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Abstract

Using geosynthetics in highway embankments can reduce the
impact of hazardous earthquakes by transmitting less excita-
tion to improve the seismic performance. This study uses a 1-g
reduced scale (1/50) approach and subjects the model embank-
ment to an earthquake time history as well as several levels
of uniform cyclic loading. The main focus of comparison is
between an unreinforced embankment and a one, reinforced
with two levels of geosynthetics material. Results reveal that
geotextile reinforced highway embankment models perform
much better under the applied motions. Larger amplitudes cause
more severe deformations as a result of the increased dynamic
loads. It is also revealed that the effectiveness of the geosyn-
thetics is dominated by the seismic frequency. Deamplification
is observed within the geotextile reinforced embankment but the
degree of deamplification is highly depended on the predomi-
nant frequency of the dynamic load.
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1 Introduction

Highways are essential lifelines that should be in operation
even after disastrous events. For that reason, during and after
earthquakes, earth structures such as highway embankments
should be stable enough to provide required safety and emer-
gency needs. The stability of slopes, dams, and embankments is
a serious problem under static and dynamic loads which should
be permanently solved during the construction phases. Thus,
engineering applications are required to reinforce embank-
ments and to satisfy the required stability conditions. Geosyn-
thetics or related materials placed under foundations can absorb
seismic energy, thus transmit smaller levels of excitation to
an overlying structure which can be a cost effective way to
mitigate earthquake related hazards on geotechnical structures
[1]. In the literature, geosynthetics and tire waste inclusions
are used to increase the stability of the highway embankments
([2], [3], [4])- The use of geosynthetics has grown rapidly and
today, geosynthetics are commonly used in many of the engi-
neering applications as a reason of the numerous advantages.
Geosynthetics have proven to be useful and cost-effective site
improvement materials. They have become essential materials
in civil engineering and environmental geotechnics. Applica-
tion of the geosynthetics in highway embankments provides an
additional tensile strength and durability to the structures under
horizontal and vertical loads and enables engineers to construct
more stable and earthquake resistant highway embankments.
Geosynthetic reinforced steepened slopes can be constructed
with slope face angles up to 70° from horizontal, however typi-
cal unreinforced soil slopes are limited to the inclination of 25
to 30°or less, depending on the slope soil [5]. In the literature,
the influence of geosynthetics on the dynamic behaviour of
geotechnical structures are studied with several shake table and
centrifuge testing experiments.

Shake table tests are very useful way to simulate any natu-
ral or artificial dynamic motions under laboratory conditions.
In the literature, it is possible to find many kinds of different
studies on geosynthetic reinforcement of different geotechnical
structures. EI-Emam and Bathurst ([6], [7]) performed shake
table tests to determine the influence of reinforcement design
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parameters on the dynamic response of retaining walls. In their
study, the predominant frequency of the input was used as SHz
for the 1/6 scaled model. This frequency value corresponds
to 2Hz of frequency at the prototype scale according to the
scaling laws of Iai [8], which was much lower than the funda-
mental frequency of the system. Their study revealed that the
increase of reinforcement length, stiffness and the number of
reinforcement layers reduced the lateral displacements under
given dynamic motions.

It is possible to find shake table experiments related to the
seismic behaviour of reinforced slopes and embankments. Six
steep geosynthetic reinforced slopes were tested on a shake
table by Perez and Holtz [9]. Slopes were designed to have
an angle of 63° with 1.2 m of height and silica sand was used
throughout the study. A frequency of 5 Hz was chosen to deter-
mine the seismic behaviour of slopes with different L/H ratios
and geosynthetic spacing. Test results showed that both L/H
ratio and geosynthetic spacing were essential parameters for
geosynthetic reinforced slopes and embankments. During the
tests, it was observed that an increase in L/H ratio and decrease
in geosynthetic spacing lead to more stabilized models.

A study by Wartman et al. [10] focused on seismically
induced deformations in slopes performing shake table tests
with the aim of determining the failure mechanisms of slopes
under dynamic loading and to investigate the applicability and
the accuracy of the Newmark sliding block procedure. Four
slopes with different geometric parameters were designed and
instrumented in a plexiglas box and tested by shake table under
lg of acceleration. Results of the study showed that all slope
models deformed under dynamic loading with deep rotational
and translational sliding displacement. In addition, the accu-
racy of the Newmark method was found to be moderate for
dynamic analysis. Seismic slope behaviour was studied in a
large-scale shake table model test by Lin and Wang [11]. Using
a uniform medium sand, a model slope with dimensions of 0.5
x 1.3m and a slope angle of 30° was created in a plexiglas
sided box. The scaling factor used during the experiments was
1/20. Results of the experiments revealed that significant soil
amplification was observed especially when non-linear behav-
iour took place that may influence the failure of the slope and
the failure surface was circular and close to the slope surface.
The only study in the literature which is related to the effect of
frequency on seismic response of reinforced soil slope is given
by Srilatha et al. [12]. Clayey soil was used for the experi-
ments. Reinforced and unreinforced slopes were tested using
shake table in a laminar box. Biaxial geogrids were used for
reinforcement of slopes. Designing two different angles of 45°
and 60°, slope models were excited dynamically under 0.3g
base acceleration with different frequency values of 2, 5 and
7Hz. 1t was concluded that the increase in frequency values
leads to an increase in displacement values.

