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ABSTRACT: The Geotextile Encased Columns (GEC) foundation system for embankments
on soft or problematic soils was introduced in 1990s. The GECs consist of compacted granular
fill similar to common stone columns with one decisive difference: they are confined in a high
strength woven geotextile “cylinder” (encasement). Consequently, they work properly even in
extremely soft soils since the GEC’s help to prevent the bulging failure. The risk of bulging is
even higher under seismic loads. Vast amount of numerical, analytical and experimental
research has been done to study different aspects of the GEC’s behavior. Despite these available
literatures from several researchers, there is very little study, numerically or experimentally,
about the seismic behavior of GECs. To analyze the effect of earthquake on stone columns and
to determine how the presence of GEC improves the soil behavior, Shaking Table tests have
been conducted. With the help of these tests, it was shown that geosynthetic encasement of
stone columns improves the system in several aspects under earthquake loading conditions.

1 INTRODUCTION

1.1 Granular columns: A brief history

In 1970s, ordinary stone columns have emerged as an economically viable method of soft soil
remediation method (Hughes and Withers, 1974, Hughes et al., 1975). Stone columns enhance
the bearing capacity of the virgin soft soils by providing load bearing elements of relatively
higher stiffness and by accelerating the rate of consolidation. Although the technique was eco-
nomically viable and required rather simplistic construction equipment, inherent shortcomings
associated with OSCs, such as bulging failure due to lack of lateral confinement, has led
designers to investigate possible enhancements to the practice. In 1994, German contractor
companies proposed a system to solve the problem by encasing the compacted sand or gravel
column in a high-modulus geosynthetic encasement. Proposed methodology increased the ver-
tical load bearing capacity of conventional stone columns and since then the technology has
been applied in many projects.

1.2 Studies on the seismic aspects of encased and ordinary stone columns: Test setups

Although previous work on granular columns have established the viability of the technology
and laid down the scientific foundation of the technique, available studies on the subject
rarely extend beyond the vertical static loading cases. In reality, both ordinary stone columns
and geosynthetic encased columns are prone to experience lateral (shear) loads and moments
throughout their design life under service conditions. Moreover, the nature of the loading on
a group of columns is not necessarily characterized by static loads. Cyclic and seismic loads
can be imposed on a field of columns by the actions of machine foundations, traffic, and
earthquakes. Given that the granular columns is a soil remediation technique that is typically
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applied in sites with poor soil conditions, compounded effects of dynamic loads and poor soil
bearing capacity may lead to catastrophic failures of important infrastructure such as oil stor-
age tanks and highway and railway embankments founded on soft clay deposits.
In an attempt to address these critical issues, authors of the present study have undertaken an

experimental campaign consisting of three major large scale experimental setups which were
purpose-built to study certain aspects of granular column behavior under seismic loads. Specif-
ically, the research endeavor had been undertaken at Karl Terzaghi Soil Mechanics Laboratory
of Bogazici University during the doctoral dissertation studies of the second author under the
supervision of the first author. The research campaign focused on quantifying the column and
column enhanced soft soil behavior for shear and bending failure modes. While shear failure of
granular columns under the action of static lateral loads have been studied by Mohapatra et al.
(2016), Chen et al. (2015) have demonstrated the possibility of bending failure of granular col-
umns under lateral spreading of embankments. Besides the commonly acknowledged and verti-
cal loading induced failure modes of bulging and punching, lesser known and rarely
investigated failure modes of shear and bending are illustrated in Figure 1.
While GECs with a low reinforcement stiffness fail in rupturing of the reinforcement (Shear-

Type-1), columns encased with stiffer reinforcement materials are observed to fail in local bending
of the column. The bending in this case occurs within the neighborhood of the shear plane passing
through the unit cell (Shear-Type-2) and the column is laterally translated such that it maintains
vertical disposition in the upper portion which is close to column head plane (Cengiz et al., 2019).
The shear failure modes illustrated in Figure 1 are studied with a novel large scale experi-

mental assembly designated as Unit Cell Shear Device (UCSD). The unit cell in soil remedi-
ation terminology is defined as the representative area of the improved soil and it is generally
regarded as a circular geometry in plan with the granular column at the center. The motiv-
ation for the test device is to be able to shear the column enhanced peripheral soil as a com-
posite to reveal the behavior of a unit cell which can be extended to make inferences about the
behavior of a field of columns under the action of lateral loads.
UCSD is a large-scale shear apparatus that is capable of shearing cylindrical soil specimens

