Available online at www.eccomasproceedia.org
Eccomas Proceedia COMPDYN (2017) 3476-3490

ECCOMAS 69 ECCOMAS Thematic Confrence on

Computational Methods in Structural Dynamics and Earthquake Engineering

P rocee d 1a M. Papadrakakis, M. Fragiadakis (eds.)

Rhodes Island, Greece, 15-17 June 2017

NONLINEAR FEA OF SOIL-STRUCTURE-INTERACTION EFFECTS
ON RC SHEAR WALL STRUCTURES

Mohammad AlHamaydeh, Ph.D., P.E.!, George Markou, Ph.D.?, and Dina Saadi!
! American University of Sharjah

PO Box 26666, Sharjah, United Arab Emirates
e-mail: malhamaydeh@aus.edu, 20003704 1@aus.edu

2 ALHOSN University
PO Box 38772, Abu Dhabi, United Arab Emirates
e-mail: g.markou@alhosnu.ae

Keywords: Nonlinear, FEA, Reinforced Concrete, Soil-Structure-Interaction.

Abstract. Considering Soil-Structure-Interaction (SSI) in Finite Element Analysis (FEA) is ac-
counted for through explicit representation of the soil domain allowing for departures from
fixed base conditions and constraints. The performance evaluation of a six-story reinforced
concrete (RC) shear wall with and without SSI is presented in this paper. The soil domain and
Reinforced Concrete (RC) elements including walls, slabs, and foundations are modeled using
3D 8-noded hexahedral brick elements. Furthermore, longitudinal and transverse reinforce-
ment are modeled as embedded rod elements while the cracking of concrete is modeled via the
smeared crack approach. Nonlinear pseudo-static and cyclic pushover analyses are carried out
on fixed and flexible base models. The soil in the flexible base model represents a site class E
soil type according to ASCE7-10. A parametric study is performed on different pushover load-
ing profiles prior to the comparison between fixed and flexible base systems. The performance
evaluation of the two systems is done through direct comparison of pushover curves, displace-
ment, strain locations and cracking patterns. Based on the numerical findings, the RC wall in
the SSI model is found to exhibit higher lateral displacements yet lesser levels of strain concen-
trations for the any given horizontal deformation. Additionally, the superstructure toughness
developed in the fixed base model is higher than the SSI model due to the vertical displacement
of the soil medium. Finally, cracks in the slabs are found to be more prominent in the SSI model
at the upper floors due to the accumulated lateral displacement of the wall and the overall more
flexible behavior of the model. In conclusion, soil flexibility (SSI) is found to have a consider-
able effect on the overall structural system behavior.
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1 INTRODUCTION

Considering soil flexibility during analysis for any structural system will result in different
stress distributions and displacement profiles. Soil-Structure Interaction (SSI) evaluates the
structural system response taking into account the soil as a support condition. Soil deformability
often leads to releasing stresses in footings that will increase lateral displacements. The extent
of soil deformability depends on many parameters, such as bearing capacity, shear wave veloc-
ity, cohesion, etc.

Two mechanisms have to be considered when studying the impact of SSI on the seismic
response of structures, kinematic interaction and inertial interaction. Kinematic interaction is
the mechanism that occurs due to difference in movement between the soil and foundation.
Inertial interaction is the mechanism induced from the relative displacement between the soil
and foundation due to the inertial forces. Inertial forces cause base shear and moments at the
foundation level that could cause displacement to the soil [1].

The simulation of the soil medium by using Finite Element Analysis (FEA) is essential
when considering the SSI phenomenon. To obtain accurate results, the soil element mesh size
has to be optimized in order to obtain accurate results with reasonable computational demand.
Similarly, the extent of the soil medium and its representative depth has to be wisely chosen if
large models and excessive computational demands are to be avoided.

Tabatabaiefar et al. [2] used 2D Finite Element (FE) modeling in order to study the seismic
behavior of a ten-story building with a moment-resisting frame considering SSI effects. Their
SSI model included the discretization of the soil depth utilizing shell elements, while the build-
ing’s frame was modeled through the use of beam-column linear elements. The used software
was FLAC2D, which is a 2D FE software that can model the soil profile with different shear
wave velocities representing soil classes such as Ce, De and Ee according to the Australian
code. Likewise, a nonlinear elasto-plastic constitutive SSI model was investigated by Torabi
and Rayhani [1] by using a 3D FE model. Different embedment depths and aspect ratios were
considered when discretizing the soil domain so as to account for SSI. The 3D modeling of soil
medium was done in Opensees with 8-noded brick elements with total depth of 30m. The su-
perstructure was modeled as lumped mass SDOF beam-column element for simplicity and com-
putational efficiency purposes.

