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Abstract

This research attempts to investigate the effect of shear wall openings on the response reduction factor. Openings are
commonly necessary because of other engineering disciplines’ requirements. When openings are modest in proportion to
the size of the wall, their effects are frequently disregarded. On the other hand, when these openings are large or located
in a high-risk area, they can have a significant impact. A broad literature review has been conducted in the present study.
A verified comparative example consisting of eight stories was studied. Then, a numerical study has been conducted on
two different model sets with 16 and 8 stories, which were designed according to the Egyptian code of loads, ECP-201
(2012), and checked according to the Euro code, EC8 (2004). ETABS software was used to conduct pushover analysis
before and after applying different-sized openings. The ground-opening effect has also been studied. The results show that
by increasing the opening area, the R-factor was reduced. It is more influenced by the opening height than the width,
though. By increasing the number of stories, the reduction percentage in the R-Factor increased for openings that are less
than 30% of the wall area. The R-factor increases slightly when half of the reinforcement bars are added.

Keywords: Reduction/Modification Factor (R); Pushover Analysis; Nonlinear Static Analysis; Shear Walls with Openings; Spandrel;
Coupled Wall; Modelling; Dual System; Multi-Story Buildings.

1. Introduction

Wind and earthquake loads have different design requirements than gravity (dead and live) loads. Due to the
frequency of loading conditions, wind loads are a primary requirement. Structures in high-seismic locations are built to
endure lateral movements as well. Structures are normally built to withstand lateral wind loads that represent about 1%
to 3% of their total weight. However, earthquake loads can reach 30-40 percent of the structure's weight, which may
result in extraordinarily heavy and expensive structures if the same elastic design principles were used. As a result, the
concepts of controlled damage and collapse prevention are used in earthquake design, and the R-factor's importance
appears clearly.

Reinforced concrete structural shear walls have long been known as one of the most effective lateral force resisting
techniques for buildings subjected to earthquakes and wind. Their high stiffness can reduce or eliminate damage to
nonstructural components, and they can provide enough strength to withstand moderate to intense ground shaking with
just minor structural damage. The implementation of openings in shear walls is frequently required as a result of other
engineering disciplines' needs. When the openings are small in comparison to the wall dimensions, their impacts are
often overlooked [1]. When these openings are quite wide or placed in a critical region, however, they can have a
significant impact on the seismic performance of RC walls. "Coupled walls" are shear walls with openings, as shown in
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Figure 1. These walls act as cantilevered walls with coupling beams connecting them. For bending and shearing effects,
coupling beams might be a spandrel or lintel. These openings indicate a weak region through which the fracture might
pass due to its low stiffness and may lead to failure as shown in Figures 2 to 4. So, the value of the modification factor
may be affected by these openings.

Many researchers have conducted experimental and finite element investigations to illustrate the influence of these
openings. The majority of these studies on shear walls with openings focused on the relationship between opening
features and displacement, rather than the influence of these opening parameters on the response reduction-modification
factor (R). As a result, there was a strong desire to discover how these openings would affect the R-factor and hence the
design. The Egyptian code hadn’t mentioned any factor that could be used to take into consideration the impact of these
openings and be satisfied with a fixed factor for buildings that have shear wall systems. In this research, the influence
of these openings on the R-factor is clarified and calculated using nonlinear behavior.

Nonlinear pushover analysis is applied to a finite element model designed according to the ECP-201 (2012) [2] using
a finite element program ETABS [3] to determine the (R) factor value. An eight-stories building has been modelled
using ETABS and SAP2000 [4] software. Walls are defined as fiber- and layered-shell elements in these models. Then,
a pushover analysis was conducted. The results were concluded and compared with the original paper results [5]. A
numerical study was carried out for two different limited ductility buildings, which have been well designed for ground
motions, Ag/g = 0.25, spectrum type (1), according to the Egyptian code. Then, pushover analysis was conducted on the
two models with 16 and 8 stories without openings, and after applying different sizes of openings to every model to
assess the effect of the openings’ area, width, height, and number of stories on the (R) factor. The lintel beam above the
opening has been defined by two different methods. The difference between defining a lintel beam as a wall segment or
a spandrel has been clarified. In addition, half of the reinforcement bars that had been cut to conduct openings have been
added on either side of the opening to explore its influence on the R-factor. The results are discussed, and
recommendations are given.

Solid shear wall Coupled shear wall ~ Shear wall with staggered band of openings

RHEE

Assymetrical coupled  Shear wall Shear wall with two  Shear wall with three
shear wall with wide base bands of openigs bands of openigs

Figure 1. Typical types of shear walls [6]

\E@@@@&EE@&@E[

Figure 2. Damage at the discontinuity [7]
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Figure 4. Coupling Beam Failure [8]

2. Research Methodology

This study aims to present the impact of shear wall openings on the R-factor and its relation to the value mentioned
in the Egyptian code. It shows the flowchart of all the steps to achieve its objective. Firstly, data is collected from
different sources. Then, a literature review concerning the subject is conducted, the different methods of evaluating the
R-factor are reviewed, and study models are chosen. Finally, the results of the research are presented, and a conclusion

is obtained.
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Figure 5. Flowchart of the research methodology

3. Previous Studies on RC Shear Walls with Openings

Many literature reviews were conducted for shear walls with different types of openings, different in geometry,
locations, usage, and arrangement. Most of these studies dealt mainly with the effect of the previously mentioned types
on the base shear. Table 1 illustrates some of these studies and summarizes their major findings.

Table 1. Previous Research on Shear Walls with Openings, Variables, and Major Findings

Variables of the research

Main findings

Deflection, Bending moment,
Shearforce and the consequences
of openings in concrete shear
walls.

e Opening decreases lateral carrying capacities of shear walls.

o Shear walls have a delay in opening deformation as compared to the whole
panel at the yielding load level.

e The behavior and performance of shear walls with openings, decreasing
their role in lateral load-carrying capacity.

Author Type of Study
Finite element
Khatami et al. simulation
(2012) [9] (ANSYS
software)
Finite element
Chowdhury et simulation
al. (2012) [10] (ETABS
software)

The behaviour of a shear wall
containing an opening when
subjected to seismic loads.

e The larger the opening, the more displacements the building allows, and
this tendency continues as the storey level rises. In terms of displacement
at the topmost storey level, thickening the wall around door openings is
more effective than that around window openings. Furthermore, opening
in the shear wall in plane of loading is more essential than opening in the
shear wall out of the plane of loading since there is a considerable shift in
displacement following opening in the shear wall in the plane of loading.
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Rajesh et al.
(2014) [11]

Finite element
simulation
(SAP2000
software)

The seismic behavior of this shear
wall such as aspect ratio of walls,
reinforcement detailing aspects,
and presence of openings.

