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Masonry infill walls are widely used in reinforced concrete (RC) buildings, but
their seismic behavior is often studied using fixed-base models without fully
considering soil-structure interaction. This study investigates the seismic
response of a ten-story, one-bay RC frame with 0%, 30%, and 50% infill openings,
with and without a ground soft story, supported on four soil classes: soft soil, stiff
soil, soft rock, and hard rock. The frame and infill walls were modeled in SAP2000
using equivalent diagonal compression struts, with reduced strut widths for
openings. Soil-structure interaction was represented using a three-dimensional
linear-elastic soil model directly connected to the isolated footings. Linear time-
history analysis was carried out using the 2001 Bhuj earthquake record, scaled to
a PGA of 0.1 g. The results show that soil conditions strongly affect the seismic
response. The highest roof acceleration, about 2.7 g, occurred for regular infilled
frames on stiff soil, while the largest roof displacement, about 241 mm, occurred
for the fully infilled frame on soft soil. Soft-story frames showed higher ground-
story drift, reaching about 1.2% on soft soil. Overall, the critical response varied

with soil condition, indicating that fixed-base analysis may not always identify the

Soft story ;
governing case.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

An earthquake releases stored energy along a fault, sending seismic waves to the surface that shake
the ground, and any building on it. The building's inertia resists that motion, generating the internal
forces engineers design against. Shaking severity depends on magnitude, distance, and, critically,
soil type: soft soils amplify certain frequencies far more than rock, which is the core reason soil-
structure interaction (SSI) matters. The 2001 Bhuj earthquake, used as the input record here, is a
well-documented example of a high-magnitude event whose damage was worsened by local soil
amplification. For buildings, severe inter-story drift can crack masonry infill, damage non-
structural elements, and trigger a soft-story collapse mechanism, whereas one under-braced story
absorbs nearly all the deformation, a pattern well documented in post-earthquake surveys [1-3].
Infill walls are usually treated as non-structural in design, even though they add real stiffness [4].
This is a limitation, since infill stiffens the frame and shortens its period substantially compared to
a bare frame. The standard way to capture this without full finite element meshing is the equivalent
diagonal strut, sized from the relative stiffness of panel and frame [4-6], refined recently through
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cyclic testing [7, 8] and machine-learning-based prediction [9]. Openings reduce panel stiffness
unevenly, and when irregular, can concentrate damage and help trigger soft-story behavior [1-3],
in combination with other measures such as decoupled infill systems or buckling-restrained braces
[10, 11]. Accordingly, the present study investigates bare, fully infilled, and 30%/50%-opening RC
frames, each with and without a soft story, under different soil conditions considering dynamic soil-
structure interaction.

1.1 Soil-Structure Interaction (SSI)

Conventional design assumes a rigid (“fixed”) base. Real soil is flexible, so the building and soil
respond as one coupled system [12]. Two mechanisms matter: kinematic interaction, where the
foundation cannot perfectly track free-field ground motion, and inertial interaction, where the
vibrating structure pushes back into the soil. Both lengthen the effective period and add radiation
damping [12, 13]. Whether that helps or hurts depends on how the new period compares to the
site's dominant period: a close match means resonance and amplification [14, 15]. The
behavior/response-modification coefficient itself has also been shown to be sensitive to inertial
soil-structure interaction [16], compounding the sensitivity to soil stiffness and building
irregularity documented elsewhere [13, 17-23]. Findings across these studies remain fragmented
[24], particularly for infilled frames whose stiffness, and therefore period, changes with infill
openings and soft-story irregularity, which motivates the present paper.

1.2 Review of Related Literature

Beyond the strut-modeling and SSI studies discussed above, several recent works examine how
infill layout, openings and soil flexibility interact. Amritha and Prasanth [25] modeled six- and
eleven-story RC buildings with 0-40% infill openings together with the soil in a three-dimensional
finite element model and found that soft soil increased roof displacement by up to about 21% and
inter-story drift well beyond the fixed-base values, although soft-story irregularity was not varied.
Messaoudi et al. [26] examined the effect of infill position and opening configuration on the seismic
response of fixed-base RC frames, showing that both the location and the size of openings strongly
influence story shear distribution and that removing infill from a story can raise its drift by up to
264%. Dias-Oliveira et al. [27] reviewed infilled-frame seismic behavior and highlighted that
panel-frame interaction effects, beam-column joint detailing, and sliding shear failure of columns
are frequently omitted from simplified infill models, leading to unconservative predictions. Zhang
et al. [28] tested half-height infilled frames experimentally and found that the wall-to-column
height ratio governs whether the frame column fails in bending or in shear, with the masonry
material also affecting the degree of stiffness increase. Gamal et al. [29] studied the interaction
between infill irregularity and dynamic response through modeling full-contact, gap and
asymmetric infill configurations in moment resisting frames. They found that asymmetric infill
placement induces torsional demands that are often ignored in design practice. Manojlovski et al.
[30] presented a sliding flexible connection between infill panels and the bounding frame as a
resilience method, which exhibited reduced damage to the panel-frame interaction compared to
conventional tight-fit infill. Closer to the present scope, Karki et al. [31] evaluated a masonry-
infilled RC frame under both fixed-base and soil-flexible conditions using the site classification of
the revised Nepal building code, and found that soil-structure interaction altered the fundamental
period, peak floor displacement, and inter-story drift ratio relative to the fixed-base case, though
their study did not vary the infill opening ratio or soft-story configuration. Table I compares the
most closely related studies in terms of structural model, infill modeling, opening ratios, soft-story
conditions, soil classes and SSI modeling, and seismic input. Three limitations recur. First, stores
that model openings and soft stores in detail [1, 26] assume a fixed base. Second, studies that model
the soil explicitly [15, 25] consider a single soft deposit or two sand types, and do not vary soft-
story presence together with the opening ratio. Third, the study that spans several code soil classes
[31] uses static procedures, which cannot reproduce the frequency-dependent site and SSI
amplification that controls floor accelerations. None of these studies combines infill opening ratio,
soft-story irregularity and soil classes ranging from soft soil to hard rock within a single time-
history framework with an explicit soil continuum, which is the gap addressed in this paper.
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Table 1. Comparison of the present study with closely related studies