Centrifuge modeling is another technique for dynamic test-
ing of the physical scale models of the engineering structures.
Numerical and experimental studies were conducted by Yang
et al. [13] on geosynthetic reinforced soil slopes. A series of
centrifuge tests were performed using a non-woven interfac-
ing fabric reinforcement which has strength parameter of T :
0.03kN where Monterey No.30 sand was used as backfill. Cen-
trifuge tests were performed at 50g acceleration and the fail-
ure surface was determined. Finite element model of the same
model was created using the program ANLOG. The Finite Ele-
ment Model (FEM) of centrifuge test was performed at 45g. It
was determined that both numerical and experimental results
verify each other. Aklik and Wu [14] performed centrifuge tests
on geosynthetic reinforced slopes. 440x400x155mm size rigid
box was used for the experiments. Uniform coarse sand with
internal friction angle of 34° was used as the foundation mate-
rial. Three different slope inclinations of 65°, 75°, and 85° were
reinforced with six, seven and eight layers of geotextile and
subjected to centrifuge test. In order to investigate amplifica-
tion and deamplification responses of geosynthetic reinforced
slopes, Yang et al. [15] performed a series of dynamic centri-
fuge tests up to 50g. During the experiments, a variety of input
ground motions were used. The effects of input ground accel-
eration and input motion frequency on the amplification and
deamplification responses of slopes are given. It was concluded
that acceleration amplification factor is clearly affected by the
changes of input ground acceleration. Also, it was determined
that acceleration amplification factor is distributed non-uni-
formly along the height of the geotextile reinforced slope and
amplification and deamplification responses increase with the
height in the light of the obtained results from centrifuge tests.
In addition to that, it was also noted that acceleration responses
are very dependent on the seismic frequency.

Scaled shake table tests are commonly used in engineering
due to the nature of the shake table load and dimension restric-
tions, financial aspects and laboratory conditions. Seismic
behaviour of the embankments and dams can be observed by
using the defined scaling factors in the experimental studies.
Typical scale factors for shake table experiments for modelling
of the dams up to 1:75 scaling factor for strength models and
1:400 scaling factor for elastic models are given in the literature
[16]. Based on the given statements in the literature, various
studies with a scaling ratio of 1:50 or even smaller experimental
models successfully reflect the typical behaviour of the proto-
type geotechnical structure. An experimental study by Cihan
and Yuksel [17] presents the shake table results of a 1:50 scaled
breakwater slope.

Another study by Harris et al. [18] performed a shake table
experiment of a 1:50 scaled dam structure. Also, Edingliler and
Giler [2] performed a series of experiment on a 1/100 scale geo-
textile reinforced embankment model to simulate failure mech-
anisms during the construction and lifetime of embankments.
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In this study, a 1/50 scaled highway embankment model was
designed and reinforced with geosynthetics in order to inves-
tigate the effect of different dynamic motions with differences
in amplitude and frequency domain. Also, the benefits of the
geotextile reinforcement compared to unreinforced case are
evaluated. Thus, a series of shake table tests were performed
for the identical unreinforced and reinforced embankment mod-
els designated as UREM and REM, respectively. This study is
different from the literature studies because it is concentrated
on the effect of amplitude and frequency domain properties on
the seismic behaviour of the reinforced embankments with full
correlation of the proposed scaling laws. During the experi-
ments, accelerations travelling through the embankment and
the vertical and horizontal displacement values for each case
were obtained. During the experiments, the slope failure was
observed.

2 Material and methods

Experimental design considerations, the details of the shake
table model, material properties of embankment fill, founda-
tion soil and the geosynthetic reinforcement, instrumentation
and input motions are given in the following parts.

2.1 Design Considerations

Highway embankment models for shake table experiments
were designed using a rigid soil box with dimensions of 90 x
40 x 50cm. The box is made of plexiglas with 15mm thick-
ness. Plexiglas is usually preferred for shake table experiments
because the material itself is highly resistant to dynamic and
static loads, transparent and rigid enough to perform the model
tests [19]. Before conducting the experiments, the performance
check of the plexiglas box was evaluated and approved to be
available for shake table tests [20]. The shake table tests in this
study are 1g model studies carried out on reduced scale models.
The stresses and deformations measured in the experiments do
not truly represent the stresses and deformations in the field
because of low confining pressures and boundary effects in
model studies. Establishing scaling rules between the reduced-
scale model and the prototype is a major difficulty in shake
table testing. Firstly, similitude requirements for the geometry
of the embankment, materials, loading and interpretation of
results are evaluated. Then, similarity relations for shake table
experiments were chosen due to the defined typical scaling fac-
tors by Harris and Sabnis [16] and the similitude law of Iai
[8]. Of the various suggestions offered in the literature, rules
proposed by Iai [8] are widely used to scale the geometry of
the model and the properties of the components. These simili-
tude rules for shake table tests conducted in a 1g gravitational
field, derived from the basic equations governing equilibrium
and mass balance, were adopted in this study to scale down
the necessary variables. Reinforcement stiffness, duration and
frequency of the dynamic motions are determined with respect

to the proposed requirements considering a scale factor of A:
50. Table 1 presents the scaling factors given by Iai (1989) and
corresponding values in this study.