Improve ductile detailing in lower 2 stories by using boundary elements
improves the wall base shear capacity and the ductility.

Presence of openings reduces the shear capacity and causes a reduction of
the post-yield stiffness and decreases the deformation capacity of the wall.
Decrease the aspect ratio of the shear-wall decreases the base shear
capacity of the building.

Itware &
Kalwane (2015)
[12]

Finite element
simulation
(STAAD PRO
software)

The effects of openings in shear
wall on seismic response of
structures.

The size of openings, rather than their placement in the shear walls, affects
the stiffness of the shear wall structure for opening areas less than 20% of
the shear wall area. The stiffness of the system is considerably impacted by
the placement of openings in shear walls when the opening area exceeds
20% of the shear wall area. The effects of horizontal placement of door
openings of 1x2.1 m on the stiffness of the system may be ignored.
However, the stiffness of the system is substantially affected by the vertical
placement of the window opening.

Sharma et al.
(2015) [13]

Finite element
simulation

Different types of openings in
shear walls, Volume of reduction
in the shear wall due to openings.

Displacement and drift are not only dependent on the size of the opening,
but the shape of the opening also plays a major role when the aspect ratio
is large. The overall lateral displacement of the buildings increases from
0.58 % to 20.95 % and inter-storey drift increases about 1.04 % to 23.63 %
because various sizes of openings in shear walls are provided in
comparison to shear walls without openings.

Reduction in shear wall volume due to opening is incorporated by
increasing the size of the adjacent boundary elements, stiffness tends to
increase compared to the first case. Thus, overall lateral displacement and
inter-storey drift of the buildings decrease by 0.13 % to 17.65 % and 0.34
% to 21.45 % respectively as compared to the first case.

Gandhi et al.
(2015) [14]

Finite element
simulation
(STAAD PRO
software)

The effect of size and location of
the openings in shear walls.

There is a direct correlation between the opening percentage and the
deflection.

Opening increases bottom Stresses around the opening.

When the percent of opening exceeds 40% the deflection and stresses
around opening increase more rapidly.

Eccentric zigzag with a 20% opening has a lower deflection than Eccentric
Straight, which has the highest deflection, and concentric loading has a
lower deflection than Eccentric Straight.

Kankuntla et al.
(2016) [15]

Finite element
simulation
(SAP software)

The performance of a shear wall
with an opening in the middle.

The existence of openings in a shear wall reduces the shear wall's strength
and rigidity.

Because the rigidity of the shear wall with openings diminishes, the column
moment and axial force rise as the size of the opening increases.

As the length of the shear wall in the plan rises, the opening impact
decreases, and the form of the opening dose not influence the structure's
reactions, but the height and breadth of the apertures do.

The stiffness and responsiveness of structures with opening areas less than
15% are impacted by the size of openings rather than their placements.
However, opening sites in shear walls with opening areas of more than 15%
have a significant impact.

Jagadale et al.
(2016) [16]

Finite element
simulation
(ETABS
software)

The performance and the
behaviour  of  vertical and
staggered opening.

The staggered opening had a better performance than the vertical. The base
shear is less for the staggered openings. The base shear without opening is
more as compared to opening and also observe that the time period is more
with a comparison of vertical opening without opening.

Khatavkar et al.
(2017) [17]

Finite element
simulation
(ETABS
software)

Vertical and staggered opening
arrangements  effect on the
efficacy of shear walls.

In terms of displacement, storey drift, and storey shear, a regular structure
with a shear wall with a staggered opening produces superior results.
Structures with staggered openings offer superior outcomes in terms of
displacement, storey drift, and storey shear in both directions in the case of
irregular buildings (H-shaped and T-shaped). However, in the instance of
an L-shaped irregular structure with vertical openings, the displacement
and base shear in the Y-direction were both satisfactory.

Swetha et al.
(2017) [18]

Finite element
simulation
(ETABS
software)

Base shear, storey displacement,
storey drift, storey acceleration,
and time period

The timing, displacement, drift, base shear, and overall seismic response
of the structure are all affected by the opening position.

Shear wall with staggered apertures has 1.25 percent lower base shear than
a shear wall with vertical openings and 3.67 percent lower base shear than
shear wall with horizontal openings.

Shear wall with staggered apertures demonstrated 1.35 percent greater time
period and storey acceleration than a shear wall with openings oriented
vertically and horizontally, and about 3% higher than a shear wall without
openings.
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Finite element

Hosseini (2017) simulation
[19] (ETABS
software)

Shear walls cases with openings
and Without openings

Shear walls could decrease the shear force in the columns and increase the
moment in the columns.

No significant difference in shear force and moment provision of 20%
opening in the shear wall.

Finite element

The effect of the openings on the
performance of the wall panels

It is recommended to keep the locations of the openings closer to the neutral
axis to design the walls with circular openings.

The spacing between the flexural and shear reinforcements could be
decreased to improve the moment and shear capacities of the wall.

A higher-strength concrete could be used to provide the wall with a higher
axial loading capacity.

Zhang (2018) simulation
[20] (ABAQUS
software)
Finite element
Yadav et al. simulation
(2019) [21] (ETABS
software)

The location and
openings in shear walls

types of

It is observed that deflection, Bending Moment ,and Shear Force increases
as the size of the opening increases.

The opening should be of minimum size and number as the height of the
structure goes on increasing.

Alimohammadi Finite element

Shear wall has a constant cross-
section by applying different
shapes of opening square, circular
and rectangular.

Opening affects the resistance/hardening of the models.

Strength decreased by decreasing the distance between the opening and the
wall edge.

Opening could reduce the seismic properties of the shear wall up to 50
percent on the stiffness, ultimate load, and energy absorption, but the
strength and ductility of the reduction are variable depending on the type and
form of openings.

simulation
et al. (2019) (ABAQUS
(22] software)
Finite element
Ma’moun simulation
(2020) [23] (ETABS
software)

The R-factor of RC structures
with shear walls with different
sizes of openings.

An increase in the storey height by 11% causes a decrease in the RMF value
by 10%.

The ratio between opening sizes to the area of the shear walls affects the
RMF.