Study Structure Infill Openings  Softstory Base /soiland Analysis and
model SSI model input
Furtadoet 4-story Double 16-65% Yes Fixed base Modal,
al. [1] RC frame strut pushover,
(macro- nonlinear
model) dynamic (6
records)
Messaoudi  6-story, Single 10-90% Yes (15 Fixed base Numerical
etal.[26] 3-bayRC diagonal (reduction layouts) (OpenSees)
frame strut factors)
Amritha 6- and Plate 0-40% Not varied Two sands; Nonlinear
and 11-story, micro- direct 3D soil,  time-history,
Prasanth 3x3 model hardening-soil Kobe 1995
[25] bays and model scaled to 0.36
single g
strut
Santa- Two Infillin  Notvaried  Vertical Soft soil (EC8 Spectral,
Ana- irregular 3D FE irregularity type C); direct pushover,
Lozadaet 10-story model 3D nonlinear nonlinear
al. [15] buildings soil, viscous time-history
boundaries (42 records)
Karki etal. Masonry- Diagonal Notvaried Notvaried NNBC Linear static,
[31] infilled strut 105:2020 soil pushover
RC frame types; flexible
base
Present  10-story, Diagonal 0,30,50% Withand Four classes Linear time-
study one-bay strut without (Vs=175- history, Bhuj
RC frame with 2500 m/s); 2001
opening direct 3D
reduction linear-elastic
soil

1.3 Choice of Analysis Method

Seismic demand can be estimated by equivalent static, response spectrum, nonlinear static
(pushover) or time-history analysis [32]. Static and response spectrum methods rely on fixed-base
design spectra and modal combination, so they cannot represent the frequency-dependent
interaction between a soil column and the structure. Pushover analysis describes capacity and
failure mechanisms but not dynamic amplification. Nonlinear time-history analysis is the most
complete method, but it requires calibrated hysteretic models for the infill, the frame and the soil,
and becomes very demanding for a three-dimensional soil continuum repeated for 7 configurations
and 4 soil classes. Linear time-history analysis was therefore selected. It retains the full frequency
content of the recorded motion and the coupled soil-structure dynamics, namely period
lengthening, site amplification and radiation damping [33, 34], which are the effects under study,
while keeping the parametric study tractable. Its limitations are that it cannot capture infill
cracking, strut degradation, concrete yielding, soil nonlinearity or foundation uplift and sliding. The
results are therefore elastic demand indicators, suitable for comparing configurations and soil
classes, rather than predictions of damage.

1.4 Present Study

Building on this gap, the present study jointly varies infill opening percentage, soft-story
irregularity and soil class within a single modeling framework, which prior studies [15, 25-31]
have not done simultaneously. A one-bay, ten-story RC frame with seven configurations (bare
frame; full infill, 30% and 50% openings, each with and without a ground soft story) is analyzed on
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four IBC 2006 [35] site classes and on a fixed base, using the 2001 Bhuj earthquake record scaled
to a PGA of 0.1 g. In this paper, the term “vulnerability ranking” is used only in a response-based
sense: configurations are ranked by their peak roof displacement, peak floor acceleration and peak
inter-story drift ratio (IDR). No damage states, fragility curves or probabilistic assessment are
derived.

Within this definition, and for the single record and linear-elastic model adopted, the study
examines whether the soil class changes which configuration produces the largest response
compared with the fixed-base case. Whether such changes hold for other records and for nonlinear
behavior remains to be confirmed.

2. Methodology

The structural models were developed and analyzed using SAP2000 Version 21. The RC beams and
columns were modeled as three-dimensional frame elements, and rigid diaphragm constraints
were assigned to the floor slabs to represent uniform movement within each floor. The masonry
infill walls were represented using equivalent diagonal compression struts. The width of each strut
was calculated based on the contact between the infill wall and the surrounding frame, as explained
in Section 2.3.

Define building geometry and material properties
\)

Model masonry infill as equivalent diagonal struts
\)

Assign 4 soil profiles (IBC Class E, D, C, A) and fixed-base reference

l

Apply 2001 Bhuj earthquake time-history record
l

Run linear time-history analysis in SAP2000

l

Extract story displacement, inter-story drift ratio and story acceleration relative to the base
excitation

\)

Compare 7 configurations across 4 soil classes and the fixed base

Fig. 1. Modeling and analysis workflow overview

The foundations were modeled as isolated pad footings placed 2 m below the ground surface. To
study the effect of soil-structure interaction (SSI), four soil conditions were considered: soft soil,
stiff soil, soft rock, and hard rock. All seven structural configurations were analyzed first with fixed
supports and then with the four different soil conditions. This allowed the seismic response of the
frames to be compared under fixed-base and SSI conditions.

