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Featured Application: The reinforced concrete outrigger wall with multiple openings can be used
to replace the conventional steel outrigger trusses in tall building structures.

Abstract: Outrigger systems have been used to control the lateral displacement of tall buildings.
Reinforced concrete (R.C.) outrigger walls with openings can be used to replace conventional steel
outrigger trusses. In this paper, a structural model for an R.C. outrigger wall with multiple openings
was proposed, and the effects of the multiple openings on the stiffness and strength of the outrigger
walls were evaluated. The equivalent bending stiffness of the outrigger wall was derived to predict
the lateral displacement at the top of tall buildings and internal shear force developed in the wall.
The openings for the passageway in the wall were designed by the strut-and-tie model. The stiffness
and strength of the outrigger wall with multiple openings was analyzed by the nonlinear finite
element analysis. Taking into consideration the degradation in stiffness and strength, the ratio of
the opening area to the outrigger wall area is recommended to be less than 20%. The degradation of
stiffness due to openings does not affect the structural performance of the outrigger system when the
outrigger has already large stiffness as the case of reinforced concrete outrigger walls.
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1. Introduction

With the development of tall building structures, the outrigger system has become one of the most
popular structural systems that control the lateral displacement of such buildings. Several researchers
and engineers have been studying and developing the outrigger system because it performs well in
controlling the lateral displacement at the top of a tall building by reducing the overturning moment [1].
For example, the Shanghai Tower, Hong Kong IFC2, and Taipei 101 are successful applications of the
system in tall buildings [2]. Most of the previous research studies focused on the optimum location of
outriggers and lateral stiffness of the whole structure. Taranath [3] assumed a rigid outrigger beam for
single-outrigger structures, and proposed that the optimum location of an outrigger is 0.455 of the total
height from the top. McNabb and Muvdi [4] proposed that the optimum locations for two outriggers
are 0.312 and 0.685 of the total height from the top based on Taranath’s research. Smith and Nwaka [5]
presented generalized results for optimum locations in multi-outrigger structures by assuming rigid
outriggers in flexure. Smith and Salim [6] proposed equations for the optimum locations of outriggers
by considering their flexibility. Hoenderkamper and Bakker [7] considered the bending and racking
shear stiffness of the outrigger truss to determine the optimum location of the outrigger. The research
studies on outrigger-braced structures have been summarized and some further studies have been
attempted by Wu and Li [8]. Recently, Kim et al. [9] proposed a dual-purpose outrigger system to
reduce the lateral displacement and differential column shortening.

Appl. Sci. 2019, 9, 4913; d0i:10.3390/app9224913 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-0235-6740
http://www.mdpi.com/2076-3417/9/22/4913?type=check_update&version=1
http://dx.doi.org/10.3390/app9224913
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 4913 20f18

Even though some researchers assumed equivalent beams for the outriggers to derive equations
for the optimum locations, most of the outriggers built were made of steel trusses. Although there
are a few applications of reinforced concrete outrigger walls, such as Chong Qing Raffles City [10],
discussing the walls is not enough. Furthermore, too little attention has been paid to the reinforced
concrete outrigger walls with openings.

In theory, the deeper the outrigger, the stiffer the structure [11]. It means that a deep outrigger,
such as an outrigger wall, can provide more effective lateral load-resistance for high-rise structures.
At the same time, reinforced concrete outrigger walls can be cost-effective systems because of the
same construction procedure as reinforced concrete core walls. However, as large concrete structures,
the reinforced concrete outrigger walls are heavy and space consuming. As a result, it is necessary to
solve the problems associated with making better use of the space occupied by outrigger walls. In this
study, a model for arranging multiple openings on reinforced concrete outrigger walls, as shown in
Figure 1, is proposed. Moreover, the study investigates the influence of multiple openings on the
stiffness and strength of the outrigger walls and whole tall building structure.
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Figure 1. A typical tall building structure with reinforced concrete outriggers walls with
multiple openings.