The decrease is compensated with the ductility in shear walls with openings
by redesigning the boundary elements in shear walls.

Openings affect the maximum base shear and the maximum displacement
that causes a decrease in the RMF values, due to the reduction in the Rs and
Ru.

Finite element

Varma et al. simulation
(2021) [24] (ETABS
software)

The effect of openings on the
storey drift, stiffness, and
stresses.

When the opening is located at a higher storey level, the total deflection
decreased.

The ground storey has the maximum total deflection.

Total displacements are higher when openings are supplied towards the
edges of the walls than when openings are placed in the centre of the wall.
When compared to shear walls placed in the middle of the bay, providing
shear walls at the corners of the frame produces good results.

Experimental and

Finite element

Zhang et al. simulation
(2022) [25] (ABAQUS
software)

The effect of  openings
arrangement on the failure mode,
ultimate  loading  capacities,
energy dissipation capacities, and
stresses.

The placement of openings has a clear impact on the residual ductility of
post-opening RC shear walls.

Opening many holes vertically is preferable to opening multiple holes
horizontally.

Post holes drastically limit the shear wall's energy dissipation capability.
The location of post-openings has an impact on the shear wall's failure mode.
The vertical reinforcement near the opening bear’s greater stress.

Finite element
simulation
(SAP2000)

Fares (2021)
[26]

The effect of openings on the
lateral stiffness.

Enhance the size of the openings at shear walls to increase lateral
displacement and hence reduce the structure's lateral stiffness.

When 5% of the stiffness ratio RS decrease may be permitted, the greatest
window opening at concrete shear walls that can be overlooked in modelling
owing to simplification is determined to be up to 3% of the total wall area.
The influence of openings on lateral deflection and stiffness can be reduced
by raising the wall aspect ratio H/B.

A typical door in normal usage with dimensions of 1.00 x 2.00m reduces the
rigidity of a 3x3m solid wall by 60%.

4. Concept For Determining Response Modification Factor (R)

In the past, it was useless to design buildings to withstand earthquakes and wind. Most structures were constructed
just for gravity loads (dead and live), but there is now an urgent need to consider lateral loads as well. The design criteria
for lateral loads differ significantly from those for gravity loads. Lateral loads are less likely to occur. As a result,
designing a structure to bear lateral force at the elastic performance level will not be cost-effective. In particular,
earthquake loads can reach 30:40 percent of the structure's weight, compared to only 1:3 percent for wind loads. Inelastic
performance levels of controlled damage and collapse prevention should be considered as a result.
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The main seismic design tool, response modification factors (R), shows the predicted inelasticity level in structural
systems. The R factor has many different definitions and names according to the various codes, IS 1893 (Part 1): (2002)
[27] defines R as “response reduction factor”, ASCE 7:(2005) [28] defines it as “response modification coefficient”, the
Euro code - 8 [29] defines it as “behavior factor” (g), and the Egyptian code ECP-201 (2012) [2] defines it as “response
modification factor (R-factor)”. R factor mirrors the ability of a structure to dissipate energy through inelastic
performance levels and is used to reduce the design forces that enable us to have an economical structure. The factor
accounts for the nonlinear response of a structure by taking advantage of the fact that structures possess significant
reserve strength and capacity to dissipate energy, called over strength and ductility, respectively (ATC (1995a) [30],
Borzi & Elnashai (2000) [31], Rahem et al. (2021) [32]).

The values assigned to the response modification factor (R) of the US-codes, FEMA [33-35]; UBC1997, aim to
account for reserve strength and ductility too (ATC, 1995) [30]. ATC-19 calculates the R-factor as an equation of three
parameters that affect the seismic response of the structure (ductility, over strength, and redundancy).

The ductility reduction factor (Rp), which decreases the elastic demand force to the maximum yield strength of the
structure, and the over-strength factor (Q), which accounts for the over-strength introduced in code-designed buildings,
are the major reasons for such substantial reductions. As a result, the R-factor as follows:

R=Ru x Q 1)

The relationship between the base-shear of a structure and its roof displacement, which can be calculated by a
nonlinear static analysis, has been illustrated in Figures 6 and 7.

v

First Yieldinz
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v

o] 8y 8
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Figure 6. Yield definition as a first yield [36]
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Figure 7. Force displacement response of elastic and inelastic systems

4.1. Over-Strength Factor Q

The over-strength factor (Q) can be defined as the ratio of the actual to design level strength [37]. It can be expressed
as:

Q=vVy/vd @)

where Vy is the actual strength and Vd is the design strength.
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4.2. Ductility Reduction Factor, Rp

The extent of inelastic deformation experienced by the structural system subjected to a given ground motion or lateral
loading is given by the displacement ductility ratio “u” [38]. The inelastic behaviors of a structure can be idealized as:

p = Au/Ay 3

where p is the displacement ductility ratio, Au is the ultimate displacement, and Ay is the yield displacement. Yield
displacement and yield base shear are judged through an idealization of the capacity curve. Ductility reduction factor Ru
is a function of structural characteristics such as ductility, damping, and fundamental period of vibration (T), and the
characteristics of earthquake ground motion. In this study, the formulation proposed by Newmark & Hall (1982) [39] is
used:

Rp:,/(zu—1)+2('f—0.5)x(p—,/(zu—l)) @)
where Ry is the ductility reduction factor and p is the displacement ductility.

The target displacement is calculated from the idealized pushover curve, idealization of the pushover curve can be
done using the FEMA [34] coefficient method through the following relation:

Te?

Au = (St = C0C1C2C3Sa 4-? (5)

where Co is modification factor to relate spectral displacement of an equivalent SDOF system to the roof displacement
of the building MDOF system, C; is modification factor to relate expected maximum inelastic displacements to
displacements calculated for a linear elastic response, C, is modification factor to represent the effect of pinched
hysteretic shape, stiffness degradation, and strength deterioration on maximum displacement response, Cs is
modification factor to represent increased displacements due to dynamic P — A effects, S, is response spectrum
acceleration, at the effective fundamental period and damping ratio of the building in the direction under consideration,
g is acceleration of gravity, and Te is the effective fundamental period of the building in the direction under consideration
in seconds.

4.3. Provisions of ‘R’ Factor in International Codes and Guidelines

Depending on the type of structural system and ductility class of the structures, the R-factor in different codes and
recommendations varies. For Shear wall-frame, values of “R” as specified in IBC2018, ASCE [40-42], Eurocode-8 [29],
and ECP 2012 [2] are presented in Table 2.