Table 1 Variables changed due to scaling factors.

Variable Scale Factor Experimental Study
Length A 50

Density 1 1

Strain 1 1

Strength 1 1
Acceleration 1 1
Frequency A0S 1/+/50

Time A0S V50

UREM and REM are designed with respect to the regulations
and the recommendations of FHWA-NHI-09-083. The proto-
type highway embankment is considered as a wide, four lane
structure and the model embankment is designed as a 1:50 scale
of the prototype. All models were placed over the same founda-
tion soil layer with density of 16.5kN/m? and the relative density
of Dr: 60%. All embankment models have the same dimensions
of H:20cm, L:20cm with the same inclination of 45°. Physical
appearance of embankment model can be seen in Fig. 1.

Fig. 1 Physical appearance of the model.

In order to obtain the required number of reinforcement lay-
ers and reinforcement parameters, limit equilibrium method
was used in the design of the UREM and REM. In addition,
preliminary numerical studies were performed to analyse the
static and dynamic stability of embankments. Studies showed
that two layers of geosynthetic reinforcement can be sufficient
for obtaining the required factor of safety [21]. REM includes
two layers of reinforcement material, one layer was placed
between the bottom of the embankment and the foundation soil
and the second layer was placed right in the middle between
the crest and the bottom of the embankment. The reinforcement
materials are expected to increase the seismic performance of
the model.
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2.2 Materials

For embankment and foundation soil, the sand material used
during the experiments is named as “Silivri Sand” which is
locally found around Istanbul region and it is widely used for
highway embankments. The grain-size distribution of the sand
according to the ASTM Standard of D422 is given in Fig.2.
According to the USCS system, the sand material is classified
as poorly graded sand (SP) with C : 2.29 and C: 1.1 [22].

100.0
90.0
80.0
h 70.0
60.0
50.0
i? 40.0
30.0
20.0

N 10.0
SPN 0.0

0.100 0.010 0.001
Log-Particle size (mm)

Percentage passing

10.000 1.000

Fig. 2 The grain-size distribution of the sand.

The geotextile used for this study is a woven type geosyn-
thetic material. The geotextile properties used in the experiments
is 1/50 times scaled with respect to the scaling laws [8]. Due to
the scaling law, the relationship between prototype and reduced
scale model reinforcement stiffness are given as follows:

J,=J A

where;

J, : Prototype scale reinforcement stiffness

J_: Reduced scale model reinforcement stiffness

A: Scaling factor

The scaled geotextile has the tensile strength of 0.07 kN/m
with a reinforcement stiffness (J ) of 0.46 kN/m, which is
2500 times weaker than the 1150 kN/m (Jp) of the prototype
stiffness. Tests were conducted at Bogazigi University Soil
Mechanics Laboratory under 25°C of temperature and 40%
humidity. The maximum elongation of the material at rupture
is around 10%. The shear modulus of the sand material, G, was
obtained using shear wave velocity. The shear modulus value
was found as G = p.V?

2.3 Instrumentation

A total of nine accelerometers and four displacement sen-
sors were used for the experiments. Accelerometers and dis-
placement sensors are notated with letters of “A” and “D”,
respectively. A1 was located on the shake table and measures
the input ground motion. A2 was located on the soil box, A3,
A4, A5 and A6 were placed inside the sand foundation and
were located linearly at the same level. A7 was placed under
the first reinforcement layer. A8 was placed between two rein-
forcement layers inside the embankment and A9 was located

above the second reinforcement layer at the top of the embank-
ment. D1 is a displacement sensor and measures the input dis-
placements. D2, D3 and D4 are laser displacement sensors. D2
measures the displacement at the bottom of the embankment
models while D3 measures the displacement at the top of the
models. D4 was located to measure the settlement at the top of
the embankment models. Instrumentation plan for all models is
represented in Fig. 3.

I 90

A2
Soil Box ‘L
RN

\\‘

0§

Foundation Layer

AA3

AM

— gL =]

01 o Al

Fig. 3 Instrumentation plan for all embankment models.