Given the aspect ratio of the outrigger walls, they can be designed as deep beams with openings.
Kong and Sharpe [12] proposed a shear strength equation for deep reinforced concrete beams with
web openings. Tan et al. [13] have predicted the capacity of deep beams with openings using the
strut-and-tie model. Tang and Tan [14] paid more attention in the evaluation of the ultimate shear
strength of deep beams, but there was only an opening in every shear region while the opening is
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placed in the critical load path. Although several studies have been performed on deep beams with web
openings, there are still difficulties in predicting the structural behavior of deep beams with multiple
openings. In this study, analytic equations used to predict the internal shear forces on outrigger walls
due to the lateral loads are derived and the results are verified through numerical examples. After that,
an outrigger wall with four openings was proposed through the strut-and-tie model. Subsequently,
the linear and nonlinear finite element method and strut-and-tie model were used to evaluate the
influence of the size of multiple openings on the stiffness and shear strength of reinforced concrete
outrigger walls. The study ends up investigating the influence of multiple openings on the lateral
displacement of whole tall building structures by using the proposed analytic equations.

2. Design of Reinforced Concrete Outrigger Wall with Multiple Openings

In this section, analytic equations used to predict the lateral displacement at the top of the
building and shear forces developed in each outrigger wall are derived and verified with the result of
finite element analysis. Subsequently, a structural model for the outrigger wall with four openings
is proposed.

2.1. Effect and Demand of Outrigger Walls

The internal shear force of the outrigger walls due to lateral loads is derived based on the
simplified model of the core wall and outrigger structural system [15]. A simplified model of tall
building structures with multiple outriggers is shown in Figure 2. The core wall is connected to the
perimeter columns through the outriggers. When lateral loads are applied at the central core wall,
the outrigger develops axial forces in the perimeter columns. The limitation of the simplified model
is that only flexural deformation of the outrigger is considered, and the length of the outrigger is
assumed as the distance from the center of the core to that of the perimeter column. These assumptions
are different from the actual behavior of outrigger walls. To enhance the accuracy of this simplified
model, an equivalent bending stiffness (EI), was proposed by considering the shear deformation of
beams and the clear span of outrigger walls.
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Figure 2. Simplified analysis model with multiple outriggers. The core wall is connected to the
perimeter columns through the outriggers.

Because the outrigger walls belong to the category of deep beams [16], the total deformation is the
sum of flexural and shear deformations, and the actual flexural distance is the clear span I,, as shown
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in Figure 3. According to the principle of virtual works, for the outrigger wall with a moment of
inertia I, and cross-sectional area A,, the equivalent bending stiffness (EI), can be obtained by the

following equation.
12EI, ) 1)

c 3
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where E and G are the modulus of elasticity and shear modulus, respectively. «; is the shear coefficient
to account for the shear deformation, which is 0.83 for a rectangular section. c is the width of the core
wall, and L is the distance from the center of the core wall to the center of perimeter column, as shown

in Figure 3.
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Figure 3. Shear and flexural deformations of the outrigger wall are considered and the clear span rather
than center-to-center span is used in the equivalent bending stiffness of the outrigger wall.

For the core, the rotation 6y; at the ith outrigger level due to the lateral load w and the restraining

moment M,; can be given by the following equation.
1

O = (E_I)t[fx?(% -

where (EI), represents the bending stiffness of the core wall. At the same outrigger level, the rotation of
the inboard end of the outrigger 0,4, where it attaches to the core, is due to the axial forces of perimeter
columns and overturning moment M,;. It was noted that the restraining moment for the core and
overturning moment for the outrigger walls have the same value and opposite directions. Hence, M,;
is used to represent both. The rotation 0, can be obtained by the following equation.

o Ma(H-X1)  Mo(H-X) ,  Mu(H-X) Myl
= T (EA), (), 7 IP(EA), | 12(ED),

Mrl)dx—f—fx’;S(waz_Mrl—Mrz)dx+...+fin(wa2 My —... - Mm)dx]

where (EA), represents the axial stiffness of perimeter columns.
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Because of 0;; = 0., the restraining moment M,; can be obtained in the following matrix form.

