friction angle of soil-rock mixtures by 1e5� when the
rock content was in a range of 15e25% (Lindquist, 1994; Xu et al.,
2011). Therefore, the actual angle of internal friction of the back-
fills, particularly the well-compacted portion, could be higher than
what was used in the design.
Fig. 1. Field instrum
Three types of HDPE geogrid were used as reinforcements. Fig. 3
shows the loadestrain relationships of the geogrids at small strain
using multi-rib tensile test as per ASTM D6637-11 (2011). Table 1
shows the strength and deformation properties of the geogrids.
The creep strength was obtained as per ASTM D6992-03 (2003).
6 cm of HDPE geogrid was casted in the facing blocks, and con-
nected to the geogrid reinforcement by bodkin joints. The rein-
forcement length was mainly 14 m in the lower tier and 10m in the
upper one. The reinforcement spacing was 0.3 m in the lower
portion of the wall and 0.6 m in the upper portion, the details of
which are shown in Fig. 1. The reinforcement layouts were deter-
mined as per the Chinese Standard (GB 50290-98, 1998), which
satisfied the requirements of internal, external and compound
stabilities.

The field instrumentations consist of the horizontal earth
pressures at the back of the facings, the strains in selected rein-
forcement layers, and the lateral facing displacements at the toes
and top of the wall. Vertical earth pressures in the backfills were
also monitored, but there was relaxation below the pressure cells
after certain fill heights, and the results afterwards were not reli-
able. The pressures and reinforcement strains were monitored
during construction, but the lateral displacements were surveyed
only after the end of construction. Fig. 1 shows the instrumentation
layout. Among the instrumentations, the earth pressures were
measured with vibrating-wire pressure cells, the measuring range
of which is 0e600 kPawith a sensitivity of 1 kPa. The reinforcement
entation setup.
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Fig. 4. Lateral earth pressures at the back of facing.

Fig. 3. Loads strain relationships of geogrids.
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strain was measured by means of the inductive flexible displace-
ment sensors, which were successfully tested in prior field tests
(Yang et al., 2009, 2010 and 2012a). The maximum displacement of
the sensors is 50 mm, corresponding to a maximum strain of 20% in
this case. The sensitivity of the displacement sensor is 0.01 mm,
corresponding to a strain of 0.004% in this case. The facing dis-
placements after construction were measured by means of total
station. Installation procedures of the earth pressure cells and
inductive displacement sensors were introduced in details in Yang
et al. (2009, 2010) and are not repeated herein to save space.

The monitoring period lasted 15 months after the end of con-
struction, but the recording of some responses stopped earlier
because of sensor malfunction. Overall, the instrumentation
resulted in one year of complete data.

3. Results

3.1. Lateral earth pressure at the back of facing

Fig. 4 shows the lateral earth pressure distributions at the end of
construction and post-construction. In the lower tier, the lateral
earth pressure generally decreased after the end of construction,
while in the upper tier, it decreased at the upper portion but
increased at the lower portion. The decrease of lateral earth pres-
sure with time was directly related to the increase of facing
displacement with time, while the increase of lateral earth pressure
at the lower portion of the upper tier was probably a result of
rotation of the upper tier caused by differential settlement. It ap-
pears that the settlement at the rear of the lower tier was larger
than that over the reinforced soil zone, which acted together with
the shift of gravity centre to the back due to the tiered-
configuration and caused the rotation of the upper tier. This rota-
tion caused the larger earth pressure at the lower portion of the
upper tier as well as the large post-construction lateral displace-
ment at the mid-height of the wall (Yoo and Jung, 2004), as will be
discussed in Section 3.4. The change of lateral earth pressure ceased
to develop about one year after the end of construction.
Table 1
Properties of the geogrids.

Geogrid A Geogrid B Geogrid C

Ultimate strength (kN/m) 90 130 170
Strength at 2% strain (kN/m) 23.7 38 52
Strength at 5% strain (kN/m) 45.2 75.5 102
Failure strain 8% 8% 8%
Creep strength at 120 years (kN/m) 34.9 50.4 55.9
Overall the lateral earth pressure on the facing was small
(<10 kPa), and it also did not increase with depth. Particularly close
to the base of the lower tier, the lateral earth pressure was very
small, possibly due to the sliding of facing base and the influence of
the step foundation, which might have caused soil arching and
reduced vertical soil stress at the wall base.
3.2. Reinforcement strains

Fig. 5 shows the reinforcement strain distributions at the end of
construction. The surface of maximum reinforcement load pre-
dicted by the FHWA method (Berg et al., 2009) is also shown in
Fig. 5. Overall the reinforcement strains were small (<0.5%), and
they generally did not change considerably after the end of con-
struction, as shown in Fig. 6. The number of inductive flexible
displacement sensors in the legend of Fig. 6 can be found in Fig. 1.
The strains of the lower reinforcement layers in both tiers increased
slightly, and those of the upper layers decreased slightly or
remained constant. There was also slight load redistribution in one
reinforcement layer, as in the same layer, some location experi-
enced slight increase of strain, while others experienced slight
decrease. The increase of reinforcement strains was mainly the
Fig. 5. Reinforcement strains at the end of construction.



