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1. Introduction

Abstract. In high-rise buildings, Reinforced Concrete (RC) structural walls frequently
resist lateral loads, such as wind and seismic loads. Behavior and design of fin walls at
the periphery of strong core wall structure in high-rise buildings have not been analyzed
seriously despite their structural importance. Using elastic design/analysis methodologies
for the design of high-rise RC fin walls, it is shown that elicited reinforcement ratios are
too high; thus, the economic feasibility and constructability become worse and the ductile
failure mode cannot be assured. In the present study, the current design process of these fin
walls is investigated by analyzing their structural behavior. According to the investigation
of the current design and elicited results, high-rise RC fin walls are coupled by beams,
although they are located on another line and apart from each other, which is main cause
of high reinforcement in high-rise RC fin walls. In the present study, a literature review
has been conducted to recommend the alternative design method for high-rise RC fin walls
under lateral loads, and inelastic analysis has been performed to verify the design method.

(© 2018 Sharif University of Technology. All rights reserved.

signed as independent single walls (isolated walls) or
coupled walls connected by connecting beams, which

In high-rise buildings, Reinforced Concrete (RC) struc-
tural walls frequently resist lateral loads, such as wind
and seismic loads [1-3]. Since RC structural walls
have large stiffness and strength, they can control
deformation and efficiently assure the strength of the
building structure. In the structural design of RC
building structures, the RC structural walls are de-
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are located closely on a straight line. However, in the
high-rise RC building structures, in many cases, the
structural RC walls are located on another line and
apart from each other and are designed generally as
independent single walls (isolated walls) regardless of
their structural behavior.

Figure 1 shows a typical example of a structural
system for a 35-story residential building. As shown
in Figure 1, the gravity load is resisted by the RC
flat plate slab and the RC column. Currently, RC flat
plates are used frequently as a slab system since they
can decrease the floor height and construction time
and increase space utilization and constructability. As
shown in Figure 1(b), RC structural walls frequently
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= Thirty-five stories
= Three basement level
= RC structure

a. RC Flat-plate

=~ b.RCStructural wall

RC Structural wall = RC Flat-plate + Column

(a) 35 stories residential building (b) Lateral load resisting system (c) Gravity load resisting system

Figure 1. Typical example of structural system for high-rise residential buildings.
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Figure 2. Structural plan of an example building for the case study.

resist the lateral load since they have large stiffness and
strength owing to their long length. Figure 2 shows the
building plan drawn in Figure 1. As mentioned above,
RC structural walls are located in the center of the
plan to resist the lateral load. In the plan, some RC
structural walls are extended from the center to the
boundary of the plan, called as “Fin walls” (Fin walls
indicate planar walls such as W1 ~ W35 installed along

the perimeter of the rectangular core wall structure,
as shown in Figure 2). These RC structural walls,
fin walls, are used frequently to divide the space for
architectural design and to control the lateral deflection
of the high-rise building, because they can enlarge
the moment inertia of the building system effectively.
Generally, they are located on another line and apart
from each other and are designed as independent single
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Table 1. Reinforcement detail of RC structural walls.

Wall list (at floor B3)
fi = 30 MPa, f, = 500 MPa (under D13), f, = 600 MPa (over D16)

Wall Story Thickness (mm)

Vertical reinforcement

Horizontal reinforcement

W1 B3F-B2F 300 D22 at 100 (2.58%) D10 at 150
W2 B3F-B1F 300 D25 at 100 (3.38%) D13 at 200
W3  B3F-B1F 300 D22 at 100 (2.58%) D10 at 130
W4  B3F-B2F 300 D13 at 150 (0.59%) D10 at 190
W5 B3F-B2F 300 D16 at 125 (1.07%) D10 at 190