2.1 Building Configuration and Material Properties

A 10-story, one-bay RC frame (5 m x 5 m plan, 3.5 m story height) with 230 mm x 600 mm beams
and columns, a 150 mm slab, 230 mm infill walls, and 2000 mm x 2000 mm x 500 mm isolated
(pad) footings at 2 m depth (Fig. 6) was used; material properties are listed in Table II. In the soft-
story configurations the ground story was left without infill (open ground story), while all upper
stories were infilled (Fig. 4).
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Table 2. Mechanical properties of structural materials

Material Strength Elasté;/ll\;ao)dulus Ur(lli{tNV/V;isg)ht Poliélst(i)(r)l's
Concrete fck = 25 MPa 25,000 25 0.20
Masonry infill 5 MPa 2,750 20 0.18
Steel reinforcement fy =415 MPa 1.99x10° 78.5 0.30

2.2 Soil Classification

Four soil types were modeled beneath the isolated footings, representing IBC 2006 [35] site classes
E, D, C and A. The soil domain measured 100 m x 100 m in plan and 30 m in depth in each case
(boundary conditions are described in Section 2.5); soil properties are listed in Table III. The
fundamental period of each 30 m soil column, estimated as Ts = 4H/V; [36], is listed in Table IV
together with the predominant period of the input record (T = 0.27 s, Section 2.4). The soft-rock
column (Ts = 0.24 s) is closest to the record, while the stiff- and soft-soil columns have periods 1.7
and 2.5 times longer.

Table 3. Engineering properties of soil media

. Unit Wt. Elastic Mod.
Soil Type IBC Class Vs (m/s) (kN/m?) (kN/m?) i
Soft soil E 175 15 1.2175x10° 0.30
Stiff soil D 258 17 3.0x10° 0.30
Soft rock C 507 22 1.5x10° 0.30
Hard rock A 2500 24 3.7x107 0.30

Table 4. Fundamental period of the 30 m soil columns (H = 30 m) relative to the predominant
period of the Bhuj record (Tg=0.2745)

Sail type IBC class Vs (m/s) Ts =4H/Vs (s) Ts/Tg
Soft soil E 175 0.69 2.51
Stiff soil D 258 0.47 1.70
Soft rock C 507 0.24 0.86
Hard rock A 2500 0.05 0.18

2.3 Equivalent Diagonal Strut Modeling of Masonry Infill

The stiffness contribution of a masonry infill panel restrained within an RC frame is represented
by an equivalent diagonal compression strut of the same thickness as the infill wall, following the
classical formulation of Hendry [37] in the form given by Agarwal and Shrikhande [38] (Fig. 3). The
effective strut width, w, is obtained from

w = 0.5y ah? + al? (1)

where an and ay, are the contact lengths between the panel and the column and between the panel
and the beam, respectively [37, 38]:

gy = ()" (2)
h T 2\2E,, tsin26
E,h \"*
a, =m|—12—— (3)
E, tsin260

in which Er = 5000Vfu = 25 x 106 kN/m? and En = 550 fn = 2.75 x 106 kN/m? (f = 5 MPa [39]) are
the elastic moduli of the frame concrete and the masonry, Ic = 4.14 x 10-3 m* is the second moment
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of area of the 230 mm x 600 mm column, [, = 1.7465 x 10-3 m* that of the beam web below the slab
(230 mm x 450 mm), h = 3.0 m the clear height of the panel, t = 0.23 m the infill thickness and 6 =
tan-1(h/L) the inclination of the strut, with clear panel lengths L = 4.4 m in the x direction and 4.77
m in the y direction (8x = 34.3°, 6, = 32.2°). These values give an = 1.125 m, o, = 2.160 m and wy =
1.218 m in the x direction, and an = 1.135 m, o, = 2.223 m and wy = 1.248 m in the y direction.

Each panel was represented by two diagonals (Figs. 3 and 4) so that the infill resists lateral load in
both directions. Because a linear analysis cannot deactivate a strut when it goes into tension, each
diagonal was assigned half of the strut area (w-t/2), so that the two diagonals together provide the
lateral stiffness of one compression strut in either loading direction. The struts were pin-connected
at the beam-column joints and carry axial force only.

For panels with openings, the strut width was derived from the lateral stiffness of a finite element
(shell) model of the perforated panel. A lateral load of 10 kN was applied in the plane of the panel,
and the resulting displacement gave a stiffness K=2.015 x 105 kN/m for the solid panel, 1.0 x 105
kN/m for the panel with two 1.2 m x 1.5 m windows (30% opening) and 0.5 x 105 kN/m for the
panel with a central opening (50%). The equivalent strut width of a perforated panel was then
obtained from its stiffness Kop as

Kop L

= 4
E,t ®

Wop
which gives the widths listed in Table V. The corresponding reduction factors R = wo,/w are 0.571
and 0.286 in the x direction for 30% and 50% openings. For comparison, the empirical relation of
Al-Chaar [40] gives 0.574 and 0.350, and that of Asteris et al. [41] about 0.21 and 0.08, so the
adopted reduction lies within the published range and almost coincides with Al-Chaar's value for
30% openings.

