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ABSTRACT

Reinforced concrete (RC) structural walls, also known as shear walls, are commonly employed as
lateral force-resisting elements in structures located in areas with moderate-to-high seismic hazards.
These walls significantly enhance a building's lateral strength and stiffness, enabling them to withstand
heavy ground shaking. In certain cases, it may be necessary to incorporate openings in reinforced concrete
shear walls to meet specific performance requirements. However, these openings can alter the force
transmission mechanism, resistance, and stiffness of the wall, significantly impacting its response. This
study evaluates the effect of opening size and placement location on the performance of reinforced
concrete shear walls. The study quantifies the percentage change in natural frequency of RC walls when it
increases or decreases. The investigation aims to identify openings that yield unfavorable outcomes and
determine the optimal locations that meet the dynamic requirements of the walls more effectively
efficiently. The findings reveal that the presence of openings, arranged in various configurations, can exert
have both positive good and negative effects on the natural frequency of the walls. Consequently, this
dynamic property can be subject to an increase of by up to 17% or a decrease of by up to 37%, depending
on the arrangement of the openings.
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1. INTRODUCTION
medium-rise

Many low and
constructions consist of ductile

moment-resisting frames. As the height of the
structure increases, it becomes more effective to
incorporate a frame system working in
conjunction with structural walls to provide the
necessary lateral strength and stiffness [1].
Reinforced concrete (RC) structural walls, also
known as shear walls, are frequently employed
as lateral force-resisting elements in buildings
located in areas with moderate-to-high seismic
hazards. This is because they significantly
enhance a building's lateral strength and stiffness
during intense ground shaking [2]. Shear walls
are often positioned between column lines,
stairwells, elevator shafts, and utility shafts.
They resist lateral forces by transferring wind
and seismic loads to the foundation while
imparting lateral stiffness to the system and
supporting gravity loads. The inclusion of a
well-designed shear wall system within a
building frame substantially improves its seismic
performance, so shear walls are commonly
utilized to increase the seismic strength of
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reinforced concrete structures [3, 4]. Many
structural and architectural criteria, such as the
height-to-length ratio, the presence of apertures,
cross-sectional shapes, and materials, which may
also change their behavior, significantly
impact structural elements' capacity to support
loads [5-7].

To meet functional requirements, openings
may be introduced in reinforced concrete shear
walls [8, 9]. From an architectural standpoint,
these openings facilitate entrances, doors,
ventilation, and windows in internal and external
walls, often found in multi-story structures.
From a structural engineering perspective, the
placement of openings must consider the safety
of the structural resisting elements against
detrimental seismic impacts [10]. The influence
of these openings in walls is often neglected by
designers in order to simplify both designing and
evaluating constructions using finite element
programs. Neglecting these openings may result
in unreal effects on the seismic design of
structures. As a result, it is critical to measure
these apertures' influence on the structures'
lateral stiffness. It is discovered that the greatest
window opening at concrete shear walls that
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might be neglected in modeling because of
simplification will be up to 3% of the total wall
area when 5% of the stiffness ratio RS decrease
can be permitted [11].

These openings can significantly influence
the behavior of the wall by altering its force
transfer mechanism, reducing its resistance and
stiffness, diminishing its ductility, and inducing
stresses that are mnot accounted for in
conventional wall design [12]. Saeed, Najm [13]
conducted a comparative study on the impact of
staggered and regular opening types on the
building, examining properties such as story
displacement, story drift, and base shear. The
experiment showed that shear walls with
periodic apertures exhibit seismic behavior
similar to those with staggered openings.
Another study by Kale and John [14] compared
common and staggered opening types regarding
displacement and base shear while also
considering the period. However, their
comparison only focused on two different
opening types and did not explore a wider range
of geometric variations.