A more recent work was presented by Markou and AlHamaydeh [3] and Makrou et al. [4],
in the latter, the full-scale five-story RC building was modeled under pseudo-static push over
loads. The soil domain, the raft slab and half of the ground floor of the structure were modeled
through the use of the 8-noded solid elements, while the remaining part of the superstructure
was modeled through the use of the beam-column finite element that incorporates the fiber
approach and the natural mode method. This type of simulation is known as hybrid modeling
(HYMOD) which allows for the decrease of the computational demand without losing the re-
quired numerical accuracy during the analysis.

Nonlinear FEA (NLFEA) is pivotal to earthquake engineering [5]-[18] and failure analysis
[19], [20]. The available tools for the structural engineering community vary significantly in
complexity and capability. Since high fidelity NLFEA is typically very demanding computa-
tionally, brilliant simplifications are always sought after. Some of the common and widely ac-
cepted methods are macromodel-based formulations which implement comprehensive elements
capable of exhibiting nonlinear characteristics. Macromodel-based formulations either incor-
porate fiber models to calculate member properties, they are based on mechanics of typical
structural members. Common nonlinearities that are accommodated by such techniques are:
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linear or uniform flexibility, as well as concentrated or distributed plasticity with yield penetra-
tion, etc. Many existing analysis platforms employ such modeling capabilities. e.g. IDARC-2D
[21], [22], OpenSees [23]-[25], ZeusNL [26] and SeismoStruct [27].

2 PROBLEM DESCRIPTION

2.1 Structure properties

This paper will focus on examining the lateral response of a six-story RC shear wall includ-
ing the associated tributary areas of the slabs, and considering SSI effects. Two FE models are
investigated herein, a fixed base model and a flexible base model. Figure 1 shows the fixed base
model. The FE model includes a shallow foundation, the shear wall, six slabs and a soil medium
(for the case of the flexible base model; see Figure 2). Furthermore, the wall and slab reinforce-
ment are discretized and modeled as shown in Figure 1b. The considered RC wall was designed
and detailed as ordinary RC wall in accordance to the ASCE7-10 standard [28]. The design and
detailing of the RC wall was adopted from a previously conducted investigation [12]. The RC
wall is 2.5 m long in-plan and 24 m in height (six floors at 4 m). Table 1 summarizes the re-
maining design specifics. The considered building, from which the representative RC shear wall
is used herein, was designed to sustain a superimposed dead load of 3.6 kPa (75psf), live load
of 2.4 kPa (50psf), and partition wall load of 0.72 kPa (15psf). The FE modeling and analysis
are carried out using the ReConAn FEA solver [29].

Table 1- Design details for the RC shear wall

Element/Floor Compressive | In-Plan Length x | Vertical (Flexural) [ Horizontal (Shear)
eme 0018 Strength (MPa) | Thickness (mm) Reinforcement Reinforcement
Walls/4-6 38 2500x200 T12@450mm T12@450mm
Walls/1-3 38 2500x250 T25@200mm T16@300mm
Slabs/1-6 28 200 T16@]150mm top and bottom

z a8 - (b)
i
X [
12574 1225
(@)

Figure 1- Finite Element Mesh of the fixed base model (a) Concrete hexahedral elements,
(b) Embedded rebar elements
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2.2 Soil properties

The soil extent is taken as two times the foundation in-plan dimensions in the lateral and
longitudinal directions as recommended in the literature [30]. The foundation footprint is 3.5 m
by 7 m, and 1.25 m deep. Based on the adopted soil domain dimensions, the model included a
total soil depth equal to 10 m. Figure 2 illustrates the discretization of the soil medium created
in order to account for the SSI effects in the flexible base model. The top of foundation is
matching the top of soil and does not assume any above-foundation soil, a simplified conserva-
tive modeling approach.

-]

Figure 2- Finite element mesh of the flexible base model

In regards to the soil parameters, Table 20.3-1 of ASCE7-10 [28] was used where the soil
characteristics (shear wave velocity and standard penetration resistance) of site class E were
adopted. Using basic soil parameters, the bearing capacity and modulus of elasticity of the soil
are calculated using equations 1 through 4 [31] (see Table 2).