Table 5. Lateral stiffness of the infill panels and equivalent strut widths

Panel stiffness K

Opening (kN/m) Wy (m) wy (m) R=we/w(x/y)
0% (solid) 2.015 x 105 1.218 1.248 1.000 / 1.000
0,
30% (two12m x1.5m 1.0 x 105 0.696 0.754 0.571 / 0.604
windows)
50% (central opening) 0.5 x 105 0.348 0.377 0.286 / 0.302

Fig. 2. Finite element model of Fig. 3. Finite element model of Fig. 4. Finite element model of
the bare frame the infill wall the infill wall with a soft story
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2.4 Ground Motion

The 2001 Bhuj earthquake accelerogram (Fig. 5) was used as the input ground motion: local
magnitude 7.6, predominant frequency 3.65 Hz (T; = 0.274 s) and duration 133.5 s. The record was
scaled to a peak ground acceleration (PGA) of 0.1 g. In SAP2000, a time-history acceleration load
acts as a uniform support excitation at all restrained joints.

0.1 -

0.05

150

Time (2)

-0.05

Acceleration (g)

-0.1

-0.15 -

Fig. 5. Input earthquake acceleration time-history used for the dynamic analysis (2001 Bhuj
earthquake in Gujarat, India)

The record was therefore applied at the base of the 30 m soil block (and at its restrained lateral
boundary nodes), not at the ground surface, so the motion reaching the footings includes the
amplification of each soil column. For the fixed-base models, the same record was applied directly
at the column bases.

2.5 Finite Element Modeling in SAP2000

All models were developed in SAP2000. Beams and columns were modeled as linear-elastic frame
elements, slabs as rigid diaphragms and masonry infill as equivalent diagonal struts. The mass was
derived from the self-weight of the members, a superimposed dead load of 1.5 kN/m?, an infill line
load of 14 kN/m (3.0 m x 0.23 m x 20 kN/m?®) and a live load of 2.5 kN/m?, and was lumped at the
joints of every floor. The soil was modeled as a three-dimensional linear-elastic continuum of solid
elements bonded to the isolated footings, giving direct (coupled) soil-structure interaction (Fig. 6).
The bottom and lateral boundary nodes of the soil block were restrained, as shown in Fig. 6, and
no viscous (Lysmer-Kuhlemeyer [42]) dampers or infinite elements were used. The plan extent of
100 m (50 times the footing width and about three times the building height) was chosen to
approach free-field conditions and to limit the influence of waves reflected from the lateral
boundaries on the footing response. Without absorbing boundaries, however, some wave trapping
in the bounded soil block cannot be excluded; its possible effect on the peak accelerations is
discussed in Section 3.6. Linear time-history analysis was performed with 5% damping. The
outputs are the peak story displacement relative to the base of the model, the peak story
acceleration, the floor response spectra (computed from the story acceleration histories) and the
inter-story drift ratio (Section 3.5). The story accelerations are the SAP2000 joint accelerations
relative to the base excitation; they therefore exclude the input ground acceleration and can be
smaller than the input PGA at stiff lower stories. The acceleration amplification factor is defined as

aroof,max (5)
PGA

where aroofmax iS the peak roof acceleration relative to the base of the model and PGA = 0.1 g is the

peak acceleration of the scaled input record.

AF =

3. Results and Discussion

Table VI(A) presents the predominant response period obtained from the 5% damped floor
response spectra. Since modal periods were not extracted, this period is used to describe the
dynamic response of the soil-structure system. For fixed-base models, the periods range from 0.78
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s for the 50% opening frame to 1.2 s for the bare frame. Soft-story frames generally have longer
periods (0.86-1.08 s) than regular frames (0.78-0.86 s). They also show the highest roof
displacement, about 73 mm, compared with 60-70 mm for regular frames. The soft-story and bare
frames reach a roof acceleration of about 0.475 g (AF = 4.75).

Thus, under fixed-base conditions, the soft-story frame gives the highest overall response.
However, the results in Sections 3.1-3.4 show that the critical configuration changes when soil-
structure interaction is considered.

Table 6(A). Predominant period (s) of the response for the fixed base and each soil class

Soft rock Hard rock

Configuration Fixed base Soft soil (E) Stiff soil (D) ©) (A)
Bare frame 1.20 0.42 0.30 1.42 0.25
Full infill 0.86 1.90 0.30 0.26 1.40
Full infill + soft story 1.08 0.52 0.52 0.52 1.60
30% opening 0.80 0.50 0.30 0.20 1.38
0 .
30% opening + soft 0.90 0.52 0.52 0.16  0.50
story
50% opening 0.78 0.52 0.30 0.30 1.40
0 .
50% opening + soft 0.86 0.52 0.30 0.50 0.50
story

Table 6(B). Base Shear of the response for the fixed base and each soil class

Fixed base Soft soil E Stiff soil D Softrock C Hard rock A

Configuration (kN) (kN) (kN) (kN) (kN)

Bare frame 850 700 1,050 900 800
Full infill 1,250 950 1,450 1,300 1,150

Full infill + soft story 1,100 800 1,250 1,050 950
30% opening 1,150 900 1,350 1,200 1,050

30% opening + soft story 1,000 750 1,150 1,000 900
50% opening 1,050 850 1,250 1,100 1,000