To specify the reinforcement around pierced
shear wall holes, current design provisions
provide generally defined information. In order
to correct this flaw, three-dimensional (3D)
nonlinear pushover calculations on typical shear
wall-dominating  building  systems  were
performed to examine the load capacity and
stress distribution around the apertures by [15];
the study's conclusions show that the stress flow
and crack patterns close to the apertures in the
3D samples were considerably dissimilar from
those anticipated for the 2D situations. The
tension-compression coupling effects caused by
the interactions between walls and slabs greatly
enhanced the overall lateral resistance. It can be
concluded that the closer the openings are to the
edge of the wall, the more decreased strength
they show according to the seismic changes [16].
When the aspect ratio is significant, the shape of
the opening also has a significant impact. Due to
the supply of varying sizes of openings, the
overall lateral displacement of the structures
increases from 0.58% to 20.95%, and the inter-
storey drift increases by roughly 1.04% to
23.63% [17]. In another investigation by [18],
cyclic lateral stress was applied to five slender
RC walls with small openings (one control
specimen without openings and four specimens
with varied openings); regardless of the
opening's size and location, all specimens
demonstrated the same sequence of action. There
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was flexural yielding in every specimen.
Concrete crushing at the compressive side and
buckling of the flexural reinforcement caused the
test specimens to fail. Szczepanski, Manguri [19]
conducted a comprehensive study on the effect
of opening location and size on the natural
frequency of wooden walls with various
opening arrangements.

For both the design of new structures and the
assessment of existing ones in the context of
seismic risk evaluation and mitigation, an
accurate  method for  determining the
fundamental period of vibration is crucial
Asteris, Repapis [20]. This is especially
significant for studying the dynamic behavior of
structures [21]. The weight, stiffness, and
strength distribution in the building's horizontal
and vertical planes determine how a structure
will behave during an earthquake's motion [22].
In comparison to structures without shear walls
or other lateral load resisting systems, buildings
with shear walls with more robust lateral load
resisting capability, evenly distributed mass, and
stiffness in plan and elevation sustain
significantly less damage [23]. However,
openings may decrease their lateral capability,
lowering their stiffness and lateral load capacity
[24]. The fundamental period of vibration is
influenced by the stiffness and mass distribution
along the structure's height [20]. Modeling the
wall as a vertical deep beam yields a relatively
good result for determining the in-plane stiffness
of a shear wall without openings. However, In
the case of a shear wall with openings, it is
problematic to model the wall as a deep beam
because the wall cross section is not consistent
over its length [25]. According to Szczepanski,
Manguri [19], (1), fis directly proportional to
K and inversely related toM . Consequently,
when a wall contains an opening, mass, and
stiffness decrease. However, the extent of their
reduction depends on the size and placement of
the opening. If the value is higher than that of
non-opened walls, then  is increased.

LS

M ()
foL
T )
While ¢ is the natural frequency, K is the

stiffness and M represents the mass. And the
relation of the natural frequency ¢ and
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fundamental period is related in (2). The relation
shows that the natural frequency for a system is
linearly inverse to its time p period

In this paper, an investigation is conducted on
the effect of opening size and location on the
reinforced concrete walls. The study aims to
establish the percentage change in the required
property, whether it decreases or increases.
Given the widespread use of reinforced concrete
structures supported by shear walls globally, it is
crucial to address this dynamic property to
ensure enhanced safety. The data obtained from
various geometries, arrangements, and locations
of openings that may be necessary in
buildings for architectural or mechanical
purposes is considered.

6m

4m

2. SHEAR WALLS- ANUMERICAL
MODEL

This paper investigates the structural
behavior of walls with three different widths
(4m, 6m, and 8m) using CSI SAP2000 software.
Each wall has a height of 14m, representing a
five-story building with each story having a
height of 2.8m. The walls are constructed with a
thickness of 300mm and are assumed to be
supported by line fixes at the base. Figurel
illustrates the structural model of the walls, and
Table 1 presents the properties of the reinforced
concrete (RC) walls.

8m

Fig. (1): - Numerical model of the structural walls without opening.