with a large height to diameter ratio. The test device can accommodate a model unit cell with a
maximum height of 1850 mm and a diameter of 460 mm. The device is also fitted with provisions
for installation of a single granular column with a diameter of 113 mm at the center of the unit
cell. With these geometrical arrangements, the area replacement ratio (the areal ratio of column
to host unit cell soil) becomes 6 % which is a lower-bound value in field applications (Cengiz
et al., 2019). A sketch of the device with the cyclic shearing unit is illustrated in Figure 2. Figure 2
(b) illustrates the numbers given to differentiate between various soil housing components of the
assembly. The sample containing vessels 1 to 4 (depicted in Figure 2(b)) have heights of 350, 600,
300, and 600 mm, respectively. Since the device was originally developed to consolidate and

Figure 1. Shear and bending failure modes of GECs (Cengiz et al., 2019)
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contain soft clay specimens, vessel 1 serves to compensate for the consolidation settlement for the
cases where clay is used to simulate the weak unit cell soil surrounding the model column (GEC
or OSC). The device can be operated to shear the model unit cell at planes located at the upper
and lower boundaries of vessel 3. Cengiz et al. (2019) have utilized the setup such that vessel 1 is
fixed on vessel 3 and shearing of the unit cell occurred in between the plane between vessel 3 and
4. Figure 3 (a) and (b) illustrates the disposition of the UCSD vessels for static and cyclic shearing
arrangements, respectively. In the present configuration, tested unit cell height is 1200 mm. Thus,
the unit cell is sheared at a single slip plane at the mid-height of the sample. This enabled the
modelling of slender model OSCs and GECs with a height and diameter of 1200 and 113 mm
which gives a height to diameter ratio (H/D) of about 10 (Cengiz et al., 2019).
Another series of tests were conducted by applying seismic loads on a shaking table. For this

purpose models of soft soil with OSC or GEC inclusions were build. The seismic aspects of
ordinary and encased stone columns were investigated by acknowledging that the behavior of
the column-soft soil composite will be affected by the imposed boundary conditions. There are

Figure 2. Sketches of UCSD (a) apparatus with GEC inclusion unit and vertical surcharge unit, (b)

numbered soil container unitss (Cengiz et al., 2019)

Figure 3. UCSD depicted in (a) static and (b) cyclic configurations (Cengiz et al., 2019)
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two types of conceivable boundary conditions on the granular columns which are the free-field
and almost-rigid boundary conditions. While the free-field boundary conditions prevail on a
field of columns that are installed sufficiently away from rigid bodies such as retaining walls and
abutments, almost-rigid boundary conditions are seen where the columns are installed adjacent
to rigid bodies. It is abundantly established that the seismic waves would be reflecting from the
rigid boundaries to impose a repeated loading pattern on the column installed into the soft soil.
On the other hand, column-soft soil composite will behave significantly different when the there
are no reflection of the incoming waves because of the free-field boundary conditions. While the
displacement of the almost-rigid boundary will be limited, free-field boundaries will be deform-
ing to satisfy the force equilibrium in a given portion of the boundary element.
In the light of considerations discussed above, two fundamentally different testing assemblies

have been developed (Cengiz and Guler, 2018a, Cengiz and Guler, 2018b). These novel large-
scale testing assemblies are designated as rigid and laminar box, respectively. Figure 4 illustrates
the rigid box testing assembly. Rigid box assembly is utilized to simulate a design scenario such
as the one studied by Schnaid et al. (2017) where columns are placed in close proximity to the
bridge abutment. The free-field response of the columns on the other hand, are investigated by
making use of the laminar box assembly. A photograph and a sketch of the laminar box assem-
bly is illustrated in Figure 5. The design principles and further specifics of the rigid and laminar
box are outlined in the related works (Cengiz and Guler, 2018a, Cengiz and Guler, 2018b).