walls regardless of their structural behavior. However,
as shown in Table 1, the reinforcement ratio of these
RC fin walls on floor B3 ranges from 0.59% to 3.38%.
In accordance with the current structural design code,
such as ACI 318-14 [4], the reinforcement ratio of the
RC structural walls is limited to 1% when they are not
enclosed by transverse ties. Therefore, some of these
structural walls violate the requirement prescribed by
the design code if they are not enclosed by transverse
ties. Furthermore, in the cases where the reinforcement
ratio is more than 1%, its value is considered to be too
high to assure economic feasibility and constructability.
Moreover, the application of the transverse ties to the
RC structural walls with more than 1% reinforcement
ratio decreases constructability significantly. In ad-
dition, if the flexural reinforcement in high-rise RC
structural walls is placed excessively regardless of their
structural behavior, it may lead to unexpected brittle
shear failure of high-rise RC structural walls. In this
study, structural behavior of fin walls installed along
the periphery of strong core wall structure in high-rise
buildings is studied. Elastic analysis of a 35-story high-
rise building with core walls and fin walls is carried
out, and the design loads acting on each fin wall, such
as axial load and bending moment, are investigated.
Further, flexure-compression design of the fin walls is
carried out, and the reason why the design results
(i.e., reinforcement amounts) significantly differ among
the fin walls is then discussed in detail. Based on
these investigations, their alternative design method
is investigated based on literature review. Further,
this alternative design method is verified using the
latest structural analysis method for RC structural wall
system.

2. Investigation of the results of the current
design

As mentioned above, the values of the flexural re-
inforcement ratios of RC fin walls that extend from
the center to the boundary of the plan are too high
(Table 1). In this study, applied loads and strengths of
walls W2 and W3 on floor B3 that yielded the largest
flexural reinforcement ratio are investigated through

elastic analyses using the Midas Gen program [5].
Recently, new theories on the structural analysis of
beams and plates have been developed to improve
accuracy and convergence. Bourada et al. (2015)
developed a simple and refined trigonometric higher-
order beam theory for functionally graded beams [6].
Tounsi et al. (2016) proposed a new 3-unknown non-
polynomial plate theory for functionally graded sand-
wich plates [7]. Hebali et al. (2014) developed a
new quasi-3D hyperbolic shear deformation theory for
functionally graded plates [8]. Bennoun et al. (2016)
devised a novel five-variable refined plate theory for
functionally graded sandwich plates [9]. Ait Yahia et
al. (2015) investigated wave propagation in functionally
graded plates [10]. Belabed et al. (2014) invented
an efficient and simple higher order shear and nor-
mal deformation theory [11]. Houari et al. (2016)
developed a new simple three-unknown sinusoidal shear
deformation theory for functionally graded plates [12].
Mahi et al. (2015) proposed a new hyperbolic shear
deformation theory for functionally graded, sandwich
and laminated composite plates [13]. However, in this
study, to investigate the overall behavior of a high-
rise RC structural wall system in an overall framework
and to use commercial program, the Midas Gen pro-
gram [5], which is FEM program, was used using the
conventional beam theory.

Figure 3 shows the P-M curves’ relationship of
walls W2 and W3 on floor B3 as the strength capacity
of these wall sections. Moreover, round dots in
Figure 3(b) and(c) represent the applied axial load and
moment according to load combinations. As shown in
Figure 3(b) and (c), the flexural reinforcement ratios of
walls W2 and W3 were determined based on the load
case, including the wind loads (W1, W2), which is a
common phenomenon in high-rise buildings. Therefore,
walls W2 and W3 are designed to resist the wind load
as the critical lateral load. In Figure 3(b) and (c), the
axial load is proportional to the moment load. This is
not a typical feature for isolated RC structural walls
in general. In Figure 4, the axial load applied to walls
W2 and W3 is investigated according to the load case.