Fig. 6. Reinforcement strain variations after the end of construction: (a) 6th layer from bottom; (b) 12th layer from bottom; (c) 19th layer from bottom; (d) 33rd layer from bottom;
(e) 39th layer from bottom.
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result of time-dependent deformation of HDPE geogrid, which in-
cludes not only creep, but also stress relaxation and loading-rate
effect (Helwany and Wu, 1995; Li and Rowe, 2008; Liu et al.,
2009; Liu and Won, 2009; Liu, 2012). Compared to the prediction
by the FHWAmethod, the location of maximum reinforcement load
(strain) was farther away from the facing to some extent, but the
difference was not large.

3.3. Reinforcement loads

Using the loadestrain relationship of the geogrids and the
reinforcement strains, the reinforcement loads in the wall can be
interpreted. However, HDPE exhibits considerable time-dependent
deformation under loading (Allen and Bathurst, 2002; Allen et al.,
2003; Cholewa et al., 2011; Merry and Bray, 1997; Yeo and Hsuan,
2010), and its long term stiffness can be much smaller than the
one obtained by standard uniaxial tension test. In addition, instal-
lation damage to the geogrid reinforcement (Lim and McCartney,
2013) may also reduce its long-term stiffness. Allen et al. (2003)
and Bathurst et al. (2008) recommended a stiffness reduction fac-
tor of 25e35% for HDPE geogrid at 2% strain after 1000 h of creep or
stress relaxation, but the strain in this study was much smaller
(<0.5%), and the time-dependent deformation should also be
smaller (Yeo and Hsuan, 2010). Very limited data are available on
the long-term stiffness of HDPE geogrid at a strain smaller than
0.5%, but the test results on HDPE geomembrane (Merry and Bray,
1997) HDPE pipe materials (Cholewa et al., 2011) and HDPE rod
(Bozorg-Haddad et al., 2010) showed that the stiffness of HDPE at
around 0.5% strain after one to two months of creep was approxi-
mately 50% of the initial value. Since the wall construction was
completed in about two months, this stiffness reduction factor was
used in this study to interpolate the reinforcement loads at the end
of construction. The reinforcement loads one year after the end of
construction are not discussed herein due to the uncertainty on the
reduction of reinforcement stiffness with time. Fig. 7 shows
the estimated maximum reinforcement loads at the end of
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construction in the instrumented layers. The estimated maximum
reinforcement loads generally increased with depth. It should be
pointed out that the reinforcement spacings of the top two layers in
Fig. 7 were 0.6 m, instead of 0.3 m.

The maximum reinforcement loads predicted by the FHWA
method (Berg et al., 2009) are also presented in Fig. 7. The plane-
strain friction angle 4ps, as estimated by 4ps ¼ tan�1 (1.2 tan 4ds)
(Allen et al., 2003), was used in this method. With a direct shear
friction angle 4ds of 35�, a plane strain friction angle 4ps of 40� was
obtained, which resulted in the reinforcement loads shown in Fig. 7.
As can be seen in Fig. 7, the FHWA predictions of maximum rein-
forcement loads were more than 100% higher than the estimated
ones based on the reinforcement strains. This difference cannot be
explained by the possible underestimation of backfill strength and
reinforcement stiffness. Neglecting facing restriction is one of the
reasons for the conservatism (Bathurst et al., 2008; Leshchinsky
et al., 2010; Ehrlich and Mirmoradi, 2013).

