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� Dynamic pressure exerted on the wall became smaller in the TDA layer.
� TDA experienced much larger residual shear deformation without major failure.
� Top soil layer failed with vertical crack pattern and shall be reinforced.
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a b s t r a c t

Tire Derived Aggregate (TDA) is a recycled lightweight construction material produced by cutting waste
tires. The present research aims at evaluating the dynamic performance of TDA backfill under simulated
earthquakes based on a full-scale shake table test. Main test results such as accelerations, wall displace-
ments, and dynamic pressures are presented and discussed in this paper. A comparison with a similar
shake table test of a wall with conventional soil backfill shows that the amount of wall sliding increased
but the dynamic pressure on the wall exerted by the TDA backfill substantially decreased.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It was estimated that about 200–300 million tires were
scrapped annually in the United States [1]. Many states in the
U.S. have focused on abating stockpiled tires, developing sustain-
able scrap tire markets, and enforcing laws and regulations. Hence,
the number of stockpiled scrap tires has remarkably decreased
since the 1990s, but there were still more than 100 million tires
stocked in the field [2]. Those stockpiled scrap tires occupied a
huge space in landfills and provided breeding grounds for mosqui-
toes and rodents [3]. Further, tire fires are serious disasters to the
environment. Once it starts, a tire fire can be easily aggravated into
an uncontrollable crisis that is expensive to clean up [4]. Nowa-
days, most developed countries prohibit legal and illegal stockpil-
ing of scrap tires and promote recycling and recovering of them.
Recently, more than 80% of the scrap tires in the U.S. are recycled
or recovered, and the markets for recycling scrap tires continu-
ously grow. Currently, tire derived fuel (TDF), civil engineering

applications, and ground rubber applications/rubberized asphalt
concrete are the most common practices of recycling [2].

The use of scrap tires in civil engineering applications has been
pursued since the 1990s. The broader implication required stable,
profitable used-tire markets supported not only by the feasibility
of the materials but also by proper coordination with a legal system.
Tire Derived Aggregate (TDA) is an engineered product made by
cutting waste tires into 25–305 mm pieces [5]. The term, TDA,
emphasizes the value of this product as a construction material,
which cannot be conceived in general terms such as tire chips or tire
shreds. By the size and gradation of pieces, Types A and B TDA are
specified in ASTM D 6270 ‘‘Standard Practice for Use of Scrap Tires
in Civil Engineering Applications’’ [6]. Type A TDA is designed for
the use mainly in drainage and insulation applications, and
Type B TDA is commonly used as lightweight fill material. The typ-
ical size of Type A is 25–76 mm and it is 305 mm or less for Type B.
ASTM D 6270 also advises that a TDA layer not be built thicker than
3 m and be wrapped completely by geotextile fabrics [6].

For the past two decades, TDA has been used in various civil engi-
neering applications including subgrade and embankment fill,
retaining wall and bridge abutment backfill, subgrade insulation to
limit frost penetration, and lateral edge drains [7,8]. Specific
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examples of TDA application to retaining walls or bridge abutments
include but not limited to: Merrymeeting Bridge in Maine,
Limestone Run Bridge in Pennsylvinia, laboratory testing at the
University of Maine, and two field applications in California (Wall
119 and Wall 207) [9], etc. During the construction of the north abut-
ment of Merrymeeting Bridge, part of the existing slope was first
excavated and then backfilled with Types A and B TDA to improve
the safety of the slope. In the construction of both abutments of
Limestone Run Bridge, a 3 m thick Type B TDA layer was used. The
laboratory test at the University of Maine included a retaining wall
that was 4.9 m high, and 4.6 m by 4.6 m in its width and length.
The size of TDA used in this experiment was 38–76 mm, which
was relatively smaller than those used in other cases. Wall 119 in
Riverside, California was a 79 m long, 3.4–5.2 m high retaining wall
and its backfill consisted of 3 m thick Type B TDA and various layers
of compacted soil. The height of Wall 207 varied from 3.9 m to 7.3 m,
and Type B TDA was used in backfill. The thickness of the TDA layer
was 2.23–3.05 m.

One of the early TDA applications in European Union (EU) coun-
tries, such as U.K., was the embankment repair trial in 1985, where
scrap tires were used as anchors of straps in a reinforced wall [10].
The number of projects using tire shreds and chips has increased in
the EU in the past years, but it is still at the early stage of develop-
ment [11]. It has been recently proposed to use TDA in a compress-
ible cushion layer to protect waterfront structures from
earthquakes [12] or to use rubber-soil mixture as a seismic isola-
tion layer under the foundation of building structures [13]. In addi-
tion, tire chips and their mixture with sand have been employed to
mitigate soil liquefaction [14,15]. Feng and Sutter used a torsional
resonant column test to measure dynamic properties of granulated
rubber/sand mixtures [16].