G=vs"Xp (1
E=2(14+uwG 2)
@ (deg) = 27.1 + 0.3Ngo — 0.00054 (Ngo)? 3)
Gqu =qXNg+05XyXBXN, 4)
G Shear modulus @ Soil internal friction angle y Soil unit weight
E Modulus of elasticity| Ng, Standard penetration resistance B Footing width
vs Shear wave velocity N, /N, Terzaghi’s bearing capacity factors| g, Soil bearing capacity
p Soil density q Soil pressure underneath footing | u Poisson’s ratio

Table 2- Soil parameters for site class E
Soil Parameter G E [0) qu
Value 25.3 MPa 65.7 MPa 28.9° 0.964 MPa
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3 VALIDATION MODEL

The validation process was performed through numerical calibration of the FEA model
against published experimental results. The SSI problem that was adopted in this investigation
was adopted from Lin et al. [32], where the effects of biogrouting on concrete piles embedded
in sandy soils was investigated. In one experiment, a 76 mm-diameter concrete pile was em-
bedded in sandy soil medium extending 1.1m by 1.1 m and 1.55 m deep. The pile was pushed
down along the gravity direction until failure. The soil had sensors in different locations to
capture stresses and displacements. The vertical load versus the vertical displacement plot for
a non-treated pile was compared with the curve obtained from the simulation model developed
in this presented research. Figure 3a shows the FE model of the concrete pile embedded in soil,
while Figure 3b illustrates the displacement of the concrete pile inside the soil medium. The
soil elements that were connected to the pile were modeled assuming a low compressive
strength and modulus of elasticity in an attempt to capture the shear stresses that are transferred
from the pile to the sand domain through friction.

(@) (b)
Figure 3- Concrete pile embedded in sand domain (a) 3D mesh of pile and soil medium, (b) displacement
contour just prior to failure

Vertical Load (N)
0 1000 2000 3000 4000 5000 6000

-20
-40
-60
-80

-100

Vertical Displacement (mm)

190 4811 N
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-140 —@— Numerical Model ~—@=— Experiment

Figure 4- Comparison between the numerical and experimental for vertical load vs pile displacement
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The comparison between the experimental and numerical results is shown in Figure 4. From
the comparison is clearly observed that the numerical model captures the essence experimen-
tally reported mechanical behavior.

4 NONLINEAR FEA

4.1 Modeling assumptions

In order to account for the continuity of slabs and avoid cantilever-type deformations, the
tributary area associated with the wall is modeled with roller restraints around the edges. Figure
5 shows the restraints assigned to the slabs where the same boundary conditions were applied
at all floors. Given that the horizontally applied displacements and forces during the analyses,
were along the x-axis of the model, the z- and y-axis Degrees Of Freedom (DOFs) were fixed
along the edges of the short span of the slabs (parallel to the y-axis), while the edges found on
the long span of the slabs were restrained in the y-axis in order to avoid any out of plane defor-
mations.

2: y-axis restraint
3: z-axis restraint

Figure 5- Slab boundary conditions

4.2 Loading protocol

The modeled structure was loaded with lateral displacements along the x-axis (displacement-
control) and the members’ own weights were accounted for by the software automatically. Su-
perimposed gravity loads (dead and live) were applied as distributed loads on the slabs. Dis-
placement-controlled pushover analysis was performed so as to evaluate the overall system’s
seismic response (Soil-Foundation-Wall). Since the seismic loads originate at the slab center of
mass and then are transmitted to the lateral forces-resisting system (wall), the imposed displace-
ments were assigned at the floor levels. The relative magnitudes of the assigned displacements
were kept constant and proportional to floor elevations, so as to simulate the induced inertial
forces during seismic events [33]. In this presented research work the building is pushed later-
ally for a maximum roof displacement of 2.5% of its total height (600 mm). Since the distribu-
tion of the prescribed seismic loads/displacements greatly influences the capacity estimates for
the structure at question, a parametric study was performed. It is generally recommended to
consider at least two different profiles [33]. Therefore, four different displacement profiles were
considered in an effort to shed light on any design weaknesses that static analyses are incapable
of detecting. Equation 5 describes the displacement applied at each floor for all considered
profiles, where (x) is the floor elevation from ground level, (L) is the total building height and
(k) is the profile power factor ranging from 1 to 2. Specifically, the four profiles had the fol-
lowing power factors: 1 (linear first fundamental vibrational mode), 1.2 (profile used for the
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original design), 1.5 and 2 (typical cases to be considered representing higher mode effects to
different extents). This sensitivity analysis exercise was performed on the fixed-base model
only for brevity.