Table 2. R values are allocated in different codes for concrete shear wall-frame structures

R-Value
Structural System IBC2018
ASCE7-16 Eurocode-8  ECP 2012
Medium ductility class (DCM) 3.0 Vu /vy
Frame system, dual system, coupled wall system
High ductility class (DCH) 4.5Vu IVy
Limited ductility frame 5.0
Dual system from Moment Resisting Frames and Shear Walls
Sufficient ductility frame 6.0
Shear wall-frame interactive system with ordinary reinforced 45

concrete moment frame and ordinary reinforced concrete shear walls

For multi-bay multi-story Vu /Vy = 1.3, and for single-bay multi-story Vu /Vy = 1.2.

5. Nonlinear Static Analysis (Pushover Analysis)

The current work applies nonlinear static analysis (pushover analysis) to determine the global limit states of the RC
moment-resistant frame in terms of drift and force level. The increasing forcing function is imposed on a mathematical
model of a building, either in terms of horizontal forces (representation of inertial forces along the structure height) or
displacements. When the target displacement or final limit state is attained, the analysis is finished [43]. This type of
study can determine the building's maximal strength and deformation capacity. They also help identify possible weak
and soft stories within the framework. Nonlinear static analysis is used to find the global limit states with the loading
profile of the first mode shape. The mode shapes, period of structure in each mode, and modal participation factor are
evaluated using modal or Eigenvalue analyses. This simple analysis is useful as an initial validation tool of the analytical
models.
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6. Finite Element Modeling

Exact modelling of the nonlinear behaviour of RC shear walls, which are the primary lateral-force-resistant structural
members in high-rise buildings, is a critical task. As the cross-section of the shear wall member is much bigger than that
of the beam and column member, its deformation behavior under the lateral load is more complicated [44]. So, it’s very
important to focus on the nonlinear analysis model for the shear wall.

6.1. Performance-Based Design Methodology

Structures with predictable performance within predetermined levels of risk and dependability are the result of
performance-based engineering [34, 45]. The main goal is to keep the structure from collapsing completely. This
indicates that the top-level can sustain a catastrophic collapse (CP); the sub-level, which houses the critical structures,
can be minimally damaged yet still be occupied immediately (10). There is a life safety (LS) level condition between
the sub and higher levels. The nonlinear load-deformation relation must be defined according to FEMA's nonlinear
procedures. Figure 8 depicts such a curve.

A 5 II
B | CcP
CP
et D Ls
LE E c
10
B
A il
Deformation

Figure 8. Typical load-deformation relation and target performance levels (ETABS)

According to FEMA, the five points (A, B, C, D, and E) are utilized to characterize the hinge rotation behaviour of
RC components. The hinge's approval standards are defined by three additional points: immediate occupancy (10), life
safety (LS), and collapse prevention (CP). ASCE (2017b) [46] provides the illustrated damage for concrete frames at
various structural performance levels in Table 3.

Table 3. Damage for concrete frames at different levels (ASCE, 2017b)

Elements Immediate Occupancy (10) Life Safety (LS) Collapse Prevention (CP)
Minor cracking, limited yieldin Extensive damage to beams. Spalling of cover Extensive cracking and hinge formation in
Primary ossible at a fg\’/v Iocationsy Mino? and shear crack?n in ductiie Eolumgns Minor ductile elements. Limited cracking or splice
Elements  P°SS! ' s 9 h . failure in some non-ductile columns. Severe
spalling of concrete cover. spalling in non-ductile columns. Joint cracks. .
damage in short columns.
Minor spalling in a few places in  Major cracking and hinge formation in ductile Extensive spalling in columns and beams
Secondary  ductile columns and beams. Flexural ~ elements. Limited cracking or splice failure in o paliing - L
. . . - Limited column shortening. Severe joint
Elements  cracking in beams and columns. some non-ductile columns. Severe damage in . -
Lo damage. Some reinforcing buckled.
Shear cracking in joints. short columns.
Transient drift that causes minor or no . o - Transient drift is sufficient to cause extensive
Drift non-structural damage. Negligible Transient drift is sufficient to cause nonstructural non-structural damage. Extensive permanent

permanent drift.

damage. Noticeable, permanent drift.

drift.

6.2. Layer Shell Modeling

The multi-layer shell element is based on composite material mechanics concepts and can model RC shear walls

linked in-plane/out-plane bending and coupled in-plane bending-shear nonlinear behaviours. Figure 9 shows the basic
concepts of a multi-layer shell element. The shell element is made up of several layers of varying thicknesses. Various
material characteristics are ascribed to different layers. This indicates that the rebar has been spread into one or more
layers. During the finite element computation, the axial strain and curvature of the intermediate layer may be calculated
in one element. Using the assumption that the plane stays flat, the stresses and curvatures of the other layers may then
be calculated. The corresponding stress will then be calculated using the constitutive relations of the material assigned
to the layer.
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Concrete layer

Mid-layer of shell

N\ Smeared rebar layer

Figure 9. Basic concepts of the multi-layer shell element

The constitutive model of the rebars is given as a perfect elasto-plastic model. Because the rebars in various
directions are smeared into one layer, the rebar layer may be set as isotropic if the longitudinal and transverse ratios of
the distributing rebars to the concrete are the same. However, if the ratios in the two directions differ, the rebar layer
should be orthotropic, with two primary axes, as illustrated in Figure 10.

Longitudinal distributing rebar Concrete -,

Longitudinal
rebar layer

! L
| Transverse

| rebar layer
?
Transverse distributing rebar

Figure 10. Settings of the rebar layers in multi-layer shell element

6.3. Fiber Shell Modeling

The 3D interaction (yield) surface of P-M2-M3 hinges may be defined explicitly, or automatically through AISC-
LRFD egn. H1-1a and H1-1b (®=1) FEMA-356 “Equations 4 and 5” for steel, or ACI 318-02 [47] (®=1) for concrete.
The post-yield behaviour is interpolated from one or more user-defined P- curves, where M2 and M3 are represented by
the relationship. During analysis, an energy-equivalent moment-rotation curve is generated during analysis in relation
to the input P-curve(s) and the interaction-surface yield point.