M,y Bi+C(H-X,) CH-X)) - CH-X) - CH-X) 1" HO - X0

M, C(H—Xz) BerC(H—Xz) C(H—X,') C(H—Xn) Hs—Xg

: — |2 _|x : ! : ! . : 4
My [“E’)f] C(H-X;) CH-X;) - Bi+C(H-X;) - : H =X} @
3 : : : : C(H-Xy) :
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where the parameter B; and C are defined in the following equations.

L 1 2
D, T 2(EA), ©

where (EI),; represents the equivalent bending stiffness of the ith outrigger wall, as given in Equation (1).
Applying the restraining moment M,; on the core, the displacement at the top of the building Ay,
can be obtained by using the following equation.

wH* 1
Ntop = - M,;(H? - X 6
top S(El)t Z(Ef)t ; 1’1( 1 ) ( )

The outriggers are subjected to the overturning moment M,; and shear forces at the far edge due
to the axial forces of the perimeter columns. According to the resulting rotation 6,4, the internal shear
forces of the outrigger walls can be calculated by dividing M,; by L as follows.
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2.2. Verification by Numerical Examples

The accuracy of the proposed equations for lateral displacement at the top of tall buildings and
shear forces developed at the outrigger walls are verified by comparing with the results from linear
finite element analysis. MIDAS-Gen [17] was used for the linear finite element analysis because it is
widely used in the structural design practice. The outrigger walls and cores were modeled with the
quadrilateral plane stress elements with incompatible modes [17].

Six models were analyzed to verify the proposed equations. Models A1~A3 were the single-
outrigger structures. Model A4 and A5 were the two-outrigger structures. Model A6 included
the three-outrigger structures. The overall height of the structure is H = 280 m, with story height
being equal to 3.5 m with 80 stories. The additional dimensional conditions are shown in Figure 4.
The uniform lateral load w is applied at the center of the core wall. The floor diaphragm was neglected
to assign the same boundary conditions as assumed in Equations (6) and (7). Except for the locations,
all outriggers have the same dimensions and elastic modulus of 36.4 GPa. The lateral displacement
at the top of the structure Ay, and internal shear forces of the outrigger walls V from two analysis
methods are presented in Table 1. The difference shown in Table 1 is the percentage of the absolute
value of the difference between the two results, which is compared to the results from the finite element
method. As shown in Table 1, the differences in the top drift and shear forces between two analysis
results were less than 5%. A possible explanation for the discrepancy might be that the effective
bending stiffness given in Equation (1), in which the clear distance and shear deformation are included,
does not represent the actual deformation of the outrigger walls. However, these differences can be
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regarded as permitted in a structural design practice. Taken together, these results can hold the view
that the proposed analytical equations for the outrigger walls that introduce the equivalent bending
stiffness are valid.

w = 20kN/m

h=10.5m

- -©utrigger - - Outrigger---

Exterior
Column

—> Exterior
Column

- b=14m

5

Figure 4. Dimensions of the analysis model to verify the proposed analytical equations.

Table 1. Results from Equations (6) and (7) and finite element analysis (FEA).

Model Outrigger X (m) Atop (m) Diff. (%) v (N) Diff. (%)
Equation (6) FEA Equation (7) FEA
Al o1 89.25 0.4964 05134 330 6790 6876 1.25
A2 o21 138.25 0.4715 04905 387 8267 8331 0.77
A3 031 183.75 0.5782 05985 339 9842 9840 0.02
041 89.25 3669 3808 3.65
Ad 042 183.75 0.3701 0.3789 234 6273 6225 0.77
051 68.25 3908 4028 2.97
A5 052 208.25 0.3831 0.3908 1.96 6967 6890 111
061 68.25 2111 2220 492
A6 062 138.25 0.3412 0.3429 0.42 3597 3528 195
063 208.25 5232 5155 151