50% opening + soft story 950 700 1,100 950 850

Fig. 6. Geometry and boundary conditions of the soil-structure model

The base shear results show that full infill buildings have higher base shear compared with bare
frames because the infill increases the overall stiffness and seismic resistance of the structure. As
the percentage of openings increases from 30% to 50%, the base shear generally decreases due to
reduced infill stiffness. The introduction of a soft story also reduces the base shear compared with
the corresponding infilled models. Among the soil conditions, Stiff Soil D generally gives higher base
shear, while Soft Soil E gives lower values. Overall, the results show that infill configuration and
soil-structure interaction significantly affect the seismic response of the building.
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3.1 Effect of Soft Soil (Class E, Vs =175 m/s)

Under soft soil conditions, displacement was similar for most configurations, except for the fully
infilled frame without a soft story, which exhibited the highest roof displacement (241 mm). The
bare frame showed the lowest roof displacement (83 mm), while the remaining configurations
followed comparable displacement profiles (Fig. 7). These results indicate that soft-story
irregularity and wall openings have only a minor influence on roof displacement in soft soil,
whereas the fully infilled frame without a soft story shows the largest roof displacement. Its nearly
linear displacement profile and its long predominant response period (1.9 s, Table VI(A)) indicate
that this response is dominated by rocking of the stiff infilled frame on the soft soil. In the soft-story
frames, by contrast, deformation concentrates in the open ground story (about 63 mm at the first
floor), which governs their drift (Section 3.5). The corresponding acceleration profiles are
presented in Fig. 8.

e=@==Bare Frame (mm) 260
_. 240
Complete Infill (No Opening, No Soft Storey) (mm) E 220
) ) ~ 200
==@==Complete Infill (No Opening, Soft Storey) (mm) £ 180
(%)
IS
==@==30% Opening (No Soft Storey) (mm) 2 128
30% Opening (Soft Storey) (mm) g- 120
100
e=@==50% Opening (No Soft Storey) (mm) 30
a=@==50% Opening (Soft Storey) (mm) 28
20
0

o 1 2 3 4 5 6 7 8 9 10
Storey number (0 = foundation level)
Fig. 7. Story displacement under soft soil conditions

==@==Bare Frame (g) 1

Complete Infill (No Opening, Soft Storey) (g)

==g==Complete Infill (No Opening, No Soft Storey) (g) 038
==0==30% Opening (Soft Storey) (g) S 06
30% Opening (No Soft Storey) () =
==@=="50% Opening (Soft Storey) (g) § 0,4
==@="50% Opening (No Soft Storey) (g) §
0,2

0 oot

o 1 2 3 4 5 6 7 8 9 10

Storey number (0 = foundation level)

Fig. 8. Story acceleration under soft soil conditions

From the analysis shown in Fig. 8, it is found that in the infill frames with a soft story and the bare
frame, the acceleration is amplified up to 7.4 times at the top of the building, with a peak
acceleration of 0.74g for soft soil, whereas the fully infilled frame without a soft story is amplified
0.96 times, with a peak acceleration of 0.096g. The low acceleration of this frame, together with its
large displacement, is consistent with a long-period rocking response.

3.2 Effect of Stiff Soil (Class D, Vs =258 m/s)

Under stiff soil conditions (Fig. 9), the bare frame exhibits the lowest roof displacement (65 mm),
while the fully infilled frame and the 30% and 50% opening frames without a soft story show the
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highest values (120 mm). Soft-story frames have smaller roof displacements (x108 mm) and, as
the drift ratios in Section 3.5 confirm, smaller maximum inter-story drifts (0.43-0.54% against
0.86-0.91% for the frames without a soft story), and thus a lower drift demand on stiff soil. The
effect of infill openings on displacement is minimal, with response profiles remaining close to those
of the fully infilled frame. The corresponding acceleration responses are presented in Fig. 10.

Bare Frame (mm) 140
==0==Complete Infill (No Opening, No Soft Storey) (mm) 120
==@==Complete Infill (No Opening, Soft Storey) (mm) 100

30% Opening (No Soft Storey) (mm) E 20
==g==230% Opening (Soft Storey) (mm) £
==g==50% Opening (No Soft Storey) (mm) ing 60
==g==50% Opening (Soft Storey) (mm) -‘E"L 40

20
0

o 1 2 3 4 5 6 7 8 9 10

Storey number (0 = foundation level)

Fig. 9. Story displacement under stiff soil conditions

Bare Frame (g) 3
==@==Complete Infill (No Opening, Soft Storey) (g) 25
==g==Complete Infill (No Opening, No Soft Storey) (9) ’

30% Opening (Soft Storey) (g) S 2
==@==230% Opening (No Soft Storey) (g) g
==g=="50% Opening (Soft Storey) (g) g 15
==0==50% Opening (No Soft Storey) (g) g 1

0,5
0

o 1 2 3 4 5 6 7 8 9 10
Storey number (0 = foundation level)

Fig. 10. Story acceleration under stiff soil conditions

From Fig. 10, the infill frames with a soft story and the bare frame show acceleration amplified up
to 6.76 times at the top of the building, reaching a peak of 0.67g under stiff soil. In contrast, the infill
frames without a soft story show much greater amplification, up to 27 times, with a peak
acceleration of 2.7g at the roof. The floor response spectra of these frames peak at 0.3 s (Table
VI(A)), close to the predominant period of the input record (0.274 s); this resonance is discussed
in Section 3.6.