2.4 Inputs and methods

Experimental study covers determination of the effects of
acceleration amplitude and predominant frequency of the
motion on the seismic performance of unreinforced and rein-
forced embankment models. The influence of the dynamic load
parameters on the scaled unreinforced and reinforced highway
embankments is evaluated. A series of shake table experiments
were performed with using the designed plexiglas soil box.
Unreinforced and reinforced embankment models with 45°
inclination were prepared inside the soil box. The shear wave
velocity of sand material, V, is taken as 140 m/s. This shear
wave velocity is within the reasonable range of a medium sand.
For the embankment model, the resonance frequency is calcu-
lated as 175Hz. The frequency range used in the present study
is much less than the natural frequency and hence the models
are not subjected to resonance. In another words, there is no risk
of resonance for the applied dynamic motions. Input dynamic
motions consist of sinusoidal base motions of two acceleration
amplitudes (0.3g and 0.5g) with four predominant frequencies
(2Hz, 5Hz, 7THz and 14Hz) and a time scaled earthquake record
of the 1999 Diizce Earthquake (M, =7.2). Selected motions are
given in Fig. 4. It is important that a predominant frequency of
14Hz corresponds to an average earthquake frequency value
of 2Hz for the 1/50 scaled embankment model with regards
to scale laws of Iai [8]. Similarly, Bathurst and Hatami [23]
used the predominant frequency as 2Hz for 1/6 scaled model.
Frequencies of 2Hz and 3Hz are representative of typical
predominant frequencies of medium to high frequency earth-
quakes. This frequency value is in the range of the expected
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earthquake parameters. The rest of the frequency ranges were
used to evaluate the seismic behaviour patterns of the existing
embankment models.
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Fig. 4 Selected dynamic motions used during the experiments.

Experimental program consists of 18 different cases sub-
jected to nine different dynamic motions are given in Table
2. The seismic performance of the embankment models was
evaluated comparing transmitted acceleration values, spectral
accelerations with corresponding period values and the amount
of displacements. In addition, Amplification Factor(s) (A.F.)
are calculated as the ratio of transmitted maximum acceleration
to the peak input acceleration value (PGA). Shake table tests
were carried out at Bogazici University Kandilli Observatory
and Earthquake Research Institute.

Table 2 Experimental program.

Test No: PGA Frequency Reinf});lcjzment Number of Cycles
1 0.35 - Unreinforced -
2 0.35 - Geotextile -
3 0.30 2 Unreinforced 40
4 0.30 5 Unreinforced 40
5 0.30 7 Unreinforced 40
6 0.30 14 Unreinforced 40
7 0.30 2 Geotextile 40
8 0.30 5 Geotextile 40
9 0.30 7 Geotextile 40
10 0.30 14 Geotextile 40
11 0.50 2 Unreinforced 40
12 0.50 5 Unreinforced 40
13 0.50 7 Unreinforced 40
14 0.50 14 Unreinforced 40
15 0.50 2 Geotextile 40
16 0.50 5 Geotextile 40
17 0.50 7 Geotextile 40
18 0.50 14 Geotextile 40

3 Test results and discussion

In this part of the study, measurements which are taken from
most critical locations of the models are evaluated. Results are
given for the accelerometer A9, which is located between the
crest and the second reinforcement layer, and for the transmitted
displacement measurements taken from the displacement sen-
sors of D2 and D3. For a better evaluation and comparison, the
performed experimental results are tabulated. In order to observe
the effects of dynamic motions on seismic performance of the
embankment models, base accelerations transmitting through
the foundation layer of unreinforced embankment (UREM)
and two layered geotextile reinforced embankment (REM) are
evaluated. The performance of inclusion of the reinforcement
materials on the dynamic behaviour of the REM is evaluated by
means of A.F. which are given in Figs.7, 14 and 19.

3.1 Test results under Diizce Earthquake Excitatios
Test results for the 1999 Diizce Earthquake excitation (Test
No.1 and 2) are given for both Models in Table 3 and Table
4. Table 3 represents the measured acceleration and Spectral
acceleration (SA) values of the embankment model with 45°
inclination under the Diizce Earthquake and Fig.5 shows the
transmitted acceleration-time histories of the Models.
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Fig. 5 Acceleration-Time histories of UREM and REM (A9).

As seen in Table 3, under the scaled Diizce Earthquake
ground motion, the reinforcement effect is relatively limited.
The maximum reduction of the transmitted accelerations is
13% at A9. The measurements of A2—A6 which are located in
the foundation soil are close to the input motion.

Table 3 PGA and SA values under the Diizce Earthquake excitations.

Unreinforced Reinforced

Ace. (g) SA (2) Acc. (2) SA (2)
Al 0.35 1.08 0.35 1.08
A2 0.31 1.08 0.30 1.07
A3 0.24 1.05 0.24 1.05
A4 0.31 1.06 0.30 1.06
AS 0.30 1.07 0.30 1.06
A6 0.31 1.05 0.30 1.05
A7 0.34 1.12 0.32 1.12
A8 0.35 1.13 0.31 1.05
A9 0.39 1.24 0.34 1.14

As shown in Fig. 7, A.F. decreases from 1.11 to 0.97 at the
crest of the reinforced model. It shows that inclusion of the
geotextile reinforcement deamplifies the transmitted accelera-
tions. Fig. 6 shows the response spectra of UREM and REM.