2.3. Arrangement of Multiple Openings

Outrigger walls behave as cantilever deep beams, which have nonlinear distribution of stresses.
Itis not easy to analyze and design outrigger walls through design methods and formulas developed for
slender beams. In this study, the strut-and-tie model was used to perform a preliminary design of the
reinforced concrete outrigger walls. The strut-and-tie model was proven to be a desirable approach for
designing reinforced concrete members with discontinuous regions (D-regions). The method is based
on a truss analogy, which was first presented to explain the contribution of transverse reinforcement to
the shear strength of a beam by Wilhelm Ritter in 1899. Following this, Schlaich et al. [18] developed a
strut-and-tie model as a design method for the D-region, and later discussed some designing details [19].
Furthermore, the strut-and-tie model method has been adopted by some design provisions, such as
American Concrete Institute (ACI) 318-14 [16] as a design method for structures with D-regions.
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By using the strut-and-tie model, which assumes that all the stresses are condensed in struts
and ties, horizontal and diagonal reinforcements were placed in the region with high tensile stresses.
Meanwhile, in a practical situation, lateral loads coming from different directions lead to the fact
that every half-side outrigger should be able to support upward and downward forces. This means
that the tension zones could likely become compressive zones in an outrigger wall, and compressive
zones should also be able to resist tension forces. Thus, every half-side of an outrigger wall with
four reinforcements can be obtained by a symmetric superposition of the side supported upward
forces and side supported downward forces, as shown in Figure 5 in which the blue lines represent

steel reinforcements.

| o,

Core

Q
o
Q

Figure 5. Outrigger walls with multiple openings. The blue lines represent the steel reinforcements to

resist tension forces.

According to American Concrete Institute (ACI) 318-14, the distributed transverse reinforcement
should be positioned for compressive strength of concrete f. not exceeding 42 MPa (6000 psi). However,
there is some difficulty in the placement of the distributed transverse reinforcement in an outrigger
wall with multiple openings, which is shown in Figure 5. In this study, the compressive strength of
concrete that was used in the outrigger walls was greater than 42 MPa in order to evade the requirement
for web reinforcement. Therefore, the outrigger wall was reinforced with four main reinforcements
along the tension zone. The sectional area of each reinforcement was given by Ag, Asp, As3, and Agy.
These reinforcements divide the outrigger wall into four parts, as shown in Figure 6, in which the
yellow colored regions were subjected to low stresses. It is essential to install openings in the regions

subjected to low stresses.

Core N

Figure 6. Arrangement of multiple openings in a reinforced concrete outrigger wall. The height of

openings was assumed to be 2 m for it to be used as a passageway.
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Through geometrical symmetry, the right triangular region was the same as the left one with the
length, Ax;, and height, Ay;. On the other hand, the bottom triangular region was the same as the
top one with length, Ax;, and height, Ay;. A half-side outrigger wall has a shear span, 4, an effective
depth, d, and overall depth of outrigger wall, ;, as shown in Figure 6. The effective width of the tie, I;,
is equal to 2(h — d) and is also a limitation to the location of the top and bottom openings.

In order to get the maximum rectangular openings, rectangular openings should be inscribed in
the triangular zones. In a practical view, the height of rectangular openings is assumed to be 2 m since
it used to be the passageway. With the specified opening height, &, the maximum length of the top
and bottom openings, Iy, 1, as well as the maximum length of the left and right openings, 2, can be
obtained by the following geometrical calculation.