3.3 Effect of Soft Rock (Class C, Vs =507 m/s)

From the analysis in Fig. 11, under soil-structure interaction with soft rock, the bare frame shows
a top displacement of 92 mm, while the fully infilled frame with a soft story records the maximum,
at 97 mm. Soft-story frames with 50% and 30% openings displace 88 mm and 82 mm respectively,
while infill frames without a soft story range from 66 mm to 70 mm. This confirms that soft-story
infilled frames are more vulnerable to earthquake damage, while openings have little effect on
frames without a soft story. Fig. 12 shows the floor-wise acceleration profiles for the bare frame
and all infill configurations, both with and without a soft story and openings.
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Fig. 11. Story displacement under soft rock conditions
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Fig. 12. Story acceleration under soft rock conditions

From Fig. 12, the infill frame with a soft story shows acceleration amplified up to 3.52 times at the
top of the building, reaching a peak of 0.352g under soft rock conditions. The fully infilled frame
without a soft story shows greater amplification, at 7.12 times with a peak of 0.712g, while the bare
frame amplifies only 0.46 times, peaking at 0.046g. The response spectrum of the fully infilled
frame without a soft story peak at 0.26 s, again close to the predominant period of the record,
whereas that of the bare frame peaks at 1.42 s, far from it. The bare-frame value is below the input
PGA because the reported accelerations are relative to the base excitation (Section 2.5).

3.4 Effect of Hard Rock (Class A, Vs = 2500 m/s)

Fig. 13 shows that, under soil-structure interaction with hard rock, the bare frame has the minimum
top displacement, at 62 mm, while the fully infilled frame without a soft story records the
maximum, at 100 mm. Frames without a soft story with 30% and 50% openings both show 86 mm,
while soft-story frames with full infill, 30%, and 50% openings displace 85 mm, 75 mm, and 70 mm
respectively. This shows that infilled frames without a soft story have the largest roof
displacements on hard rock, although the soft-story frames still show the largest ground-story drift
(Section 3.5), while openings have little effect in that configuration. Fig. 14 shows the floor-wise
acceleration profiles for the bare frame and all infill configurations, with and without a soft story
and openings. From Fig. 14, the infill frames with a soft story and 30% or 50% openings show
acceleration amplified up to 2.63 times at the top of the building, reaching a peak of 0.263g under
hard rock, whereas the fully infilled frame with a soft story reaches 0.065g. The frames without a
soft story show a much lower peak acceleration of 0.045g, while the bare frame peaks at 0.236g.
The frames without a soft story respond at predominant periods of about 1.4 s (Table VI(A)), far
from the dominant period of the record.

11



Shilpa et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

==@==Bare Frame (mm)

==@==Complete Infill (No Opening, No Soft Storey) (mm) 150
Complete Infill (No Opening, Soft Storey) (mm)

=@=30% Opening (No Soft Storey) (mm)

. £ 100
=@=30% Opening (Soft Storey) (mm) e
=@="50% Opening (No Soft Storey) (mm) £
=@=50% Opening (Soft Storey) (mm) % 50
7
=)
0

0 1 2 3 4 5 6 7 8 9 10
Storey number (0 = foundation level)

Fig. 13. Story displacement under hard rock conditions
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Fig. 14. Story acceleration under hard rock conditions

3.5 Inter-Story Drift Ratio

Because roof displacement does not reveal where deformation concentrates, the inter-story drift
ratio of story i was evaluated as

u; — u'_l
= ———x100 (6)

h;

where u; is the peak displacement of floor i and h; = 3.5 m is the story height. The IDR profiles are
shown in Fig. 15 and the maximum values in Table VII. Because only peak-displacement envelopes
are available, and peak floor displacements need not occur at the same instant, these drift ratios
are approximate; they are used to compare configurations and soil classes.

IDR;

On soft soil, soft rock and hard rock, the largest drift occurs in the ground story of a soft-story frame:
1.14-1.20% on soft soil, 0.46-0.51% on soft rock and 0.43-0.57% on hard rock. These values are
three to six times the ground-story drift of the corresponding frames without a soft story (0.09-
0.29%), whose maximum drift occurs in the upper stories. On these soils the soft-story frames are
therefore the most critical configuration for drift-controlled damage, even where their roof
displacement is smaller, and the ground-story drift of the soft-story frames on soft soil is 2.1-2.7
times the hard-rock value, showing that soil flexibility amplifies the soft-story mechanism rather
than relieving it. Stiff soil is the exception. There, the frames without a soft story, which respond in
resonance with the input (Section 3.6), reach the largest drifts of that soil (0.86-0.91%, in the top
story), whereas the soft-story frames reach 0.43-0.54% in the upper stories and only 0.20-0.23%
in the ground story. The governing configuration for drift therefore also depends on the soil class.
For the fully infilled frame on soft soil, part of the 0.71% upper-story drift comes from rigid-body
rotation (rocking) of the building and does not deform the story. For reference, IS 1893 (Part 1)
[43] limits story drift to 0.4% under design forces. The ground-story drift of the soft-story frames
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on soft soil exceeds this value by a factor of three, although the input PGA of 0.1 g is well below the
design level for high-seismicity zones.