Response Spectrum of Diizce Earthquake

1.4 T

unreinforced embankment
= = reinforced embankment

Acceleration (g)

0 L . T T
0 0.5 1 1.5 2 25 3 3.5 4

Period (Sec)

Fig. 6 Response Spectrum under the Diizce Earthquake Excitations for
UREM and REM (A9).

As seen in Table 3, tabulated spectral acceleration (SA) val-
ues reveal that the effects of geotextile material are clear at A8
and A9 under Diizce Earthquake. For both cases, SA measure-
ments of A2-A6 are very similar to Al, which measures the
base excitation and there are only minor and ignorable dif-
ferences in the measurements. Inclusion of the reinforcement
reduced the SA values by 8%. On the other hand, the meas-
ured period values slightly increases due to the reinforcement
effect. The period values at A8 and A9 are 0.04 seconds in
the unreinforced model but the period value increases to 0.09
seconds for the reinforced case. Table 4 represents the meas-
ured displacement values of embankment models. The geotex-
tile reinforcement application was capable of mitigating the
amount of measured displacement values except the toe of the
embankment. The measurement of D2 increased slightly in the
reinforced case. It is seen that horizontal displacement values
between the second reinforcement layer and the crest reduced
by 59% in the reinforced model.

Table 4 Displacement values under the Diizce Earthquake Excitations.

Displacement No. Unreinforced (cm) Reinforced (cm)

D1 0.98 0.98
D2 0.75 0.88
D3 0.97 0.90
D4 0.49 0.20

Fig. 7 reveals the amplification behaviour of the (U)REM45
models under the Diizce Earthquake excitations. Under the given
dynamic motion, A.F. decreases from 1.11 to 0.97 at the crest of
the reinforced model which shows that inclusion of the geotex-
tile reinforcement deamplifies the transmitted accelerations.

Amplification Factors under Diizce E.
1
0.8
R
%’” 0.6 / Layer 2
e
a5
= 04 Layer 1
24
0.2
——UREM45
—&—REM45
0 T ‘ ‘ 1
0 0.3 0.6 0.9 1.2
Acceleration Magnification

Fig. 7 Amplification factors under Diizce Earthquake Excitations.

808

Period. Polytech. Civil Eng.

A. Edingliler, Y. S. Toksoy



3.2 Test results under 0.3g acceleration amplitude

Table 5 represents the PGA values of the UREM and REM
under 0.3g acceleration with different frequency levels (Test
No. 3-10). Under 0.3g acceleration amplitude, the effect of
reinforcement is very limited for the measurements of A2,
A3, A4 and AS. The effect of reinforcement at A6 is notice-
able only for frequencies of SHz and 7Hz. The reduction of the
transmitted acceleration values at A8 and A9 equals to 20%
under a dominant frequency of 2Hz. It is determined that A.F.
decreased from 1.1 to 0.9 at the top of the reinforced embank-
ment model.

Table S Acceleration values of (U)REM embankments under 0.3g accelera-
tion amplitude

2Hz SHz THz 14Hz

U.(g R(g U(g R U@ R@ U@ R@
Al 030 030 030 030 030 030 030 030
A2 028 030 028 028 029 029 020 032
A3 027 025 025 021 027 026 023 0.23
A4 028 031 028 027 029 029 028 029
AS 028 032 029 027 029 030 028 028
A6 0.30 031 0.41 027 040 030 031 0.28
A7 0.35 0.31 045 028 042 032 038 026
A8 032 026 047 022 047 024 043 022
A9 0.33 027 054 024 057 026 047 025

The reduction of the transmitted acceleration values under
0.3g acceleration with a dominant frequency of SHz is higher.
A7 and A9 measurements decreased by 34% and 56%, respec-
tively. It is seen that reduction ratios tend to increase with
respect to the increased height of the embankment. In addition,
the maximum A.F. of 1.8 for the unreinforced model decreased
to 0.8 for the reinforced model (Fig. 14). Similar dynamic
behaviour trend is observed under 0.3g acceleration with 7Hz
of frequency. Reinforcement effect decreased the transmitted
acceleration values by 54%, from 0.57g to 0.26g at A9. Moreo-
ver, A.F. close to the crest decreased from 1.9 to 0.87 for the
reinforced embankment model.

Under the dynamic motion of 0.3g acceleration with a dom-
inant frequency of 14Hz, reinforcement effect is clear at A8
and A9. The acceleration measurements of A8 were reduced
by 49% in the reinforced model. A9 measurements decreased
from 0.47g to 0.25¢g in the reinforced case which equals to a
reduction in acceleration values of 47%. Based on the findings,
acceleration-time histories of the UREM and REM under an
acceleration amplitude of 0.3g and predominant frequencies of
5 Hz and 7 Hz are plotted in Figs. 8 and 9. Observed significant
deamplification within the body of embankment and the crest
can be seen in Fig. 14.