The moment-rotation curve of a P-M2-M3 hinge, which is a monotonic backbone relationship, describes the post-
yield behaviour of a beam-column element exposed to combined axial and biaxial-bending conditions. The 3D
interaction surface of a P-M2-M3 hinge indicates the envelope of yield points. Performance must be extrapolated from
one or more moment-rotation curves beyond this point. Because the P-M2-M3 response in three dimensions extends
linearly to the yield surface. Figure 11 shows the shell element model for the walls, while Figure 12 shows the moment
and rotation values of a P-M2-M3 moment-rotation curve, which could be obtained through basic geometric
relationships between components projected along the M2 and M3 axes.

Rigid Beam framing “Rigid” Beam framing
Beam into wall Elemen into wall

Mid-Pier

Element Wall

Figure 11. Shell element model for the shear wall
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M3 (Rp3)

A
A Rp2 projected at line with

Rp3 projected at line with angle 6 (Rp2 * cos 0)
angle 6 (Rp3 * sin 0) —_|

measured Rp3 \

M (Rp)

»» M2 (Rp2)

— >

measured Rp2

Rp =Rp2 * cos 6 + Rp3 *sin 6

Figure 12. Moment and rotation components

Hinge’s reinforcement could be assigned in different ways from the design, uniform ratio, and as a specified layout,
which had been used in the current study. Figure 13 shows the analysis flow chart.
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Figure 13. Analysis Flow Chart
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7. Comparison Example

A study was conducted for an 8-story Dual System building, which was studied by Yasser, 1., et al. [5] and modelled
using both SAP 2000 [4] and ETABS [3] software.

7.1. Models Description

Eight-stories Dual-system buildings have five bays in both directions. The storey height is 3.2 m, and the total width
of the building is 26.3 m. The building plan and 3D view are presented in Figure 14. Material stress-strain curves for
concrete and steel are shown in Figure 15. Two different modelling methods (fiber and layered) are used to model the
shear walls. Performance based design is carried out on the buildings using nonlinear static pushover analysis as per
ATC-40 and FEMA 356. Plastic hinges are allocated at the locations where yielding is predicted under seismic forces
at both ends of the beams and columns, with start and end relative distances of 0.05 and 0.95, respectively. In the fiber
model, hinges are also given to the walls. As per ASCE 41-13 [40], the plastic hinge type allocated to columns is
interacting (P-M2-M3), while the type assigned to beams is M3, which is a single moment rotation type. In the fiber
model, the walls are (P-M3). With a zero initial condition and a nonlinear static gravity load case containing their own
weight multiplied by a scale factor of (1), super dead load multiplied by a scale factor of (1), and a live load multiplied
by a scale factor of (0.25), the mass source is (Dead Load + Super Dead Load + 0.25 Live Load). Nonlinear static
pushover load cases in global X-Direction with a static lateral load pattern are applied to the structure starting from the
end of the nonlinear gravity load case with a target displacement equal to 4% of the total building height.
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Figure 14. Building Configuration
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Figure 15. Stress-strain curve for concrete and rebar material

7.2. Results and Discussion

Figure 16, and Table 4 present the results for ETABS 2016 Layered shell and Fiber models, and the Layered shell
SAP2000 model Compared with the original paper Layered shell SAP2000 model:

e The internal stress, hinge formation, and wall displacement for fiber and layered shell models are shown in Figure
16. Internal stresses were easily noticeable in the layered shell model, while the fiber model allowed for the
observation of hinge formation in walls, and both models could display displacement.
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e The fiber model pushover curve has been compared with the present study's layered shell SAP2000 and ETABS
model curves, and with the curve mentioned in the original paper as shown in Figure 17. Which shows a slight
difference between the curves within an acceptable limit. Using a shear wall fiber model is perfect. It enables us
to observe the performance levels of the shear wall under lateral loads and determine the base shear and top

displacement for each level.

e The comparative verification results showed that the values of the R factor obtained from static nonlinear analysis
by SAP2000 for the original paper and verified models by SAP2000 and ETABS varied from 0.5 to 7.0%, as
shown in Table 4 which is acceptable. The value of the R-factor obtained by ETABS 2016 for both the fiber and

layered shell models is almost the same.

e ETABS 2016 v16.2.1 gives accurate results similar to other authors’ experimental and other software results and
could be reasonable for our study. Also, using the shear wall fiber model is perfectible, it enables to observe the
performance levels for the shear wall under lateral loads and determine the base shear and top displacement for

each level.
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Table 4. Comparison between Present Study R-Values and the Value obtained by Yasser et al. (2018)

Model Software R-Factor
Yasser et al. (2018) [5] SAP2000 5.53
Layered shell Model SAP2000 5.14
Layered shell Model ETABS 2016 5.50
Fiber Model ETABS 2016 5.60
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Figure 17. Comparison between the Present Study Fiber and Shell Models Pushover Curves and the Curve Obtained by
Yasser et al. (2018)

8. Numerical Study for Seismic Response Modification Factor for Shear Wall without
Openings in Multi-Storey Dual System Buildings

Sixteen and eight-stories reinforced concrete buildings have 5 bays for both X and Y directions, with a 26.3x26.3
m? and a storey height of 3.2 m, which are 52.2 and 25.6 m tall, respectively. Material properties and stress-strain curves
for concrete and steel are illustrated in Table 5 and Figure 18 respectively. The plan, 3D-View, is shown in Figure 19.

Table 5. Material properties for models

Fc 30 MPa Concrete strength

Fy 420 MPa Rebar yield strength

Ec 24100 MPa Modulus of elasticity of concrete
Es 200000 MPa Modulus of elasticity of Rebar
G 10041.58 MPa Shear modulus

Y 0.2 Poisson’s ratio
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Figure 18. Stress-strain curve for concrete and rebar material
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Model Plan (A) Sixteen Stories

Model Plan (B) Eight Stories

Model 3D-View (B) Eiaht Stories

Model 3D-View (A) Sixteen Stories

Figure 19. The layout of studied buildings Models

The seismic load-bearing system consists of dual-system shear walls and frames, while the gravity load-bearing
solution is built up of a 200-mm-thick concrete flat slab supported by reinforced concrete columns and shear walls. In
both X and Y orientations, shear walls and core thicknesses equal 400, 300, and 200 mm for the first five stories, the
second five stories, and the last six stories, respectively, 350, 250, and 200 mm for the first five stories, the second five
stories, and the last six stories, respectively, in model type (A). While shear walls and core thicknesses in both X and Y
directions in model type (B) are 350 and 300 mm in the lower four stories, respectively, and 300 and 250 mm in the
upper four stories, as shown in Tables 6 and 7.