Table 8. Maximum inter-story drift ratio (%)

Configuration Soft soil (E) Stiff soil (D) Softrock (C)  Hard rock (A)
Bare frame 0.34 0.34 0.37 0.34
Full infill 0.71 091 0.26 0.40
Full infill + soft story 1.20 0.43 0.46 0.57
30% opening 0.57 0.86 0.26 0.40
30% opening + soft story 1.20 0.43 0.46 0.49
50% opening 0.57 0.91 0.29 0.46
50% opening + soft story 1.14 0.54 0.51 0.43
10
9
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—@— Bare frame —&— Full infill = <0< Fullinfill + soft storey
——&—— 30% opening = <A = 30% opening + soft storey —— 50% opening

= == 50% opening + soft storey

Fig. 15. Inter-story drift ratio profiles: (a) soft soil, (b) stiff soil, (c) soft rock, (d) hard rock. The
dash-dot line marks the 0.4% drift limit of IS 1893 (Part 1) [43]

3.6 Physical Interpretation of the Acceleration Amplification

Four mechanisms are considered for the very high accelerations of the infilled frames without a
soft story on stiff soil (up to 2.7 g, AF = 27). Resonance. The input record has a predominant
frequency of 3.65 Hz (Tg = 0.274 s). The floor response spectra of the three infilled frames without
a soft story on stiff soil all peak at 0.3 s (Table VI(A)), with roof spectral accelerations of 20-21 g.
Their response is therefore concentrated at the dominant period of the input, which is the condition
for resonance. The same frames on soft rock respond at 0.20-0.30 s and show the second-highest
amplification (AF up to 7.1). On soft soil and hard rock, their predominant periods (0.5-1.9 s and
about 1.4 s) are far from Tg, and their roof accelerations are low (AF < 4.4 and about 0.45). The
soft-story frames on stiff soil respond at 0.52 s, away from the energy of the input, and reach much
smaller accelerations. The stiff-soil column itself (Ts = 0.47 s, Table IV) lies between the record
period and these structural periods and may further amplify the motion reaching the footings. The
extreme amplification is therefore attributed to resonance between the soil-structure system and
the dominant frequency of the input motion.
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Higher-mode response. The sharp minimum of peak acceleration at stories 7-8 followed by a rise
at the roof (Figs. 8, 10 and 12) is characteristic of a strong second-mode contribution. For a flexural
(braced-cantilever) response, which is typical of fully infilled frames, the node of the second mode
lies at about 0.78 of the height, i.e. between stories 7 and 8 of this building [32]. The story masses
are assigned at every floor through the slab, beam, column and infill loads (Section 2.5), so the dip
is not caused by a floor without mass. The same story-8 minimum also appears in the displacement
profiles of the frames without a soft story on stiff soil (Section 3.2).

Bounded soil domain. The lateral and bottom boundaries of the soil block are restrained and have
no absorbing elements (Section 2.5). Waves radiated by the footing can therefore be partly
reflected back, reducing the radiation damping that a semi-infinite soil would provide and possibly
trapping energy in the soil column. This may contribute to the peak accelerations on the softer soils,
and the values should be regarded as upper estimates.

Linear-elastic behavior. A floor acceleration of 2.7 g would require an inertial force far above the
lateral strength of a real infilled frame. In an actual earthquake, diagonal cracking of the infill at
small drifts, sliding along bed joints, and cracking and yielding of the concrete would reduce the
stiffness, lengthen the period and dissipate energy, capping the floor accelerations well below this
value. The linear-elastic accelerations reported here therefore indicate the elastic demand and the
relative sensitivity of each configuration to the soil class, not the accelerations that would actually
be attained. This is listed as a limitation in Section 5.

4. Comparative Analysis of Results

Table 8 compares the present results quantitatively with published studies of masonry-infilled RC
frames with openings, soft stories or SSI.

Table 8. Quantitative comparison with related studies

Study Configuration and Displacement / Drift Other findings

input

period

Messaoudi et
al. [26]

6-story, 3-bay; fixed
base; strut model

Full infill: top

displacement -54%

vs bare frame

Soft-story layouts:
drift up to +264%
vs full infill

Base shear +278%
(full infill vs bare)

Furtado et al.

[1]

4-story; fixed base;
nonlinear dynamic

Openings: natural
frequency = -20%

Openings: initial
- stiffness and peak
base shear ~ -20%

6- and 11-story;
direct 3D soil;
nonlinear time-
history, 0.36 g

Amritha and
Prasanth [25]

Roof displacement,
soft vs stiff sand:
+3.6% to +20.7%

Fixed base
underestimated
damage states

IDR 0.73-1.4% with
SSIvs 0.35-0.36%
fixed base

Santa-Ana- Irregul.ar 10-st9ry; Period elongation  First-story drift up Damage 1ndex. > 1
Lozadaetal. 3D nonlinear soil; 42 i despite meeting
31% and 75% to 5x fixed base
[15] records drift limits
. Infilled frame; NNBC Pel.“lod and peak . . Fixed base gave
Karki et al. . . displacement IDR increases with . .
soil types; static and . . . higher capacity
[31] ushover increase as soil flexible base and damage level
P rigidity decreases &
Roof displacement, Soft-story grourt)d
. story: 1.14-1.20% -
soft soil vs hard (soft soil), 0.43— Roof AF up to = 27
10-story, one-bay; rock: 241 vs 100 mm 0.579% (har'd Il'ock) (elastic) for
direct 3D elastic soil; (full infill); =7 * regular infilled
Present study 3-6x regular