For the design of TDA fills and backfills, conventional procedures
for soil have been adopted to provide designers with a simple, con-
venient method, which includes the Mohr–Coulomb failure crite-
rion. Past projects demonstrated that such methods could be
successfully used in TDA backfill construction, in particular, under
static loadings [7,17]. Some researchers assumed that TDA is an
anisotropic material and Jeremić et al. used wave propagation tests
on triaxially loaded TDA to calibrate an anisotropic material model
[18]. When TDA backfill is designed and built in moderate and high
seismic regions, however, concerns about its behavior under dy-
namic loadings have been raised among researchers and practitio-
ners. In the same vein, the applicability of current seismic design
methods for retaining walls with conventional soil backfill was
speculated.

The objective of this research is to understand the dynamic char-
acteristics of TDA used in retaining wall backfill through a full-scale
shake table test. The retaining wall in the test was a semi-gravity
reinforced concrete cantilever wall designed according to [19],
and Type B TDA was used in the backfill. The retaining wall back-
filled with TDA was placed in a large steel soil box installed on
the Large High Performance Outdoor Shake Table at the NEES-UC
San Diego site [20]. Details of the specimen, input excitations, and
instrumentation are first presented followed by discussions on
the observed dynamic behavior of the wall and the backfill. Re-
sponses are further compared with those from a shake table test
of a similar retaining wall backfilled with conventional soil. Nonlin-
ear time history analysis using finite element method is in progress,
and the results are not included in the present paper.

2. Shake table test setup

2.1. Configuration and specimen

Fig. 1 shows the elevation, plan, and overall view of the test set-
up with retaining wall details. In the large steel soil box, a 1.07 m

thick compacted soil layer was first built at the bottom. The con-
crete retaining wall, which had been constructed on site, was then
placed on the top of the bottom soil layer. Type B TDA was com-
pacted at the back of the retaining wall, and a 0.61 m thick soil
layer was built on the top of the TDA layer. At the far end of the
backfill, styrofoam blocks and bentonite bags were installed be-
tween the backfill and the soil box to minimize the rebounding
forces exerted to the backfill.

The concrete retaining wall was Caltrans Type 1SW with a de-
sign stem height of 1.83 m as shown in Fig. 1(d). The dimensions
of the retaining wall were 2.36 m in width, 2.69 m in length, and
2.21 m in height including the height of the stem and the footing.
These dimensions were determined according to the Caltrans de-
sign drawings [19] and were constrained by the length of the steel
soil box in order to allow for anticipated failure in the backfill.

The soil used in the top and bottom layers was silty sand (SM)
with a sand equivalent value of 57. From direct shear tests, the
peak and residual friction angles were / = 48� and /r = 42�, with
cohesion intercepts c = 23.94 kPa and cr = 0 Pa, respectively. The
on-site relative compaction test indicated that compaction reached
up to 98% in the bottom soil layer and to 97% in the top soil layer.
The average wet density of the soil was 2199 and 2166 kg/m3 for
the bottom soil layer and the top layer, respectively.

Fig. 2(a) shows TDA pieces used in the test and Fig. 2(b) is the
gradation curve of TDA [21]. The TDA density was estimated based
on the total mass of TDA used, i.e., 12,189 kg, and the volume of the
TDA layer. The design thickness of the TDA layer was 1.45 m, which
made the volume of the TDA layer close to 19.52 m3. Therefore, the
TDA density was calculated to be 625 kg/m3. During construction
and compaction of the top soil layer, the TDA layer was condensed
further, resulting in a slightly smaller thickness of the TDA layer
and a thicker layer of the top soil to maintain the total height
(i.e., 0.21 m difference as compared to the targeted thickness of
the TDA and top soil layers). The final volume of the TDA layer
was 16.44 m3, and the final TDA density was 741 kg/m3. The TDA
layer was completely wrapped with geotextile fabrics to comply
with the ASTM Standard [6]. Industrial practices also require
non-woven, continuous-filament needle punched polypropylene
or polyester fabric geotextile [22].

2.2. Input excitations

Input excitations used in the test include white noise, sine
sweep, and earthquake strong motions: Northridge, Kocaeli, and
Takatori earthquakes. The shake table test started with a white
noise excitation, followed by four events of sine sweep excitations
and fourteen earthquake strong motions. The white noise excita-
tion having a 3% root mean square amplitude lasted for 5 min. In
the sine sweep excitations, excitation frequencies changed from
1 to 20 Hz and then from 20 to 1 Hz with two different amplitudes:
0.05 g and 0.075 g at the maximum. Three earthquake strong mo-
tions were applied with four different intensities changing from
25% to 100% by a 25% increment as the intensity was measured
by the maximum acceleration. The last two excitations were
150% and 200% intensity Northridge earthquakes. Earthquake
strong motion records were downloaded from the PEER Strong Mo-
tion Database [23], and Table 1 summarizes the characteristics of
each record.

In Fig. 3, absolute acceleration response spectra of three earth-
quakes are compared. The Kocaeli earthquake generates relatively
smaller accelerations; whereas, the Northridge and Takatori earth-
quakes develop greater accelerations when periods are in the range
of 0–2 s. In particular, the Northridge earthquake shows high peaks
in the range of 0.2–0.3 s, and the Takatori earthquake has several
peaks in the range of 0.3–1.6 s. Input earthquake excitations and
a loading sequence are summarized in Table 2. In the following
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