Table 6. Designed sections for type (A) 16-story

Columns Sections

ColumnID  Cross-sec (mmxmm) Main bars
C1(1-4) 1350x1350 40732
C1(5-8) 1000x1000 20T28
C1(9-12) 750%750 12T25
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C1(12-16) 550x550 12720

C2(1-8) 850x850 32720
C2 (9-16) 800x800 28T20

C3(1-5) 800x800 28T20
C3 (6-10) 650x650 16T20
C3 (11-13) 500x500 16T16
C3 (14-16) 350x350 8T16

Beams Sections

Reinforcement at supports

Beam ID Cross-sec (mmxmm)
Upper & lower

B1 250x850 12722

Walls Sections

Shear wall sections and Reinforcement

Wall ID Thickness(mm)
VL RFT/HL RFT
Core (1-5) 350 T20@125/ T12@200
Core (6-10) 250 T16@200/ T12@200
Core (11-16) 200 T12@200/ T12@200
W (1-5) 400 T20@100 / T12@200
W (6-10) 300 T20@200/ T12@200
W (11-16) 200 T12@165/ T12@200

Table 7. Designed sections for type (B) 8-story

Columns Sections

ColumnID  Cross-sec (mmxmm) Main bars
C1(1-2) 800x800 28T20
C1(3-4) 700x700 24T18
C1 (5-6) 650%650 20T18
C1(7-8) 600x600 20T16

C2 750%750 24720
C3(1-2) 600x600 20T16
C3(3-4) 500x500 16T16
C3 (5-6) 400x400 12T14
C3(7-8) 300%300 8T14

Beams Sections

Reinforcement at supports

Beam ID Cross-sec (mmxmm)
Upper & lower

B1 250%1150 19T16

Walls Sections

Shear wall sections and Reinforcement

Wall ID Thickness(mm)
VL RFT/HL RFT
Core (1-4) 300 T20@200 / T12@200
Core (5-8) 250 T16@200/ T12@200
W (1-4) 350 T20@150/ T12@200
W (5-8) 300 T18@200 / T12@200

8.1. Models Description

The two models have been well designed according to the Egyptian code and checked according to the European
code, taking into consideration the previous mentioned considerations. Columns' P-M-M interaction ratios and wall D/C
ratios should be less than one to ensure safety and compliance with Egyptian standards and the European code.
Performance based design is performed on the two models as per ASCE 41-13 [40] before conducting openings using
nonlinear static pushover-analysis. Seismic load is defined as per the Egyptian standards and Euro code. The following
loading assumptions were taken into account:
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Total Dead Load (D) is equal to DL+SDL+CL;

o Dead Load (DL) is equal to the self-weight of the members;

o Super-imposed Dead Load (SDL) equals 1.5 kN/mz2. SDL does not include partitions weight;
o Live Load (L) equals 2.0 kN/m2.

According to ECP 2012, the structures under investigation are subjected to various load combinations. The following
terms are used to describe these combinations:

U= 140D+ 1.60 L (6)
U= 112D+aL+S$ )

where D is the dead load, L is the live load; S is the seismic load and superposition factor of the structure’s the residential
buildings. With a zero initial condition and a nonlinear static gravity load case containing their own weight multiplied
by a scale factor of (1), super dead load multiplied by a scale factor of (1), and a live load multiplied by a scale factor
of (0.25), the mass source is (Dead Load + Super Dead Load + 0.25 Live Load).

Nonlinear static pushover load cases in global X-Direction with static lateral load pattern are applied to the structure
starting from the end of the nonlinear gravity load. While the target displacement equals 4% of the total building height.
Plastic hinges are assigned at the locations where yielding is expected under seismic forces at both ends of the beams
and columns, with start and end relative distances of 0.05 and 0.95, respectively. Also, hinges are assigned to walls. As
per ASCE 41-13 [40], the plastic hinge types assigned to columns, beams, and walls are interacting (P-M2-M3), single
moment rotation type (M3), and (P-M3) respectively.

8.2. Results and Discussion

After completing the design and allocating the hinges, a pushover nonlinear analysis was performed to evaluate the
yield and ultimate forces and displacement. After drawing the pushover curve, the ultimate and yield steps were
established using Acceptance Criteria Limits for Hinges Deformation, Park Definition [36] for Ultimate and Yield
Deformation, and ASCE 41-13 [40] Idealized Bilinear Curve. The R-values determined using the previously discussed
approaches are shown in Tables 8 to 10.

e The values produced by the three approaches differ by a minor amount, indicating that any of them may be used
to determine the R-factor.

e The R-factor for the 16-story model ranges from 4.01 to 4.94, while the R-factor for the 8-story model ranges from
5.56 to 5.85, depending on the followed method of calculation.

o Calculated R-factor values comply with the given value of R-factor Eurocode-8 (2012) for dual-system models.

Table 8. Acceptance Criteria Limits for Hinges Deformation Results

Time Period Au Ay Vy vd Vu
Model il Ru Rs R
(sec) m m kN kN kN
1-A (16-Story) 1.656 0.620 0277 224 224 25459.83 11533.00 36713.35 221 4.94
1-B (8-Story) 0.632 0243 0.104 233 203 25957.97 9467.39 33737.89 2.74 556

Table 9. Park Definition [42] for Ultimate and Yield Deformation Results

Time Period  Au Ay Vy vd Vu
Model u Ru Rs R
(sec) m m kN kN kN
1-A (16-Story) 1.656 087 054 160 160 34768.90 11533.00 41149.15 301 4.83
1-B (8-Story) 0.632 032 016 195 177 30290.81 9467.39 36159.32 320 5.66

Table 10. ASCE 41-13 Idealized Bilinear Curve Results

Time Period  Au Ay Vy vd Vu
Model u Ru Rs R
(sec) m m kN kN kN
1-A (16-Story) 1.656 042 019 217 217 2131591 11533.00 3117162 185 4.01
1-B (8-Story) 0.632 0.19 0.06 303 245 2257117 9467.39 31404.12 238 585
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Figure 20 presents the relationship between the R-factor values calculated by three different methods.
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Figure 20. Comparison between R-Factor calculated using different techniques and the value obtained by ECP 201-12,

9. Numerical Study for Seismic Response Modification Factor for Shear Wall with Openings

9.1. Models Description

for the hinge deformation technique used to calculate the R-Factor.