As shown in this figure, the axial load of wall
W2 is inversely proportional to that of wall W3. This
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Figure 3. Applied load and strength of walls W2 and W3 on floor B3.

means that walls W2 and W3 are coupled with each
other by the coupling beams, although the two walls
are physically located far apart from each other and on
another line. As shown in Figure 4(b), walls W2 and
W3 are connected by center walls and coupling beams.
Since center walls have relatively large stiffness, the
coupling level of walls W2 and W3 may be determined
by the stiffuess of the coupling beams. To verify
this coupling behavior of walls W2 and W3, their
strain distribution under the wind load was investi-
gated according to the stiffness of the coupling beams
(Figure 5). In the present study, strain distribution of
coupled walls under the wind load was calculated by
cross-sectional analysis. The cross-sectional analysis
was based on the plane hypothesis and the equilibrium
condition. The stress-strain relation for the concrete
and steel rebars was assumed to be linear because, in
the majority of cases, the maximum concrete stress
was less than half of the concrete strength and the
maximum tensile stress of steel rebar was much less
than the yield stress. As shown in Figure 5, the strain

distribution of walls W2 and W3 with stronger coupling
beams under the wind load shows an increased linearity
in the distribution of strain. This means that as the
stiffness of the coupling beams becomes large, walls
W2 and W3 behave as one unified wall. Therefore,
walls W2 and W3 are coupled by the coupling beams,
although they are located far apart with respect to
each other and on another line, and the stiffness of
the coupling beams is a key factor that determines the
coupling level.

As shown in Figure 6(a), when the walls are
coupled by coupling beams, these beams experience
large deformation under lateral loads owing to the
geometric shape of beams and walls. Because of this
large deformation elicited under a lateral load, large
shear forces occur in coupling beams. Correspondingly,
these forces are then transferred to the coupled walls
as an axial load [1]. In the case of high-rise buildings,
the number of coupling beams is very large and the
axial load that is transferred to the coupled walls is
also large. As shown in Figure 6(b), when the wind
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(a) Axial load to W2 (b) Axial load to W3

(b) Axial load applied to walls W2 and W3 at B3

* Lateral load ? No. Load combination
- Earthquake load(E:Rx,Ry) 1 1.4D
-Windload (W) ~ —> 2 1.2D + 1.6L

3 1.2D + 1.3W, + 1.0L
— 2 1.2D + 1.3W, + 1.OL
- 5 1.2D + 1.3W; + 1.0L

* Gravity load 6 | 12D-13W,+10L
- Dead load(D) - 7 1.2D - 1.3W, + 1.0L
- Live load (L) : :

- Snow load (S) - :
0.9D -
1.0(1.0(1.14)[RY(RS)-
> 78 RY(ES)]-
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(c) Axial load applied to walls W2 and W3 at B3 according to each load combination

Figure 4. Axial load applied to walls W2 and W3 on floor B3 according to each load combination.

load is applied from the left to the right direction,
the additional axial tensile load owing to the coupling
beams is applied to wall W2, and the additional
axial compressive load exerted by the coupling beams
is applied to wall W3. As shown in Figure 6(c),
when an additional axial tensile load is applied to
RC structural walls, the moment capacity of these
walls decreases and additional flexural reinforcement
is required to resist the applied moment load. As
shown in Figure 6(d), sometimes, when the additional
axial compressive load that is applied is too high, the
strength reduction factor for the structural RC walls
would decrease. Therefore, in this case, additional
flexural reinforcement or high-strength concrete should
be used. Accordingly, the high flexural reinforcement
ratio of the walls (extending from the center to the
boundary of the plan) is caused by the additional axial
load from the coupling of the beams. Moreover, these
additional axial loads are relatively very high in value
due to the large deformation of the coupling beams, as
shown in Figure 6(a).

However, the additional axial load from the cou-
pling beam, which is calculated as part of the elastic
analysis, is larger than the value elicited from the
actual behavior since the strength of the coupling beam
is limited by the actual details of the beams [1,14].
Therefore, regarding the actual behavior of the coupled

wall system can lead to a proposition of a reasonable
design of these fin walls.