0.6 T T T T T T T T T

Acceleration (g)

0.6F unreinforced embankment |
= = = - reinforced embankment
_0. 8 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (Sec)

Fig. 8 Acceleration-time histories of UREM and REM under a base accel-
eration of 0.3g and a frequency of SHz (A9).

0.6

0.4

0.2

o

&
N

Acceleration (g)

&
S

06 unreinforced embankment | 7
— — — - reinforced embankment
‘08 1 1 1 1 1 1
0 1 2 3 4 5 6
Time (Sec)

Fig. 9 Acceleration-time histories of UREM and REM under a base accel-
eration of 0.3g and a frequency of 7Hz (A9).

Table 6 represents the SA and corresponding period values
of the UREM and REM under a sinusoidal base acceleration of
0.3g, respectively.

45 T T T T T T T T T
unreinforced embankment
41 ———-reinforced embankment
3.5F B

3

25F

2k

Acceleration (9)

1.5}
1}
0.5

i

0.35 0.4

0.2 0.25 0.3 045 0.5

Period (Sec)
Fig. 10 Response Spectrum under 0.3g acceleration and SHz frequency for
UREM and REM (A9).
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03

Fig. 11 Response Spectrum under 0.3g acceleration and 7Hz frequency for
UREM and REM (A9).

Table 6 SA values of unreinforced and reinforced embankment under 0.3g

acceleration.
2Hz S5Hz 7Hz 14Hz

U.(g R.(g U@ R(@ U@ R(@ U@ R(@
Al 283 281 273 273 269 268 1.94 1.94
A2 283 282 269 268 287 287 1.85 1.86
A3 2.81 280 264 264 286 285 1.83 1.84
A4 282 282 266 266 285 285 1.82 1.85
AS 283 282 266 265 287 288 1.84 1.84
A6 2.81 2.81 375 265 361 283 1.86 1.85
A7 285 285 384 271 372 292 215 1.42
A8 2.71 253 374 215 373 221 242 053
A9 283 265 404 232 409 241 249 098

Under 0.3g acceleration and 2Hz dominant frequency, the
effect of reinforcement is apparent in the measurements of A8
and A9. SA values decreased up to 7% and this reduction is
concentrated at the upper parts of the embankment. Under a
dominant frequency of 5Hz, the effectiveness of the geosyn-
thetic increases. SA values decreased up to 43% at the crest
(Fig. 10). Similarly, when the reinforced embankment model
was subjected to a frequency of 7Hz, SA measurements at the
crest decreased up to 41% which is given in Fig. 11.

Results also reveal that SA reduction is better observed
under higher predominant frequencies. Under 0.3g accelera-
tion with a frequency motion of 14 Hz, SA values reduced in
the range of 34% to 78%. Measured displacement values of the
Test No 3-10 are given in Table 7 for UREM and REM.

Table 7 Displacement values of UREM and REM under 0.3g base ac-

Test results reveal that under a predominant frequency of
2Hz, REM deformed around 35% less within the embankment
body. By means of settlements, D4 measured a displacement of
0.23cm. With the effect of the reinforcement, it was measured
as 0.15cm with a reduction of almost 35%. Under a dominant
frequency of 5Hz, displacement values were reduced by up to
42% with the effect of the reinforcement layers. Under current
ground excitations, a settlement value of 0.98cm in the unrein-
forced case was reduced by 85% to 0.15cm in the scaled rein-
forced case. Geotextile reinforcement is very efficient under a
frequency of 7Hz as the horizontal displacement was reduced
by 56% at the toe of the embankment, as well as the amount of
settlement was reduced by 37% at the crest. The effect of rein-
forcement is very limited on displacement values under input
motion with a 14Hz predominant frequency. Even the displace-
ment value at the crest increases a bit in the reinforced model,
settlement measurements are 27% less when compared with
the unreinforced case.

Fig. 12 shows the undeformed and deformed shape of the
UREM under a base acceleration of 0.3g with a frequency of
2Hz. Fig.13 shows the undeformed and deformed shape of the

REM under a 0.3g base acceleration with a frequency of 14Hz.

Fig. 12 Undeformed and deformed shape of the UREM under 0.3g accelera-
tion and 2Hz frequency.

Fig. 13 Undeformed and deformed shape of the REM under 0.3g acceleration

and 14Hz frequency.

Fig. 14 gives the amplification behaviour of the (U)REM45
models under a base acceleration of 0.3g. It is seen that the
transmitted ground motions passing through geosynthetic lay-
ers diminish on REM45 model which creates deamplification.
(the left side of the graph) where UREM45 model reflects sig-
nificant acceleration amplification (the right side of the graph).
Reduction of the acceleration amplitudes is more apparent
under SHz and 7Hz frequencies where the deamplification ratio
is over 50%.

celeration.