Using openings of various sizes, defining the lintel beam as a spandrel, wall segment, and adding additional steel

surrounding openings, numerical research was carried out on previously designed structures. Acceptance criteria limits

1.8x1.8, 2.75%1.8, and 1.8x%2.75 openings have been applied to the outer shear walls of the two previously designed
respectively.

dimension of openings applied.

buildings. Figures 21 and 22 present the 3-D views of sixteen and eight-story models after applying the opening,

Lintel beam can be defined into two different methods, first, by defining lintel as a wall segment. Second, by defining
it as a spandrel. Table 11 presents the model symbols, a number of stories, ground acceleration, spectrum type, and the
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Height, (20% opening)

oL

a4
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Figure 21. Model type (A), (B) 16-Story 3D-View
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(a) Model with Opening 1.80 Width and 1.80 (b) Model with Opening 2.75 Width and 1.80 (c) Model with Opening 1.80 Width and
Height, (20% opening)

Height, (30% opening)

Figure 22. Model type (A), (B) 8-Story 3D-View

2.75, (30% opening)

Table 11. Numerical and Their Range (Lintel beam defined as a wall Segment)

Opening Dimension

Model  No. of Stories  Ground Acceleration (ag/g)  Spectrum Type
B(m x H(m)
1-A - X -
2-A 1.80 X 1.80
16 0.25 1
3-A 2.75 X 1.80
4-A 1.80 X 2.75
1-B - x -
2-B 180 x 1.80
8 0.25 1
3-B 275 % 1.80
4-B 1.80 X 2.75

9.2. Results and Discussion

After pushover analysis, a series of pushover curves have been plotted, which are used to calculate the R-factor
parameters (ultimate displacement, yield displacement, and yield base shear) and evaluate the (R) factor. Figures 23 and
24 present the base shear—displacement curves before and after the conduction of different sizes of openings for models
of type (A), and (B) with 16, and 8 stories.

The previous figures show a small decrease in base shear due to the same displacement while the opening was
conducted. By expanding the opening size, the decrease was enhanced. Table 12 shows the R-factor calculations utilizing
the acceptance criteria limits for the hinges deformation method as well as identifying the lintel beam as a wall segment.
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Figure 23. Models Type (A-16 story)
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Figure 24. Models Type (B-8 story)

Table 12. Calculation of R according to Acceptance Criteria Limits for Hinges Deformation (Wall segment)

Model Time Period Au Ay " Ru Vy Vd Vu Rs R
(sec) m m kN kN kN
1-A (16-Story) 1.656 0.620 0.277 224 224 25459.83 11533.00 36713.35 221 4.94
2-A (16-Story) 1.695 0.655 0368 1.78 1.78 28792.12 11427.00 36685.70 252 4.48
3-A (16-Story) 1.715 0.582 0.268 2.17 217 23399.00 11926.00 34318.71 196 4.26
4-A (16-Story) 1.702 0.582 0354 164 164 28110.78 14369.00 34979.07 196 3.21
1-B (8-Story) 0.632 024 010 233 203 25957.97 9467.39 33737.89 274 556
2-B (8-Story) 0.659 024 011 214 192 2576112 9373.14 3256281 275 5.27
3-B (8-Story) 0.666 021 011 183 170 2533394 9717.77 30659.16 2.61 4.43
4-B (8-Story) 0.675 0.22 0.13 163 155 2715157 11534.00 31456.53 2.35 3.65

To increase the system's performance in the case of conducted openings, on either side of the openings, half of the
reinforcing bars that were terminated to conduct openings have been added. Table 13 shows the results of two approaches
for modelling the lintel beam above openings. The first is to regard the lintel beam as a wall piece (the openings have
been conducted without changing the definition of the upper lintel). The second is to regard the lintel beam as a spandrel.
Furthermore, the research was carried out using ground acceleration (ag/g) equal to 0.25, and a spectrum type (1).

Table 13. Response Reduction Factor (R) for Model A, and B (Different Modeling Methods)

Response Reduction Factor (R)

Model
Wall Segment Spandrel Additional Steel

1-A (16-Story) 4.94

2-A (16-Story) 448 4.46 4,65
3-A (16-Story) 4.26 421 4.49
4-A (16-Story) 321 3.26 3.67
1-B (8-Story) 5.56

2-B (8-Story) 5.27 5.19 5.42
3-B (8-Story) 443 445 459
4-B (8-Story) 3.65 3.65 3.96

Figures 25 to 29 indicates the relationship between the R-factor evaluated for both wall segment, spandrel modelling
methods, and the improvement due to the additional steel laid beside the openings and value mentioned in the Egyptian
code.
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Figure 25. Relation between R and opening Dimension in different models (Wall Segment)
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Figure 26. Relation between R and opening Dimension in different models (Spandrel)
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Figure 27. Relation between R and opening Dimension in different models (Additional Steel)
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Figure 29. Models Type (B) 8-Story Additional Steel Improvement

Lintel Beam Defined as a Wall Segment

Figure 25 presents the relationship between the opening’s dimension and the R-factor, clarifies the decrement in R-
Factor due to the openings, and indicates that opening height is more critical than the width in the case of defining the
lintel beam as a wall segment. As shown in Figure 25 above, it’s obvious that by increasing the opening dimension, a
reduction in the R-factor is observed. The influence of the opening height is more critical than the width.

Lintel Beam Defined as a Spandrel

Figure 26 presents the relationship between the opening’s dimension and the R-factor, clarifies the decrement in R-
Factor due to the openings, and indicates that opening height is more critical than the width in the case of defining the
lintel beam as a spandrel. From Figure 26, modelling the lintel beam as a spandrel is better than modelling it as a wall
segment as it is similar to its true behaviour and the result is almost the same in both methods. The spandrel gives
flexibility in design and shows the bottom and upper main reinforcement by using the detailing tool.

The Influence of Adding Additional Steel around Openings

In an attempt to improve the performance of the shear wall, half of the reinforcement bars terminated to conduct
openings have been added at both openings' sides. As shown in Figure 27, adding additional steel around the openings
has an impact on the overstrength factor greater than the ductility factor. Figure 28, and Figure 29 indicate the
relationship between the R-factor evaluated for both wall segment and spandrel modelling methods and the improvement
due to the additional steel laid beside the openings. From the previous figures, it’s clear that additional steel on either
side of openings causes some improvement in R-factor, up to 12%.
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Comparison between Results and the Factor Mentioned in Codes

For the limited ductility class of Dual Systems from Moment Resisting Frames and Shear Walls with an opening,
the supplied value of R-factor = 5.0 at ECP-201 (2012) is an un-conservative number, as the accurate value of R-factor
is smaller than the given value. For typical reinforced concrete moment frames, the American Society of Civil Engineers
(ASCE7 -2016) and the International Building Code (IBC -2018) provide R-factors of 3.0.