Table( 1):-Material Properties For The Rc Walls In Sap2000

Element Thickness (mm) Material

Density (kg/m3)

Elasticity modules (MPa)

RC Walls 300

RC 35 MPa

2400 27805.574

The openings with different sizes of 1 m x 2
m and 2 m x 2m were created in different
locations on the reinforced concrete walls in
different cases of optimal locations, horizontal
arrangements and vertical arrangements based
on the Szczepanski, Manguri [19] locations to
verify the most wused cases in the
practical constructions.
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2.1 Optional cases of Opening

Ten optional cases were selected to determine
the dynamic behavior of the three models at
various locations with openings. Considering
both opening sizes, analysis was conducted for
three different natural frequencies for al the
three walls. Figure. 2 illustrates the ten locations
where 1 m x 2 m openings were placed for W1,
which has a width of 4m.
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1 2 3 4 5 6 7 8 9 10

Fig. (2): - Ten optional cases of locations for opening have size 1 for in W1.

2.2 Horizontal opening

Another system used in this study is the
horizontal arrangement of the openings (op) for
walls (see Figures 3, 4, and 5). This arrangement
was implemented across all five stories. In the
W1 model, the spacing between opl type
openings is 1m, with an edge distance of 0.5m

for opl and 1m for op2. For the W2 model, the
spacing between openings is 0.5m and 1m for
opl and op2 types respectively, while the edge
distance is 1m for opl and 0.5m for op2. In the
W3 model, both opl and op2 sizes have a
spacing between openings and an edge distance
of Im.

Fig. (3): - Horizontal cases of openings sizes 1 and 2 on the third and fifth floor for W1.

2.3 Vertical opening

The apertures for the vertical opening system
were arranged in a stacked configuration on each
floor (see Figure. 6). The initial aperture was
located 0.5 meters away from the left edge of the
wall. Subsequently, as the apertures approached
the center, the distance from the edge was
increased by 05 meters at each
consecutive stage.

3. STRUCTURAL ANALYSIS

The modal analysis was conducted using CSI
SAP2000 software to investigate the natural
frequencies (NF) of realistic five-story buildings
[19, 26] .This study focuses on examining the
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impact of openings on the natural frequencies of
the walls. Table 2 presents the first three natural
frequencies of vibration for the reinforced
concrete (RC) walls without any openings. It is
observed that the first natural frequency of the
walls is the lowest among the three types of
natural frequencies, with Wall 1 having the
smallest NF1 value compared to the other walls.
Furthermore, NF3 exhibits the highest vibration
level for all types of walls, and among the three
walls considered, Wall 1 has the highest natural
frequency in the third mode of vibration.
Subsequently, the analysis was performed for
Wall 1 (W1), Wall 2 (W2), and Wall 3 (W3)
with two types of openings. The NF1, NF2, and
NF3 results for all walls with ten optional cases,
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horizontal cases, and vertical cases of openings  are presented in Tables 2, 4, and 5, respectively.

Fig. (4): - Horizontal cases of openings sizes 1 and 2 on the third and fifth floor for W2.

Fig. (5): - Horizontal cases of openings sizes 1 and 2 on the third and fifth floor for W3.

Fig. (6): - The vertical arrangement of openings sizes 1 and 2 for W2.
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- Natural Frequency of Rc Walls Without Opening (Hz)

Wall Length

Table (2)

NF3
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NF2

4.570

NF1
0.731

4m

3.986 4.578
3.111

0.733

6m
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0.734

8m

- Natural Frequency of the Rc Walls with The Ten Positions of Openings
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Table (5): - Natural Frequency of the Rc Walls with The Vertical Cases of Openings
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4. CHANGES IN NATURAL FREQUENCY

A comparison was conducted between NF1,
NF2, and NF3 for both walls without and with
openings. This comparison aimed to assess the
percentage change in frequencies, considering
the size and location of each type. The
percentage change in frequencies (f) was
determined using (3), as previously used by
Szczepanski, Manguri [19].

%D =%*100,i =1:3

3)

The f;shows the natural frequency of the

wall with opening and f; is the natural frequency
of the wall without opening. The effect of the ten
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optional locations of both opl and op2 is
depicted in Figure. 7 for all three wall sizes. The
maximum positive change observed was over
10%, recorded in W1 at the second location for
op2 in the first natural frequency. This location
represents the larger opening in the top left of
the 4m wide wall. Conversely, the most
significant negative impact was approximately
20%, recorded in the 6m wide wall in the same
scenario, but this time at the 9th location. The
9th location represents the case of five openings
in a single wall.
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Fig. (7): - Changes in Natural Frequency for Wall 1 with optional openings.
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Fig. (8): - Changes in Natural Frequency for Wall 2 with optional openings.
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Fig. (9): - Changes in Natural Frequency for Wall 3 with optional openings.