3. Actual behavior and reasonable design of
coupled fin walls

To investigate the actual behavior of the coupled wall
system, a literature review and an inelastic analysis
were performed. According to Paulay and Priestley [1],
the strength of a coupled wall system under lateral
load can be determined by controlling the strength of
individual walls as indicated below:

M:M1+M2+ZSXT, (1)

where M is the strength of the coupled wall system,
Mi(Ms) is the strength of the individual wall with
additional axial tensile (compressive) load, T is the
axial load caused by the coupling beams, and [ is the
length between the centroids of the coupled walls (See
Figure 7). In the coupled wall system, the shear force
generated by the coupling beams is transferred to the
axial load of the wall. Generally, as shown in Figure 7,
the shear force (V') generated by the coupling beams
is limited by the moment strength of coupling beams
(My,;), because the beams are designed to yield prior to
failure by shear. Therefore, the axial load in the wall
base (T') can be calculated by summating the shear
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Figure 5. Strain distribution of walls W2 and W3 under the wind load according to the stiffness of the coupling beam.

force of the coupling beams at each story as follows [1]: Therefore, the axial load transferred to the walls
can be determined from the strength of the coupling

_ = ‘ beams. According to Paulay and Priestley [1], Paulay
T= Zle”/zlb7 (2) [14,15], and Santhakumar [16], the moment loading

of an individual wall in a coupled wall system can
where M, ; is the moment strength of the coupling be redistributed by maintaining the strength of the
beams, [, is the beam length, and n is the number system (Eq. (1)). Therefore, using this design concept,
of beam. the reinforcement ratio of the wall with an additional
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Figure 7. Strength of coupled wall system [1].

axial tensile load can be decreased by sending its
moment load to the wall with an additional axial
compressive load [1]. Correspondingly, the moment
strength capacity of the wall is enlarged owing to the
additional axial compressive load. In the present study,
in order to verify this moment redistribution method
for the coupled wall system and investigate its actual
behavior, inelastic analysis is performed.

According to Kim et al. [17] and Park and
Eom [18], the ultimate behavior of a coupled wall sys-
tem can be accurately simulated by the Longitudinal-
and-Diagonal-Line-Element-Model (LDLEM) method.
The LDLEM method has excellent stability for nu-
merical analysis of structural wall systems, because it

consists of simple trusses as a macro model as shown in
Figure 8. Therefore, in this study, the LDLEM method
was adopted for the inelastic analysis of a coupled wall
system consisting of a number of structural members.

In the LDLEM method, the unit wall between
the adjacent floors can be simulated using a simple
longitudinal and diagonal truss model (see Figure 8).
The diagonal truss was used to represent the shear
resisting element, and the diagonal truss angle (6..) was
defined to be the diagonal crack angle in the web of the
RC wall. The diagonal crack angle could be calculated
using the modified compression field theory proposed
by Vecchio and Collins [19]. Moreover, according
to Kim et al. [17], the diagonal truss angle could be
simplified to 45° for practical analysis. In this study,
the material model of the concrete and steel for a truss
element was defined as the stress-strain relationship to
reflect the inelastic behavior of the coupled wall system,
as shown in Figure 9.

As shown in Figure 10, the prototype model of
the coupled wall system (models A, B) is selected for
the inelastic analysis. Model A is a representative
model for the typical design result of the coupled
wall system under elastic analysis. In this case, a
high reinforcement ratio value is assumed for the wall
with an additional axial tensile load (p; = 0.015),
and a low reinforcement ratio value is assumed for
the wall with an additional axial compressive load
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(pf = 0.005). On the other hand, in the case of
model B, the reinforcement ratio of the coupled wall
is unified as py = 0.01, and this reinforcement ratio
is determined by equalizing the sum of the individual
moment strengths of model B to that of model A (M| +
M} (model B)=M; + Ms(model A), see Figure 10).
Except for the reinforcement ratio of the coupled walls,
the other design parameters of models A and B are the
same.