Floor Displacement = (%)k (5)

The pushover curves were compared as shown in Figure 6. For k = 1 and 2, the profiles
were deemed not very suitable, as the former uncooperatively exaggerates the capacity while
the latter unrealistically underestimates the capacity since it is associated with extreme higher-
modes-dominated behavior. For k=1.2 and 1.5, they are deemed appropriate seismic capacities
for the structural system. The k value of 1.2 is chosen as it is consistent with the design stage
profile for the original building [12].
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Figure 6 - Pushover curves for different displacement profiles
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Figure 7 — Base shear vs horizontal displacement curves for the fixed base and SSI models
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The following comparisons between the fixed base and flexible base models including dis-
placements, strains and cracking patterns, are based on the k = 1.2 displacement profile. Figure
7 demonstrates the pushover curves of two models as they were subjected to the same displace-
ment-controlled pseudostatic protocol.

5 DISCUSSION OF RESULTS
5.1 Pseudostatic Pushover Loading

5.1.1. Force-Deflection Response

Changing the fixed boundary conditions applied at the foundation level with hexahedral
finite elements (soil base) allows the isolated footing to compress the soil resulting in a more
flexible structural response. Consequently, rotation is allowed at the base which leads to in-
creased lateral displacements (corresponding to some internal stresses relieves) in the super-
structure. In this article, the pushover analysis was performed using displacement-controlled
approach where the building was pushed laterally to 2.5% of the total height, which is 0.025 x
24m = 0.6m. The imposed displacement was applied through the use of 100 displacement in-
crements and an energy-based convergence criterion tolerance equal to 107, Referring to the
pushover curves in Figure 7, the fixed base model demonstrates higher resistance for any spe-
cific imposed displacement value. Key response parameters, such as the initial stiffness (K;)
and secondary stiffness (Kj) for the fixed base and SSI models are evaluated and listed in Table
3.

Ay
__ Fu-Fy
S = Ty (7)

Where Fy is the yield force, Fu is the ultimate force, Ay and Au are the yield and ultimate
displacements, respectively.

Generally, the SSI model exhibits more flexible behavior in comparison to the fixed base
model (higher displacements corresponding to lower forces). For example, the yield displace-
ment is 225% higher for the SSI model, and the initial stiffness is 41% lesser, compared to their
fixed base counterparts. Since lesser stress and strain demands are typically undergone in the
SSI model, the yield force is also lesser, but the secondary stiffness is higher. This is indicative
of lesser superstructure inelastic demands exhibited through higher post-yielding stiffness.
Moreover, the superstructure toughness is reduced by 16%.

Table 3- Key response parameters from Figure 7

Parameter SSI Model Fixed Base (FB) Model SSI/FB
Fy 1,098 kN 1,183 kN 0.93
Ay 0.054m 0.024m 2.25
K; 20,333 kN/m 49,292 kN/m 0.41
Fu 2,382 kN 2,488 kN 0.96
Au 0.162m 0.132m 1.23
K, 11,889 kN/m 12,083 kN/m 0.98
K,/ K; 0.585 0.245 2.39
Toughness 235k] 249 k] 0.94
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Figure 8 shows the numerically predicted deformed shapes for the two models at the ulti-
mate loading conditions. As it can be seen the fixed base model failed at a total horizontal
displacement of 136 mm, where the corresponding displacement for the case of the SSI model
was 169 mm (24.3% larger displacement prior to failure).

0.005

0.00469 =

B |

0.00156

0.00126
0.000937
z
98
t “’ 0000625
X 0.000312
Output Set: Case 22 Time 22@ 0 Output Set: Case 28 Time 28.000
Delormed(0.136): Total Tranataion Contour: Solid Von Mises Strain Delormed(0.169): Total Translation
(a) (b)
Figure 8 — Von Mises strain contours on deformed shape prior to failure of the (a) SSI model (b) fixed

base model.

5.1.2. Strain levels

Based on the numerical findings, the strain concentrations in the RC wall of the fixed model
were found to be higher in the fixed base model due to their high stiffness. This is expected
given the boundary conditions that were applied at the foundation level which does not allow
for any rotation. Figure 8 illustrates the differences in strain levels prior to failure for the two
models. As it can be seen, for the case of the SSI model the lower floors exhibited lower strain
concentrations in comparison to the fixed model at the stage of the maximum horizontal dis-
placement. This is attributed to the ability of the SSI model to allow the isolated footing to
develop rotations (Figure 8b). The strains shown in indicate the high demands from the pusho-
ver analysis, as strain values above 0.003 indicates that the concrete sections are tension-con-
trolled and exhibiting significant yielding according to ACI318-11, Chapter 9 [34].