(Ay1—2) (Ay2-2)

lopp = Ax 8
A]/l op,2 2 A]/z ( )

lop,l = Ax
where Axq, Ay1, Axy, and Ay, are defined in Figure 6.
If the four openings are assumed to be the same size, among the length of the four openings, [y, is
the smaller one compared to l,,,1 and [y 2.

lop = min (lop,lz Zop,Z) 9)
The total area of openings Ay, can also be obtained using the equation below.
Aop = 4ophop (10)

3. Evaluation of the Influence of Multiple Openings

In order to study the influence of the size of openings on the outrigger wall and whole structure,
structural performances associated with the stiffness and strength are investigated by using both
linear and nonlinear analyses. Since the strength of the reinforced concrete outrigger wall cannot
be evaluated by linear analysis, the strength of the outrigger wall is obtained by the nonlinear finite
element analysis and compared with the results from the strut-and-tie models presented in ACI
318-14. On the other hand, the initial stiffness of the outrigger wall can be estimated by linear analysis.
Therefore, the stiffness of the wall was evaluated by linear and nonlinear finite element analyses,
and the results from both analyses were compared.

A single-outrigger-braced tall building with a 3-story-high outrigger system located in 39th, 40th,
and 41st floor of the tall building structure shown in Figure 1 was studied as a numerical example.
The overall depth, k, of the outrigger wall was 10.5 m. As a symmetrical structure, only the half-side
outrigger wall subjected to downward forces was analyzed. Through the proposed design procedure,
the cross-sectional areas of the diagonal reinforcements (As; and Ag3) and horizontal reinforcements
(As1 and Agy) were assumed to be 0.057 m? and 0.099 m?, respectively. The outrigger wall had a shear
span, 4, of 14 m and an effective depth, d, of 10 m. The compressive strength of concrete f. was 60 MPa.

The size of the openings was changed through 12 analyses models. The models were named by
assigning a capital M followed by a number i (i = 0,1,2,...,11). Among them, model MO refers to
the outrigger wall without opening a reference model. All the openings have the specified height
(hop = 2 m). Since the 250 mm x 250 mm size of the rectangular element was used in the finite element
mesh, the length of the opening starting from 0 increased by 0.5 m steps and reached their limitations
in model M11. The opening ratios (Ao, / Aoyt) are defined as the area ratios of the four openings and
outrigger walls. This study aimed to find out whether and how the stiffness and the shear strength of
outrigger walls change by increasing the opening ratio. In order to illustrate the influence upon the
stiffness and shear strength, parameters expressing the variation are introduced. The parameter g
is the ratio of the stiffness K; of each outrigger wall to the stiffness Ky of the outrigger wall without
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openings. The parameter Sy is the ratio of the shear strength V; to the shear strength V| of the outrigger
wall without openings.

3.1. Finite Element Modelling

In this study, Abaqus [20], which is a commercial nonlinear finite element analysis program,
was used. Several researchers have used Abaqus in analyzing the nonlinear behavior of reinforced
concrete structures [21-24]. The program provides three material models for concrete. These are
the smeared crack concrete, brittle crack concrete, and concrete damaged plasticity models. In this
paper, the concrete damaged plasticity (CDP) model was used because it can represent the complete
inelastic behavior of concrete, both in compression and tension [25,26]. The CDP is a continuum,
plasticity-based, damage model for concrete. It assumes that the main two failure mechanisms of
concrete material are tensile cracking and compressive crushing, which are represented by the uniaxial
tension and compression behavior. Under uniaxial tension, the stress-strain response follows a linear
elastic relationship until the value of the failure stress is reached. The failure stress corresponds to the
onset of micro-cracking in concrete material. Beyond the failure stress, the formation of micro-cracks is
represented macroscopically with a softening stress-strain response, which induces strain localization
in concrete structures. Under uniaxial compression, the response is linear up to the value of the initial
yield. In the plastic regime, the response is typically characterized by stress hardening, which is
followed by strain softening beyond ultimate stress.