The previous results indicate that:

o After conducting the openings, a small decrease in base shear due to the same displacement happened and the R-
factor value decreased.

e The values of the R-factor increased by adding half of the rebars which had been terminated to conduct the
openings.

e The R-factor is reduced by increasing the number of stories.

e The R-factor values after conducting openings decreased depending on the size and aspect ratio, as the opening
height is more critical than the opening width for the same opening percentage.

¢ For the opening that represents 30% of the wall area, the R-factor for the height is 1.8 greater than the other opening
with a height of 2.75 by 0.78 to 1.05 depending on the number of stories and the method of modeling.
10. Numerical Study for Seismic Response Modification Factor for Shear Wall with Ground
Storey Openings in Multi-Storey Frame Buildings

A numerical study has been conducted on model types (A), and (B), which were previously designed by applying
openings with dimensions of 2.75 m in height and 1.8 m in width only on the ground storey to obtain the ground storey
openings impact. Acceptance criteria limits for the hinge deformation method used to evaluate the R-Factor.

10.1. Models Description

1.8x2.75 openings have been applied to the outer shear walls of the two previously designed buildings only on the
ground floor. Figure 30 presents the 3-D views of the sixteen and eight-story models after applying the openings.

Model Type (A) 16-Storey with Ground Storey Opening 1.80 Width Model Type (B) 8-Storey with Ground Storey Opening 1.80 Width and
and 2.75 Height, (30% opening) 2.75 Height, (30% opening)

Figure 30. Model type (A), (B) 16-Storey and 8-Story 3D-View after Applying Ground Storey Openings

10.2. Results and Discussion

After pushover analysis, pushover curves have been plotted, which are used to calculate the R-factor parameters
(ultimate displacement, yield displacement, and yield base shear) and evaluate the R-factor. Figures 31 and 32 present
the base shear—displacement curves before and after conducting ground floor openings for types (A), and (B) models.
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Figure 32. Models Type (B) - 8 Storey
The previous figures present the degradation in base shear related to the same displacement while the opening was
conducted on the ground floor. Table 14 presents the calculations of the R-factor by using the acceptance criteria limits
for the hinge deformation method.

Table 14. Calculation of R according to Acceptance Criteria Limits for Hinges Deformation (Wall segment)

Time Period Au Ay Vy Vd Vu
Model 1l Ru Rs R
(sec) m m kN kN kN
1-A (16-Story) 1.656 062 028 224 224 25459.83 11533.00 36713.35 221 4.94
5-A (16-Story) 1.665 062 038 165 165 29674.03 13509.00 36454.14 220 3.62
1-B (8-Story) 0.632 024 010 233 203 2595797 9467.39 33737.89 2.74 556
5-B (8-Story) 0.638 0.181 0.104 1.74 1.62 25528.06 11049.00 30428.81 231 3.74

Figure 33 presents the relationship between the R-Factor evaluated for the original models and after conducting
ground openings with dimensions of 1.8 m in width and 2.75 m in height. Conducting openings on the ground floor had
a significant impact on the reduction factor:

e The ground openings have a critical influence on the R-factor.

e In the 16-storey model, the R-factor was reduced by 1.32 as the R-value went from 4.94 to 3.62, while in the 8-
storey model, the R-factor was reduced by 1.82 as the R-value decreased from 5.56 to 3.74.
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Figure 33. Relation between R and ground opening Dimension in different models

11. Conclusions

A study of the literature was undertaken on some recent research that used finite element simulation and experimental
tests to assess the impact of opening on the behaviour of reinforced concrete shear walls. The seismic reactions and
stiffness of buildings are impacted by the size of the apertures and their positions in the reinforced shear wall, according
to the key findings of this research. Also, multi-story dual-system structures designed according to the Egyptian code of
loads, ECP-201 (2012), and checked according to EC8 (2004) [29] were studied. The seismic response modification
factor was calculated for shear walls with and without openings. A verified comparison example with eight stories is
presented. Then, under Egyptian standards, a numerical study was carried out on four different models of shear wall
with and without openings in limited ductility multi-story dual system structures. The following are some of the work's
most important outcomes:

e The use of finite element software such as ETABS and SAP2000 to estimate the nonlinear seismic performance
of RC concrete structures has been validated by previous numerical studies. Shear and displacement are nearly
equivalent in ultimate and yield base shear.

e The findings of three distinct approaches for calculating the seismic response modification factor from the
pushover curve have an average difference of less than 10%. Specifically, ASCE41-13 Idealized bilinear curve,
Acceptance criterion limit for hinge deformation, Park definition for ultimate and yield steps, and Park definition
for ultimate and yield steps.

e The opening area and the response reduction factor have an inverse relationship. The R-factor decreases as the
opening area increases. The influence of the opening height on the response reduction factor is larger than the
impact of the opening width.

e When the ratio between opening sizes and the area of the shear walls is greater than 20%, the response reduction
factor (R) is affected, and the value for the response reduction factor is reduced more than the suggested code.

e The percentage reduction in R-Factor increased as the number of stories increased.

e To enhance the system's performance in the event of an opening. On either side of the opening, half of the
reinforcing bars terminating to conduct openings have been inserted, resulting in a 12 percent increase in the
response reduction factor.

¢ Conducting ground-storey openings decreases the response reduction factor by 15% to 30%.

¢ The given value of R-factor at ECP-201 (2012) equals 5.0 for the limited ductility class of reinforced concrete dual
systems from moment resisting frames and shear wall structures with openings, which is an un-conservative value
as the accurate value of R-factor is less than the given value.

It’s recommended that the value of R-factor for the limited ductility class of reinforced concrete dual systems from
moment resisting frames and shear wall structures in ECP-201 (2012) and EC8 (2004) be changed to the used value in
(ASCE7-2016) and (IBC-2018). It may be noted that the American Society of Civil Engineers (ASCE7-2016) and the
International Building Code (IBC-2018) specify values for the R-factor of 3.0 for ordinary reinforced concrete moment
frames.
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