linear time-history,

predominant period
Bhuj scaled to 0.1 g 0.86 s (fixed base) to

1.9 s (soft soil) for
full infill

frames on stiff soil,
responding at the
record period

frames; on stiff soil
the regular frames
govern (0.86-
0.91%)
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Amritha and Prasanth [25] reported inter-story drift ratios of 0.73-1.4% with SSI, against about
0.35% for the fixed base, and roof displacement increases of up to about 21% between stiff and soft
sand. The present ground-story drift of 1.14-1.20% for the soft-story frames on soft soil is of the
same order, although it results from a record scaled to a PGA of only 0.1 g compared with their 0.36
g. The soil effect on roof displacement is much larger here (up to 2.4 times between hard rock and
soft soil for the fully infilled frame). This is because the slender one-bay frame (height-to-width
ratio 7) on pad footings rocks strongly on soft soil, whereas their 3 x 3-bay buildings rested on a
raft. Santa-Ana-Lozada et al. [15] found that SSI increased the first-story drift of an irregular ten-
story infilled building on soft soil up to five-fold and lengthened the fundamental period by 31-
75%. The present results agree on the concentration of drift in the lowest story: on soft soil, the
ground-story drift of the soft-story frames is 2.1-2.7 times the hard-rock value. For the fully infilled
frame, the predominant response period on soft soil (1.9 s) is more than twice the fixed-base value
(0.86 s), a larger shift than their 31-75% because rocking of the slender one-bay frame dominates
its response on soft soil.

For fixed-base frames, Messaoudi et al. [26] reported drift increases of up to 264% when infill was
omitted from individual stories. This is consistent with the three- to six-fold ratio found here
between the ground-story drift of soft-story and regular frames on soft soil, soft rock and hard rock.
Furtado et al. [1] found that openings reduced stiffness and base shear by about 20%; in the present
model, 30-50% openings reduced the roof displacement of the soft-story frames by up to 18% on
hard rock and had little effect on the regular frames. Karki et al. [31], using static procedures,
likewise found that the period, peak floor displacement and inter-story drift increased as soil
rigidity decreased. The present results reproduce this trend for the drift of the soft-story frames
and for the roof displacement of the regular frames, but not for every response quantity: floor
accelerations of the regular infilled frames peaked on stiff soil rather than soft soil, an effect that
static procedures cannot capture.

5. Conclusions

This paper presented a parametric study of the seismic response of a ten-story masonry-infilled RC
frame with 0%, 30% and 50% infill openings, with and without a ground soft story, on four soil
classes and a fixed base, using linear time-history analysis with direct soil-structure interaction.
The main conclusions and their implications for design are as follows.

e The soil class changes which configuration governs each response parameter. On soft soil,
the fully infilled frame without a soft story governed roof displacement, largely through
rocking. On stiff soil, the regular infilled frames governed floor acceleration. The soft-story
frames governed inter-story drift on soft soil, soft rock and hard rock, whereas on stiff soil
the regular infilled frames, which responded in resonance with the input, governed both drift
and floor acceleration. A ranking based on a single response parameter, or on a fixed-base
analysis, can therefore misidentify the critical configuration.

e Roof displacement is not an adequate measure of risk for soft-story frames. On hard rock
their roof displacement was smaller than that of the regular frames, yet their ground-story
drift was three to six times larger (as it was on soft soil and soft rock) and was further
amplified by soil flexibility (2.1-2.7 times from hard rock to soft soil). Drift checks for open-
ground-story buildings on soft sites should therefore be made with a flexible-base model, in
addition to the soft-story strengthening required by IS 1893 (Part 1) [43].

e The effect of SSI on floor acceleration depends on how the soil-structure system responds
relative to the dominant period of the ground motion. On a fixed base, the soft-story frames
were the critical configuration; on stiff soil, the regular infilled frames responded at the
predominant period of the record and produced the largest elastic floor accelerations of the
study. Fixed-base design spectra, and code provisions that permit reduced base shear for SSI,
may therefore be unconservative for stiff infilled buildings on stiff soil sites, particularly for
acceleration-sensitive non-structural components.

e As a screening criterion, an SSI analysis may be considered in place of the fixed-base
assumption when the structure-to-soil stiffness ratio h/(VsT) exceeds about 0.1 [34], where
h is the effective height of the building and T its fixed-base period, or when the flexible-base
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period lies within about +30% of the site period Ts = 4H/Vs. The second criterion is suggested
by the present results and should be verified with further records. In these cases, the design
spectrum should be entered at the flexible-base period, and both drift and floor acceleration
should be checked against the governing soil class rather than a single assumed worst case.

e Openings of 30-50%, modeled by reducing the strut width according to the finite element
stiffness of the perforated panel, reduced the roof displacement of the soft-story frames by
up to 18% and had little effect on the regular frames. Their influence was secondary to that
of the soft story and the soil class.

5.1 Limitations

The study has some limitations. First, only the 2001 Bhuj earthquake record, scaled to 0.1 g PGA,
was used; therefore, the results may vary with different ground motions. Second, the frame, infill,
and soil were assumed to behave linearly, and effects such as cracking, yielding, soil nonlinearity,
uplift, and sliding were not considered. Hence, the reported acceleration amplification and drift
values represent elastic responses. Third, the soil model used restrained boundaries without
absorbing elements, which may affect the peak response. The study also considered a single one-
bay frame, while out-of-plane infill behavior was neglected. In addition, predominant response
periods were used instead of modal periods. Future studies should consider nonlinear analysis
with multiple earthquake records, absorbing boundaries, multi-bay frames, layered soils, and
groundwater effects to provide a more comprehensive assessment of soil-structure interaction.
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