3.4. Later facing displacement after the end of construction

Lateral facing displacement was not monitored during con-
struction, but no visible distress caused by large lateral facing
displacement was observed during that period. The increase of
facing displacement following the end of construction was sur-
veyed using total station. Fig. 8 shows the displacement time-
histories at the toe of the lower tier, at the top of the lower tier,
and at the top of the upper tier. Four cross-sections that were 80 m
apart were surveyed, and they yielded similar values of lateral
displacement, as shown in Fig. 8. It can be seen that the post-
construction displacement at the top of the lower tier was much
higher than that of the upper tier. This trend was different from the
post-construction lateral displacement of singled-tiered walls
backfilled with granular soils (Liu et al., 2009; Kongkitkul et al.,
2010; Liu, 2012). In that type of walls, the largest post-
construction displacement occurred at the top of the walls. This
difference is another proof that the upper tier rotated due to the
shift of gravity centre and the difference of backfill compressibility.
It is noted that similar response was observed by Yoo and Jung
(2004) in their full-scale test. The lateral displacement ceased to
develop approximately 9 months after the end of construction. This
was also the timewhen the reinforcement strains ceased to change.

The post-construction displacement at the toe of the lower tier
was also not negligible. It seems that the facing slid on the concrete
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Fig. 7. Maximum reinforcement loads at the end of construction.
foundation due to the lack of constraint in the front. This sliding has
also led to the small lateral pressure at the back of facing (Fig. 4).

However, the post-construction lateral facing displacement was
much higher than the integration of reinforcement strain increase.
Three causes may have contributed to this discrepancy: a) the slag
of reinforcement layer at its connection to the facing; b) the slip-
page of reinforcement layer with the backfill; and c) the lateral
earth pressure at the back of the reinforced soil zone (Liu, 2012). It
is not known which of these contributions was more important.
Fig. 8. Post-construction lateral facing displacement: (a) at the toe of the lower tier;
(b) at the top of the lower tier; (c) at the top of the upper tier.
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4. Discussions

Three important issues related to the application of soil-rock
mixtures as backfill materials of reinforced soil walls can be iden-
tified from this field instrumentation: backfill compaction, geo-
gridebackfill interaction, and installation damage to the
reinforcement.

In this wall, the backfill was compacted at a thickness of 30 cm
(dense state). The loose thickness of fill layer was 35e40 cm. Some
field study in China on the field compaction of soil-rockmixture has
found that the loose thickness of fill should be at least 3 times larger
than themaximum particle size (Xu et al., 2010), while the soil-rock
mixture of this study had a maximum particle size that was larger
than 20 cm, and it was also very heterogeneous. The fill thickness
and the heterogeneous soil-rock mixture may have resulted in the
large variability in the compacted backfill density, which may have
also contributed to the differential settlement of the lower tier.

The aperture size of geogrid in this study was 2 cm � 25 cm. The
interaction of this type of geogrid with sandy soil would have been
good, but the existence of rock content may have significantly
reduced the bonding strength between geogrid and backfill in
localized regions. The small bonding strength, although localized,
could have led to the reinforcement slippage as previously discussed.

Installation damage to the geogrid reinforcement caused by the
soil-rock mixtures could be more significant than that by general
granular soils (Bathurst et al., 2011; Lim and McCartney, 2013). This
additional damage would reduce the long-term strength and
stiffness of the backfill materials and should raise attention in the
design and construction of this type of reinforced soil retaining
walls. Specifically in this case, the wall has been in service for more
than 3 years without any distress, indicating that the installation
damage was not detrimental.

Another issue that deserves attention is the lateral displacement
during construction. The localized small bonding between soil-rock
mixtures and geogrid reinforcements might have caused additional
compaction-induced lateral facing displacement (Ehrlich et al.,
2012). Unfortunately the displacement was not measured, but it
was believed to be non-destructive, since no sizable distress was
observed during construction.

5. Conclusions

A high two-tiered reinforced soil wall backfilled with soil-rock
mixture was instrumented for its post-construction performance
for 15 months. The following conclusions can be obtained from this
study:

a) When employing soil-rock mixtures as the backfill materials
of geogrid-reinforced soil retaining walls, special attention
should be given to the fill compaction quality, backfillegeo-
grid interaction, and installation damage to geogrid. The
large particles in the backfill may significantly reduce the
bonding strength between backfill and geogrid in localized
regions.

b) The post-construction displacement of the reinforced soil
wall was small (<0.3% H) and it ceased to develop approxi-
mately 9 months after the end of construction. Reinforce-
ment slag, backfill-reinforcement slippage, and time-
dependent properties of reinforced soil may have contrib-
uted to the post-construction lateral displacement.

c) The upper tier in a two-tiered reinforced soil wall may rotate
towards to the back of the reinforcement, probably caused by
differential settlement in the lower tier.

d) The estimations of maximum reinforcement loads by the
FHWAdesign guidelines (Berg et al., 2009) weremuch higher
than the measured ones, probably due to the neglecting of
facing restriction.
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