(cm) 2Hz 5Hz 7Hz 14Hz

U. R. U. R. U. R. U. R.
D1 350 330 070 067 038 034 005 0.04
D2 2.99 199 076 044 050 016 059 058
D3 2.42 1.51 1.58 1.09 086 038 0.82 085
D4 023 0.15 098 0.15 019 0.12 041 0.30
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Amplification Factors under 0.3g of Acceleration.
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Fig. 14 Amplification Factors of (U)REM45 under 0.3g acceleration.

3.3 Test results under 0.5g acceleration
amplitude

Transmitted accelerations, spectral accelerations and dis-
placement values for the 0.5g acceleration amplitude (Test
No. 11-18) are represented. Table 8 represents the transmitted
acceleration values of the UREM and REM under 0.5g accel-
eration amplitude for different predominant frequencies.

Table 8 Acceleration values of UREM and REM under 0.5g acceleration

amplitude.
2Hz SHz THz 14Hz

U.(g R.(g U(@ R.(® U@ R(@ U@ R(@
Al 050 050 050 050 050 050 050 050
A2 0.40 051 049 049 048 049 049 046
A3 046 040 049 045 045 046 037 034
A4 0.47 051 050 050  0.51 050 045 044
AS 0.47 051 050 050  0.51 0.51 045 045
A6 0.51 050 064 049 063 049 054 045
A7 053 050 066 050 0.67 050 0.61 0.51
A8 053 033 0.71 034 071 038 077 035
A9 057 034 079 036 076 039 081 0.39

As can be inferred from Tables, under 0.5g excitation, the
transmitted acceleration values are around and close to input
excitations at accelerometers A2-A5. As can be seen in Fig. 19,
under 2Hz predominant frequency, the reduction ratio of the
transmitted accelerations is 40% around the crest where A.F.
decreased from 1.14 to 0.68 in the reinforced model under cur-
rent dynamic motion.

Under 5Hz predominant frequency, the effect of reinforce-
ment is significant at A8 and A9. Due to the inclusion of the
reinforcement layers, transmitted accelerations reduced by
55% at the crest (Fig. 15) and similarly A.F. decreased from
1.58 to 0.72. Under 0.5g acceleration with 7Hz predominant
frequency, the effectiveness of the reinforcement becomes

clear at the upper part of the embankment model. The amount
of reduction in the acceleration values is 46% at A8 and 49%
at A9 with transmitted acceleration values of 0.39g (Fig. 14).
Also, A.F. value of 1.52 for the UREM decreased to 0.78 for
the reinforced model. Under the dynamic motion of 0.5g accel-
eration with 14Hz predominant frequency, the REM shows the
same seismic behaviour trend. Due to the reinforcement the
reduction ratio at A6 is 17%, however the reduction ratio at
A9 is increased to 52% which is located at the crest and the
corresponding A.F. decreased from 1.62 to 0.78. Figs.15 and
16 represent the transmitted acceleration-time histories of the
UREM and REM under predominant frequencies of SHz and
7Hz for A9, respectively.
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Fig. 15 Acceleration-time histories of UREM and REM under 0.5g accelera-
tion and SHz frequency (A9).
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Fig. 16 Acceleration-time histories of UREM and REM under 0.5g accelera-
tion and 7Hz frequency (A9).

Table 9 represents the SA values of the UREM and REM
under a base acceleration of 0.5g.
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Table 9 SA values of UREM and REM under 0.5g acceleration amplitude.

2Hz SHz 7Hz 14Hz

U.(® R(@ U@ R(@ U@® R@E U@ R@
Al 454 453 470 471 443 442 275 276
A2 457 457 471 470 446 445 299 299
A3 452 452 471 472 445 444 295 297
A4 459 459 470 471 449 447 292 295
AS 458 457 470 470 450 451 297 298
A6 456 456 613 468 594 445 343 295
A7 4.61 4.61 632  4.83 6.24 467 385 3.32
A8 440 310 641 324 659 324 450 1.92
A9 465 329 683 345 7.09 348 476 202

Under 0.5g acceleration amplitude, the effect of reinforce-
ment for the measured SA values is noticeable at the upper por-
tions of the reinforced embankment model. Sensors of A2-A6
that were placed inside the foundation soil measured the similar
SA values to the input motion. SA values were reduced by up to
30% under a predominant frequency of 2Hz. Also, under a dom-
inant frequency of SHz, the reduction ratio of SA values is up to
50% at A9 (Fig. 17). As seen in Tables, SA values significantly
reduce due to the inclusion of the geotextiles. Under a predomi-
nant frequency of 7Hz, SA values at the crest were reduced by
51% (Fig. 18). As stated before, reduction ratios of SA values
are correlated with the increased frequency ranges. For the base
motion with a dominant frequency of 14Hz, SA reduction for
the reinforced embankment models was obtained up to 58%.

7 T T T T T T T T T
unreinforced embankment
— —— - reinforced embankment

Acceleration (g)

L

0.35 0.4

0.2 0.25 0.3 0.45 0.5
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Fig. 17 Response Spectrum under 0.5g acceleration and SHz frequency for
UREM and REM (A9).
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Fig. 18 Response Spectrum under 0.5g acceleration and 7Hz frequency for
UREM and REM (A9).