Moreover, the numerical investigation showed that the fixed base model exhibited a crack-
ing pattern that is dominated by horizontal and diagonal cracks at the bottom region of the RC
wall due to the full rotational restraint of the base. At the point where the maximum horizontal
displacement was applied, the isolated footing developed tensile cracks as well. The full re-
straint of the foundation creates high moments that cause cracking of concrete due to tensile
stress concentrations. Whereas in the SSI model, the crack development in the slabs was found
to be higher. This finding could be attributed to the increased lateral wall displacements as a
direct result of the rotational flexibility of its base. i.e. the additional sway of the wall adds more
bending demands on the slabs given the relative rigidly of the wall.
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5.2 Cyclic Loading

Cyclic displacement-controlled analysis was performed to further investigate the overall
effect of the SSI phenomenon in terms of the overall structural behavior of the considered sys-
tem. The lateral displacement protocol that was imposed on the structure pictorially illustrated
in Figure 9. The resulting hysteretic loops obtained from the analysis can be seen in Figure 10.
It is observed that the force-deformation curves in Figure 10 indicate a somewhat similar seis-
mic response to that presented in Figure 7. The deterioration in the structural response after the
first two cycles, can be easily noticed. The cyclic structural toughness (area enclosed in hyste-
resis loops) the fixed base and SSI models were found to be 677.45 kJ and 643.27 kJ, respec-
tively. The 5% reduction in the cyclic structural toughness is evidently a direct consequence of

5.2.1. Force-Deflection Response

the increased flexibility of the SSI model.

-150
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Figure 9- Cyclic lateral displacement protocol
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Figure 9- Hysteresis curve for fixed base and flexible base models
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Figures 11 illustrate the Von Mises strain levels for the cyclic analysis of flexible base model
at a roof displacement of 0.2m. The cyclic analysis material models that were used to perform
this numerical investigation were based on the work presented by Mourlas et al. [35].

5.2.1. Soil Stress-Strain Response

The soil’s contribution to the overall structural behavior was evident for the analyses per-
formed with the SSI model. Stress concentrations at various locations were captured throughout
the cyclic analysis. As it can be seen in Figures 12 and 13, the von Mises stresses that were
developed under the foundation were not larger than 200 kPa, which indicates that the soil
domain behaved in a linear manner throughout the analysis. In addition to that, it is easy to
observe that the stress contours in the soil medium are controlled by the deformation state of
the shear wall structure and its foundation.

- |
0.00281 .

Figure 10- Von Mises strain contours for the SSI model at the 0.2m roof displacement step.
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Figure 11- Von Mises stress contours for the soil domain at increment 100 (6 = 100 mm)
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Figure 12- Von Mises stress contours for the soil domain at increment 300 (6 =-100 mm)

Based on the numerical findings, it was found that the isolated foundation did not develop

any uplift thus the structure was compressing the soil medium-foundation interface throughout
the cyclic analysis.

6 CONCLUSIONS

Based on the performed nonlinear FEA, the following may be concluded:

e The SSI affects the lateral response of structures by increasing lateral displacement. The
weaker the soil, the higher the rotational release which the system will experience is. Thus,
the difference in displacement between fixed and flexible base systems (for the same base
shear) might not be felt if the soil is very stiff. i.e. when the soil is very stiff, the footing
will not encounter relative displacement that will allow it to rotate.

Regions of high strain concentrations shift when considering SSI effects. In fixed base
systems, strains are higher at the bottom of the walls due to rotational fixity. Whereas in
SSI system, walls behave in a more flexible manner deriving lower strain concentrations.
However, the slabs will experience higher bending demands as the wall exhibits higher
lateral displacements. Higher strain concentrations within the RC structural elements re-
sults in yielding of steel reinforcement, which is a limit state that requires further investi-
gation.

The shear wall of the SSI model develops lower strain concentrations in comparison to the
fixed base model for the same horizontal deformation levels. This numerical finding could
be attributed to the excess flexibility of the SSI model. This additional flexibility stems
from the compressibility of the soil beneath the footing in response to the overturning ef-
fects of the imposed lateral displacements.

The soil domain did not develop any nonlinearities throughout the cyclic analysis, and the
footing did not develop any uplifts. The stress concentrations within the soil medium was
found to be relatively low, highlighting the efficient footing design that did not allow for
any high stress concentrations during the cyclic analysis.
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