The LDLEM analysis for models A and B in
Figure 10 was conducted by using OpenSEES program
(PEER 2001 [22]). Static pushover analysis was per-
formed by displacement control. The coupling beams

in models A and B were modelled with equivalent
beam elements (nonlinear beam-column element of
OpenSEES (PEER 2001) with fiber section). More-
over, concrete elements resisted only compressive force,
whose structural behavior was determined by material
model in Figure 9(a).

By using the LDLEM method that simulated the
ultimate behavior of the coupled wall system (models A
and B), the relationship of the total moment capacity
at the base with the drift at the roof was investigated,
as shown in Figure 11. According to Figure 11,
models A and B show almost the same behavior under
a lateral load. The structural performances (stiff-



3050 T. Eom et al./Scientia Iranica, Transactions A: Civil Engineering 25 (2018) 3042-3053

| sm |2m ! sm |
| I |
R VVYVYVYy VVVVY
ey yvielly Bth
i vy 7th
> !l * w * V i’ ‘ ‘y lt Gth
vy v ey Sth
!. v WV 4 Lk 4th
I 3rd
— !ll l:tll‘ w i' ‘ ‘&l!
| 2nd
> !ll # *;:— 4 A ‘
Inelastic beam- <—{f
1st
column element

p;=0.015  p,=0.005
Wall @ Wall @

H f'c=30MPa, fy=400MPa, Story height=3.1m, Wall thickness=0.3m

B Beam width-depth = 0.3m-0.5m, Flexural reinforcement ratio of beam = 1%

H Constant axial load at the base =0.2Agf’c

50000 3
Wall @ el B

40000 'g"— e,
Z 30000 0.8~ J “sqost,
=4 Il \‘
—g 20000 0.6/,,?’ 4 ? 064,
S ' M, (P=0.15641,) |
= 10000 | 0418, ] \ 0.4l
< L. g
:é 0 o ;h - - D{{’x 24

0.11&:\ _,43’&'11,,
-10000 RS £
-20000
-40000 -20000 0 20000 40000
Bending moment (kN.m)
50000
Wall

40000 @ o
Z 30000 Lo e
-~ < o 1 hs
~ 0.6@” “Qoai,
T 20000 ,-' Q\
20000 ostQ M, (P=02444,f) PO
— \ '
; 0.418 le L8 0.4lw
< 0 O;I:&, ,Ae"zl,,

_ .
-10000 ‘ oo‘s?;e.'!,er'i 1
05/,
-20000
-40000 -20000 0 20000 40000,

Bending moment (kN.m)

(a) Coupled wall model A (py = 0.015 (tension wall), ps = 0.005 (compression wall))

., 5m 2m = 5m
| | | |
- vVYVVY YyYVVY
8th
y | y
, ¥R V| ¥ (¥ *g--t
R Al bt dlh 7th
- v Y | \dlbath i 6th
!'“i Liidh/ Lalbathi dIL; Sth
(i 4th
it b afh i AL
- !v“ Lindh \albathi hi 3rd
\ Y ¥ b ek ¥ 2nd
> — B -
Inelastic beam- <— 1st
column element
p,=0010 p,=0.010
Wall @ Wwall @

50000
Wall@, Wall@ |}
40000 a0 N
— -l e,
z, 30000 prd .
2 o sl,lﬂ‘ ‘D‘: 8l
"g 20000 K4 N\
g 06/,Q »oss,
= 10000 \ M, (P=0.2444,f))
g“ 04n® %A 04k,
< 0 \~\\ o .
0210. M, (P=0.1564,1)
-10000 0106 o0,
LA X
Pos/,
-20000
-40000 -20000 0 20000 40000

Bending moment (kN.m)

M{ + Mé (model B) = M7 4+ M2 (model A)

(b) Coupled wall model B (py = 0.010 (tension wall), py = 0.010 (compression wall))