Measured maximum displacement values under 0.5g accel-
eration amplitude with different predominant frequencies are
given in Table 10 for UREM and REM.

Table 10 Displacement values of UREM under base acceleration of 0.5g.

(cm) 2Hz 5Hz 7THz 14Hz

U. R. U. R. U. R. U. R.
D1 349 350 070 070 039 038  0.05 0.05
D2 3.64 299 1.18  0.76 142 050  0.69 0.9
D3 4.09  2.63 129 0.71 0.88 045 0.57 026
D4 210 073 0.83 1.91 099 046 1.60 037

Under 0.5g acceleration amplitude with a frequency of
2Hz, the geotextile reinforcement mitigated the amount of dis-
placement value at the top of the embankment around 36%.
The settlement measurements by D4 reveal that the reinforce-
ment application reduced the total settlement at the top of the
embankment by 65%. Under a frequency of 5Hz, although
settlement values increase a bit, the crest of the embankment
displaces 45% less in the reinforced model. For the 7Hz fre-
quency, it is seen that due to the geotextile inclusion, measured
displacement value at the crest of the embankment was reduced
by 65% and vertical displacements were 54% less. Under a fre-
quency of 14Hz, the effect of reinforcement is more effective
at the crest of the model. The maximum displacement value at
D3 was reduced by 55% in the REM. Moreover, the geotextile
reinforcement inclusion impressively mitigates the settlement
values. Under the current dynamic loads, the total settlement
values were reduced by 77%.

Fig. 19 presents the amplification behaviour of the (U)
REM45 models under acceleration amplitude of 0.5g. This
Figure clearly reflects the effectiveness of the geotextile rein-
forcement under high acceleration amplitudes. Especially right
after the first reinforcement layer, amplitudes of the transmit-
ted dynamic motions passing through REM45 model substan-
tially diminish and A.F. trends on the graph changes certainly.
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It can be said that A.F. reduction is larger under high frequency
of motion but the highest reduction is observed under a pre-
dominant frequency of SHz where A.F. reduction of 54% was
observed. Also, the gap between the A F. trend lines of REM45
model and UREM45 model is at its maximum of this study.

Amplification Factors under 0.5g of Acceleration.
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Fig. 19 Amplification Factors of (U)REM45 under 0.5g acceleration.

4 Conclusions

Shake table experiments were performed under nine differ-
ent dynamic motions including a time scaled real earthquake
record and eight sinusoidal base accelerations having two
acceleration amplitudes and four predominant frequencies.
Conclusions are obtained as follows:

1. The geosynthetic reinforcement application is capable
of reducing the transmitted acceleration values up to 56% in
the embankment models during shake table tests. The reduc-
tion ratio is so much higher around the reinforced zone of the
embankment.

2. The effect of reinforcement on seismic performance is
very dependent on the acceleration amplitude and frequency
content of the dynamic motions.

3. Response spectra indicate that SA values are higher in the
unreinforced model. In addition, SA values tend to increase in
higher frequency motions.

4. Observed SA values reveal that the reinforcement mate-
rial is the most effective under the highest frequency of motion
which is capable of reducing the SA values up to 78%. The
geotextile material is the least effective under scaled earth-
quake record and under the base acceleration with the lowest
predominant frequency motion.

5. Geotextile reinforcement application is quite effective to
reduce earthquake induced settlements. Vertical displacement
values were reduced by up to 85% in this study.

6. Horizontal displacement values occasionally decrease
with the increasing frequency values. Also, the increasing fre-
quency levels cause higher levels of horizontal displacement at

the toe and top of the embankment except the motion with the
highest frequency.

7. By means of acceleration amplitude in the shake table
experiments, tests under 0.5g acceleration amplitude presents
the lower A.F. than the tests with 0.3g acceleration amplitude.
In other words, use of geotextile reinforcement is more effec-
tive under higher acceleration amplitudes used in this study.
Deamplification of the transmitted acceleration values is
observed to be greater under frequencies of SHz and 7Hz for
both amplitudes.

In this study, the benefits of geotextiles are similar to static
case where the geotextile carries tensile loads to resist shear
failure. As a summary, the experimental study reveals that geo-
textiles are preferable materials with the tensile capacity of the
reinforcement layers. Geotextiles can successfully and effec-
tively mitigate the earthquake hazards and lessen earthquake
induced damages. It is seen that the input dynamic motion
deamplifies travelling from foundation soil through the rein-
forced embankment models. So that, the geotextile reinforced
highway embankments perform better and remain more stable
during the dynamic motions. It is revealed that the efficiency
of the geotextile reinforcement is highly dependent on the char-
acteristics of the dynamic motions. Based on the findings of
this study, it is recommended that the highway embankments
should be designed with respect to the expected earthquake
characteristics.
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