Figure 4. Photograph and sketch of the rigid box assembly

Figure 5. Photograph and a vertical cross-section of the experimental setup (ACC: Accelerometer,

STR: Strain Rosette, PPT: Porewater pressure gauge, LDS: Laser Displacement Sensor, SPG: Soil Pres-

sure Gauge) (Cengiz and Guler, in-press)
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2 BEHAVIOR OF AN INDIVIDUAL COLUMN UNDER DYNAMIC LOADS

2.1 Resistance of a unit cell enhanced with granular columns under cyclic pure shear

Pure shear conditions were imposed on the column enhanced unit cell utilizing UCSD. Cengiz
et al. (2019) have installed OSCs and GECs of varying reinforcement stiffnesses in a sand bed.
In this study, surcharge loads of 15, 30, 45, and 60 kPa were applied on the column head plane.
Figure 6 illustrates the 10th cycle for mobilized shear stress for benchmark, OSC enhanced, and
GEC enhanced cases. The stiffnesses of the reinforcements used were 35, 400, and 1000 kN/m.
In all the hysteresis loops presented in Figure 6, the magnitude of mobilized shear resistance for
a displacement range of ± 10 mm are of similar magnitude. Beyond this shear displacement
range, the unit cells containing GECs have exhibited a marked increase in the mobilized shear
resistance. The magnitude of mobilized shear resistance increased for increasing reinforcement
stiffness. Mobilized shear resistances of unit cells at +10 mm shear displacement are 12.6; 12.1;
14.6; 13.4; and 17.1 kPa for “benchmark (plain) sand”; “OSC”; “GEC with J35”; “GEC with
J400”; and “GEC with J1000”, respectively. These values become 13.6; 14.5; 16.1; 15.7 and 24.2
at a displacement value of +20 mm. The peak shear resistance mobilized in the unit cells for
“benchmark (plain) sand”; “OSC”; “GEC with J35”; “GEC with J400”; and “GEC with J1000”
are 13.8; 16.6; 21.2; 24.1; and 35.2 kPa, respectively (Cengiz et al., 2019).
Based on these results it can be concluded that under cyclic loading conditions the contribu-

tion of encasement geotextile to unit cell shear resistance becomes apparent after a certain
shear displacement value is reached. Mobilized shear resistance values at a displacement of
about 10 mm almost are the same for unit cells tested at normal stresses of 15 and 30 kPa. The
development of shear resistance observed under 45 and 60 kPa normal loading is slightly dif-
ferent and shall be explained in the subsequent sections. Although marked increase of
reinforcement strains are observed at the onset of cyclic shearing for all normal load levels,
the shear resistance difference of GEC enhanced unit cells do not become apparent until a
certain amount of shear displacement is achieved. This finding supports the proposition that
the circumferential soil pressure acting laterally on the GEC contributes in the mobilized
shear resistance of the unit cell (Cengiz et al., 2019).

2.2 Reinforcement strain

While the vertical load bearing and distribution mechanisms involved in a statically loaded GEC
enhanced unit cell are reasonably well understood, in dynamic loading scenarios, the complex
interactions involved in the interplay of the column infill, geosynthetic reinforcement sleeve, and
surrounding soft soil are yet to be fully revealed. Even the early formulations relying on force
equilibrium and constant column volume assumption stipulated by Raithel and Kempfert (2000)

Figure 6. 10th cycle shear stress versus displacement loops for unit cells tested with cyclic shear loading

under 30 kPa of normal stress
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predicted the reinforcement strain at a given static loading condition with reasonable accuracy.
To date, many other analytical and numerical models have been developed to capture the strain
demand on the reinforcement under static loading conditions. The behavior of the GECs and the
reinforcement response to static loads have also been investigated by large scale laboratory tests
and full-scale field investigations. These investigations have led to the conceptualization of par-
tially reinforced stone columns. Since the bulging of the column due to lack of lateral support
from the soft peripheral soil has manifested itself as the dominant failure mode under static load-
ing conditions, the concept of partially reinforcing the ordinary stone column emerged as a pos-
sible solution (Gniel and Bouazza, 2009, Hong et al., 2016) to overcome this type of failure.
Despite the vast amount of literature available on the GECs, one of the biggest unknowns

in the design of GECs is the amount of additional reinforcement tensile capacity needed to
withstand the dynamic loads. Recent shaking table tests (Cengiz and Guler, 2018a, Cengiz
and Guler, 2018b) have shown that a significant reinforcement tensile capacity is demanded
when dynamic base excitations are applied to the soft soil deposit. Figure 7 illustrates the
radial strain associated with a model ordinary stone column under El-Centro and Kobe input
motions. It should be noted that the stone column in this case is confined by a semi-rigid
boundary and lateral deformation of the soil profile is very limited. Even under these extreme