Figures 10, 11 and 12 show the changes in determine the impact of openings on the natural
natural frequencies of horizontal openings in 4m, frequencies of the walls in a horizontal
6m and 10m wide walls respectively. The same arrangement. In this case, the most significant
procedure as for optimal slots was conducted to positive change was observed in W3 with op2 in
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the fifth story. The maximum increase was found occurred when using larger opening sizes. Most
in NF1, with an approximate effect of 17%. of the maximum decreases were observed in the
Conversely, the most significant decrease, lower stories when employing a horizontal
exceeding 35%, was recorded for W3 in the first arrangement, while the maximum increases were
story in NF1, and this significant decrease  observed in the upper levels of the walls.

20
emm@uum D1OP1 eee@ee D2OP] eme@em D30P] em @ oDIOP2 e==@u==D20P2 @<+ D30P2
15

10

Percentage Change of NF d %
o

5 @ “"—‘\:"~
10 T e
-15
-20
1 2 3 4 5

Floor

Fig. (10): - Changes in Natural Frequency for Wall 1 with horizontal openings.
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Fig. (11): - Changes in Natural Frequency for Wall 2 with horizontal openings.
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Fig. (12): - Changes in Natural Frequency for Wall 3 with horizontal openings.
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Figures 13, 14 and 15 illustrate the
fluctuation in the percentages of NF1, NF2, and
NF3 for different opening sizes in the vertical
arrangement for 4m, 6m, and 8m walls
correspondingly. Most cases exhibit a linear
trend, with minimal changes over time.
However, some cases deviate from this pattern,
displaying a curved form. In these instances, the
frequencies experience an increase when the

openings are positioned near the edges with the
minimum and maximum edge distances.
Conversely, the maximum decrease in
frequencies is observed when the openings are
located at the central positions of the wall. The
results of Szczepanski, Manguri [19] also
support our conclusions in terms of performance
but in different amounts due to differences in
materials and application methods on walls.
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Fig. (13): - Changes in Natural Frequency for Wall 1 with vertical openings.
—05—d10p1 se@ee (20p] = @@= d30p] =@ «d10p2 ==@==d20p2 ---®-:-d30p2
X
© X )]
(2} .
z e’
kS PeL
& g -
=]
©
=
o
[o)
oo
s
=
8 -
)
=¥
-15
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Edge Distance (m)

Fig. (14): - Changes in Natural Frequency for Wall 2 with vertical openings.
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Fig. (15): - Changes in Natural Frequency for Wall 3 with vertical openings.

4. CONCLUSIONS

This paper determines the effect of the size
and location of openings on the natural
frequency of reinforced concrete walls using
modal analysis. Different wall sizes are
considered, and the following conclusions are
drawn:

e The size of the walls affected the natural
frequency due to variations in mass and stiffness.
e The opening size, location, and arrangement
have positive and negative effects on the natural
frequency of the walls.

e The study reveals a maximum increase of
approximately 17% and a maximum decrease of
about 37%, indicating that careful selection of
locations can improve dynamic properties.

e Among the optional locations, the highest
natural frequency is observed when the opening
is in the top left. In contrast, the lowest natural
frequency is recorded when the opening is
simultaneously positioned at the bottom, center,
and top of the wall.

e In terms of horizontally arranged openings, the
top of the walls is the most favorable location for
increasing the natural frequency. In contrast, the
bottom of the walls poses the most significant
risk, resulting in lower frequencies.

e vertical arrangement of openings have a lesser
impact on altering the natural frequencies.

e For vertically oriented openings, the preferred
locations for creating openings are the edges, as
they vyield higher frequencies. On the other
hand, the least desirable location is the center of
the walls.
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