Figure 10. Coupled wall model for inelastic analysis.

ness, strength, and deformability) of the coupled wall
systems before/after the moment redistribution are
almost identical. Therefore, the moment redistribution
concept [1,14,16] for the effective design of the coupled
fin walls in high-rise buildings was verified through
LDLEM analysis method. Particularly, the high re-
inforcement ratio of the walls with an additional axial
tensile load can reduce when the moment redistribution

concept is used as Paulay and Priestley proposed [1].
If the structural design was conducted according to
elastic analysis, the flexural reinforcement might be
placed such as the pattern of Model A, where the
amount of flexural reinforcement in tension-side wall
is larger than that of Model B. If lateral load in the
opposite direction is applied, the existing compression-
side wall will become tension-side wall and the amount
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Figure 11. Result of inelastic analysis

of flexural reinforcement will increase. As a result,
in the structural design based on the elastic analysis,
the amount of the flexural reinforcement is determined
by the amount of the flexural reinforcement of the
tension-side wall. In addition, according to the result
of the analysis of model B, the design made by the
elastic analysis has a greater flexural performance than
the flexural performance required for the design load.
These design results decrease economic feasibility and
constructability. Moreover, excessive flexural perfor-
mance of high-rise RC structural walls may lead to their
unexpected brittle shear failure. Therefore, to assure
structural safety and economic feasibility, the use of
moment redistribution method should be considered
seriously. However, further studies are still required to
verify the moment redistribution concept under various
design parameters and identify the limitations of this
method.

4. Conclusions

In high-rise buildings, RC structural walls frequently
resist lateral loads, such as wind and seismic loads
since they have large stiffness and strength. In the
high-rise RC building structures, in many cases, the
structural RC walls are located on another line and
apart from each other, and are designed generally
as independent single walls (isolated walls) regardless
of their structural behavior. In particular, behavior
and design of fin walls at the periphery of strong
core wall structure in high-rise buildings were not
analyzed seriously despite their structural importance.
Sometimes, these RC fin walls, which extend from
the center to the boundary of the plan, have a large
reinforcement ratio that is more than 1%. Such a value
cannot assure economic feasibility and constructability.
In the present study, the current design process of these
fin walls was investigated, and inelastic analysis and
literature review were performed to study the actual
behavior of these RC fin walls and to recommend
the alternative design method for them. According
to the investigation of the current design and elicited
results, the walls, located far apart from each other

and connected by center walls and beams on another
line, were coupled by the beams. Therefore, owing
to the large deformation of the coupling beams under
the lateral load, large shear forces occurred in coupling
beams that were subsequently transferred to the cou-
pled walls as an axial load. Moreover, in the case
of high-rise buildings, the number of coupling beams
is very large and the axial load that is transferred
to the coupled walls is also large. These additional
axial forces result in significant reinforcement of the
coupled walls. However, the additional axial load from
the coupling beam, calculated using the current elastic
analysis, is larger since the strength of the coupling
beam is limited by the actual detail of the beams.
Accordingly, the high-rise RC fin walls, which are
located far apart from each other and are connected
by center walls and beams on another line, should be
designed as a coupled wall system instead of isolated
walls.

In the present study, the moment redistribu-
tion method was introduced as an alternative design
method for high-rise RC fin wall system through a
literature review, and it was verified by the inelastic
analysis using the LDLEM method, which is a newly-
developed and specialized structural analysis method
for RC wall systems. According to the results of the
inelastic analysis and the literature review, the moment
redistribution concept can be used for the effective
design of the RC fin walls in high-rise buildings. Partic-
ularly, by using the moment redistribution concept, the
high reinforcement ratio of the walls with the additional
axial tensile load can be reduced and the unexpected
shear failure of high-rise RC structural systems can be
prevented by protecting their excessive flexural perfor-
mance. However, further studies are still required to
verify the moment redistribution concept under various
design parameters and identify the limitations of this
method.
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