Figure 7. Hoop strains occurring on OSCs

Figure 8. Hoop strains occurring on GECs encased with geotextiles of 400 and 1000 kN/m stiffness
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lateral constraint conditions, it is seen that a significant hoop strain demand occurs in conven-
tional stone columns. Similar hoop strain patterns are observed in Figure 8 on GECs which
are subjected to El-Centro and Kobe input motions where the strain demand is highest at the
bottom portion of the column. The magnitudes of hoop strains however, are seen to decrease
with the addition of an encasement sleeve with a stiffness (J) of 1000 kN/m. Moreover, similar
to the findings of Hong et al. (2016) with 1-g model tests conducted under static loading con-
ditions, the dynamically induced strains over the height of the column is more or less equally
distributed when the reinforcement stiffness is higher.
Figure 9 illustrates the reinforcement strain behavior of columns that are confined in the

laminar box apparatus. The boundary conditions in this case resemble that of the free-field
case. Two fundamental differences in strain behavior is observed in columns that are subjected
to base excitations in free-field conditions. These are the orientation and magnitude of strains
occurring on the encasement. The dominant component of strain becomes the vertically
oriented tensile strain and corresponding companion strains of compressive nature are meas-
ured in the reinforcement. Although geotextiles are typically not able to work under compres-
sion due to Poisson effects compressive strains are measured. The first finding that is of
utmost importance here is that the vertically oriented material capacity will be of paramount
importance when it comes to design of GECs against seismic loads. The second finding as evi-
denced by the experimental data is that partial reinforcement of GECs in seismically active
site conditions could result in the bulging failure of the column below the reinforced zone and
should be practiced cautiously. Although generally accepted bulging depth is no greater than
3D (three times the diameter of the column), experimental data suggests that the maximum
value of seismically induced confinement demand could occur at elevations as low as 8D.

2.3 Prediction of reinforcement strain

While ground motion parameters are solely related to the amplitude of the ground motion,
such as peak ground acceleration (PGA), parameters that incorporate the amplitude, fre-
quency content, and duration of the ground motion are likely to be more reliable predictors of
its damage potential (Travasarou et al., 2003). It is readily known that seismic intensity meas-
ures such as Arias Intensity, IA (Arias 1970) and Cumulative Absolute Velocity (CAV) correl-
ate well with several structural demand indicators.
Cengiz and Guler (2018a) have also shown that the reinforcement strains occurring on the

encasement under seismic loading conditions correlates well with the cumulative seismic
energy applied on the model. Figure 4 illustrates the evolution of reinforcement strain on a
given instrumentation point 720 mm below column head plane on a model GEC with a

Figure 9. Vertical and horizontal reinforcement strains for GECs encased with (a) 400 kN/m and (b)

1000 kN/m geotextiles
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reinforcement stiffness of 400 kN/m. In Figure 10, cumulative seismic energy yielded by appli-
cation of 25, 50, and 100 % El-Centro and 50 and 100 % Kobe accelerograms expressed in
terms of IA is normalized to unity. The cumulative reinforcement strain measured at the
instrumentation point is also normalized and these two curves are plotted against each other
in time domain. The curves illustrated in Figure 10 indicate that there can be a transfer func-
tion linking the amount of seismic energy applied to the system to the reinforcement strain
demand. Similar curves are developed for GECs and interested reader is encouraged to refer
to Cengiz and Guler (2018a). Cengiz et al. (2018a) have also demonstrated that the use of pro-
posed correlation (or the transfer function) can be extended to geosynthetic reinforced retain-
ing walls where similar fit is seen between the applied seismic energy and reinforcement strain
for the published works of Liu et al. (2011) and Kilic (2015) on model studies on geosynthetic
reinforced earth walls. Cengiz et al. (2018b) has further shown the applicability of the correl-
ation by using the findings of Zheng et al. (2018). Proposed correlation could be used as a
means of determining seismically induced damage on geosynthetic reinforced structures and
the use of the correlation could be extended to aid in design of geosynthetic reinforced earth
structures (Cengiz et al., 2018a).

2.4 Change in vertical stress concentration under dynamic loading conditions

Cengiz and Guler (in-press) have run a series of laminar box tests to study the amount of ver-
tical overburden pressure supported by granular columns of different reinforcement arrange-
ments. The columns were embedded in a soft clay deposit with an average undrained shear
strength (cu) of 6 kPa and column heads were instrumented with Soil Pressure Gauges as
depicted in Figure 11. Since a laminar box type apparatus is utilized to confine the experimen-
tal model, the columns are subject to free-field boundary conditions. Under a sustained sur-
charge load of 30 kPa, the experimental assembly was subjected to base excitations with
successively increasing peak acceleration magnitude. The setup was subjected to 25, 50, and
100% El-Centro and 50 and 100% Kobe accelerograms.
The evolution of vertical pressures measured on the soft clay at the elevation of column heads

and vertical pressures measured on columns with and without encasement sleeves are illustrated
in Figure 12. In the curves depicted in Figure 6, the initial jump in the measured pressure values
indicate the point of application of the surcharge load of 30 kPa prior to application of base
shaking. At this instant in time, it is clearly seen that columns in general supported more vertical
load than the soft clay bed. It is also seen that increasing reinforcement stiffness resulted in a
higher stress concentration on the column head. Once the base shaking is applied to the system,
the soft clay bed gradually lost its load bearing capacity and a greater percentage of the vertical
load is sustained by the granular columns. As the seismic loading of the model progressed,
encased columns took higher amounts of vertical loads upon themselves.

Figure 10. Normalized plots of Arias Intensity and reinforcement strain in time domain
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As the curves illustrated in Figure 6 indicate, OSC regained some of the vertical capacity
after each dynamic loading step, general trend of vertical stress supported by OSC is similar
to that of the soft clay bed with a steady decrease. Columns reinforced with 400 kN/m and
1000 kN/m stiffness encasements on the other hand, show no signs of decrease in the sup-
ported vertical stress until Kobe 100% loading. During 100% Kobe loading, some of the
decreased vertical support in the soft clay bed and the OSC is compensated by the encased
columns and a further permanent increase of supported stress on the encased column heads is
seen. While the stress concentration ratio on J400 and J1000 are 1.92 and 2.14 before the
dynamic loading, at the end of the dynamic loading these values have increased to 2.61 and
3.03 for J400 and J1000, respectively (Cengiz and Guler, in-press).

2.5 Static load bearing capacity of columns with dynamic load history

Cengiz and Guler (2018b) have compared the load bearing capacities of intact and dynamic-
ally (subjected to abovementioned 5 stage seismic excitation program conspiring of El-Centro
and Kobe records) tested OSCs and GECs. The purpose of the comparison was to reveal the

Figure 12. Evolution of vertical pressure measurements on column heads (Cengiz and Guler, in-press)

Figure 11. Plan view of the column head plane in laminar box
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potential differences caused by dynamic loading history on the load bearing characteristics of
granular columns. To that end, a batch of columns were installed in the soft clay bed solely
for the purpose of static vertical loading. A load plate with a diameter of 200 mm was used in
the testing program and settlement of column head was monitored by two laser displacement
sensors. Static vertical load was applied to the column heads with load steps of 20 kPa and
each load increment was sustained for 2 minutes to allow for the settlement of the column.
The load-settlement curves pertaining to OSCs and GECs with two different reinforcement
stiffnesses are presented in Figure 13. The load settlement curves presented in this figure
clearly indicate a significant column load bearing capacity loss for OSCs. Han (2015) defined
the failure load of granular columns due to static vertical loading when the settlement value
reaches 20 % of the diameter of the loading plate. In this case, failure occurs for all columns
tested at a settlement value of 40 mm as the loading plate diameter is 200 mm. While the
intact OSC supports a vertical load of about 83 kPa, the OSC supports only 62 kPa after
being exposed to seismic loading. It could be said that dynamic loading history on the OSC
resulted in a column capacity decrease of more than 25 %. The capacities of intact columns
encased with geosynthetic encapsulations of 400 kN/m and 1000 kN/m stiffnesses on the other
hand, were exhausted at vertical loads of 142 and 165 kPa, respectively. No appreciable
column capacity loss is observed for encased columns after dynamic loading history. In light
of the above, a significant capacity loss upon dynamic loading is to be expected in non-
encased stone columns.

3 BEHAVIOR OF THE SOIL DEPOSIT

3.1 Lateral displacement of the soil profile

The lateral movement of the soil column was allowed in the experimental campaign that was
undertaken utilizing the laminar box assembly (Cengiz and Guler, 2018b). In these tests, two
significant soil behavior was revealed. It was experimentally observed that the GEC installed
soft soil deposits moved as a coherent block under the action of the seismic input motions.
This was observed by comparing the bottommost laminate movements for soft soils deposits
with various granular column arrangements (Figure 14). It is seen that the GEC installed soil
experienced significant base drift as opposed to benchmark (unenhanced) clay bed and OSC
installed clay bed. Topmost soil deformation is often used as a means to understand the effects
of an earthquake in reconnaissance studies. Similarly, topmost laminate displacement can be

Figure 13. Load settlement curves for intact and dynamically tested OSCs and GECs
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used to study the response of the soft clay deposits. Figure 15 depicts the top laminate dis-
placements as a function of the peak ground acceleration (PGA) of the applied load cases. It
is seen that the untreated clay bed exhibited the highest top level displacement values for
almost all load cases. With granular column addition, the displacements were somewhat
decreased and by installation of GECs the top-level displacement was significantly reduced. It
is seen that higher reinforcement stiffness yielded lower top-level displacements, as well
(Cengiz and Guler, 2018b). When Figures 14 and 15 are considered together, it is seen that the
GEC inclusion both aids in holding the soft clay bed as a monolithic block and it reduces the
relative displacements within the soil body. In Figure 15 it is seen that the benchmark clay bed
had a topmost soil movement of about 200 mm under the action of 100 % Kobe input. With
the addition of GECs with a reinforcement stiffness of 1000 kN/m, for example, the top level
displacement is almost halved.

3.2 Shear modulus of the soft soil deposit

The enhancement achieved by GEC inclusion is clearly seen when the hysteresis loops of vari-
ous soil bodies are compared for sinusoidal input motions. Cengiz and Guler (2018b) have

Figure 14. Base drift values of soft clay beds with different granular column arrangements under con-

secutively increasing input PGAs

Figure 15. Topmost soil displacements (Cengiz and Guler, 2018b)
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run a series of shaking table test on soft clay beds with and without granular columns.
Figure 16 illustrates the hysteresis loops derived from these tests. The secant shear stiffnesses
values for models benchmark clay bed, OSC, GEC with a reinforcement stiffness of 400 kN/
m, and GEC with a reinforcement stiffness of 1000 kN/m are 14.5, 21.1, 39.6, and 90.6 kPa,
respectively. These observations also clearly indicate that GEC installation significantly
increases the overall shear modulus of the soft clay deposit.

4 CONCLUSIONS

An experimental program consisting of three major testing assemblies have been undertaken
to study the behavior of granular columns and granular column enhanced soils. Following
conclusions are drawn from the experimental program:

• The shear capacity of granular column enhanced unit cells increases. The increase becomes
more pronounced for higher reinforcement stiffnesses. A certain shear displacement of the
unit cell is needed for mobilization of the reinforcement tensile stresses that contribute to
overall shear resistance of the unit cell.

• Designers should refrain from partial encasement of GECs in seismically active site condi-
tions to prevent bulging failure of the column below the reinforced portion. Experimental
evidence suggests that contrary to static vertical loading case, there is a considerably large
strain demand on the encasement lower elevations of the column.

• The reinforcement strain demand under the action of the seismic inputs is dependent on the
cumulative seismic energy given to the system. Predictive relationships capture a relation-
ship between seismic input energy and reinforcement strain. This relationship could be
extended to assess the damage occurring on built geosynthetic soil masses or it could assist
the design of geosynthetic reinforced soil bodies against seismic actions.

• GECs seem to take upon themselves increasing increments of vertical loads as the sur-
rounding soft soil’s modulus degrades due to seismic loading. It is believed that the stress
redistribution mechanism will be more apparent in basal reinforced embankments.

• A significant load bearing capacity is observed on OSC with dynamic loading history. The
effects of dynamic loading history on GECs’ load bearing characteristics are found to be
minimal.

• GEC enhancement limits the shear strains within the soil body and increases the shear
modulus of the soft soil deposit by several folds.

Figure 16. The hysteresis loops derived from 8th laminate level under the action of 0.5 Hz sinusoidal

load case with a PGA of 0.1 g.
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