The CDP model in Abaqus is a plasticity material model that requires the definition of the
yield surface and requires hardening and flow rules. The model makes use of the yield function
proposed by Lee and Fenves [27] to account for varying degrees of evolution of concrete strength
under tension and compression. The CDP model assumes a non-associated potential plastic flow.
The flow potential is the Drucker-Prager hyperbolic function, which requires the dilation angle (),
flow potential eccentricity (e), ratio of the initial biaxial compressive yield stress to the initial uniaxial
compressive yield stress (059/0¢0), and the ratio of the second stress invariant on the tensile meridian
to that on the compressive meridian (K.). The viscosity parameter should be entered to overcome some
of the convergence difficulties caused by material models exhibiting softening behavior and stiffness
degradation. The values of the parameters for the plasticity model used in this study are shown in
Table 2 below.

Table 2. Plasticity parameter of concrete damaged plasticity (CDP) specified for this study.

Parameter Value
P 38
€ 0.1
0p0/0c0 1.16
K 0.667
Viscosity parameter 0.0001

CDPs require a stress-strain relationship of concrete in uniaxial compression and tension.
The relationship suggested by Carreira and Chu [28], as shown in Figure 7, was used for the
compression model. For the tension model, the stress-strain relationship proposed by Wahalathantri
et al. [29] was used. The tension model as shown in Figure 8 includes the tension stiffening to simplify
the post cracking behavior for concrete and the interaction between reinforcement and concrete.
The CDP model was used in predicting the shear behavior of reinforced and prestressed concrete deep
beams and confirmed that the shear strengths predicted by the finite element analysis agreed well with
those obtained by experiments [30].
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Figure 7. Compressive stress-strain relationship of concrete.
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Figure 8. Compressive stress-strain relationship of concrete.

When applying downward force on the loading plate for the analysis model used in this study;,
the reinforcements with cross-sectional areas A;; and Ags were subjected to compression. On the
other hand, the reinforcements with cross-sectional areas As;; and Agy were subjected to tensile
forces. To model the behavior of stress reduction caused by buckling in a reinforcement subjected to
compression, the material model was defined differently from the material model of the reinforcement
subjected to tension. For the reinforcement with cross-sectional areas A,y and A4, which were subjected
to tension, only the yield strength of 414 MPa and modulus of elasticity of 200 GPa were specified
by assuming perfect plasticity, as shown in Figure 9. The compressive reinforcements were assumed
to be buckled at a compressive strain of 0.003 and reduced the strength to 10% of the yield strength,
as shown in Figure 9.

The structures used in this study were symmetrical structures. For the convenience of analysis,
half of the entire outrigger wall was taken and modeled two-dimensionally. The half-side outrigger
wall was modeled with half of the core wall and the loading plate at which the vertical displacement
was applied. The loading plate replaced the perimeter column and was assumed to be perfectly
bonded to the concrete and modeled to share the nodes with concrete. Both concrete and loading plates
were modeled by using CPS4R, which is a quadrilateral plane stress element with reduced integration.
The reinforcements were represented with a T2D2 truss element and were modeled by embedding
them in concrete. It was assumed that the reinforcement and concrete were perfectly bonded and the
interaction between two materials was indirectly represented by the tension stiffening, as shown in
Figure 8. Vertical displacement was applied to the loading plate in the form of displacement control.
The left, top, and bottom sides of the core wall were constrained as pinned boundary conditions.
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Figure 9. Material model of reinforcement subjected to tension and compression.
3.2. Results of Finite Element Analysis

The absolute maximum principal stress distribution calculated by the nonlinear finite element
analysis is shown in Figure 10. In the outrigger wall without web openings (M0), the results show that
the compressive strut was formed from the loading plate, and the bottom of the outrigger wall and
tensile zone was formed at the top of the outrigger wall. In the outrigger wall with web openings (M8),
compressive strut was more clearly formed at the diagonal line. Additionally, the bottom strut was
formed separately from the diagonal strut. It was also observed that the cross-section of the diagonal
strut was slightly defected by the openings.

(a) (b)

Figure 10. Absolute maximum principal stress distribution of (a) MO and (b) M8.

The maximum plastic strain distribution at the ultimate state is shown in Figure 11. The maximum
plastic strain represents the tensile strain in concrete, and the distribution shows the crack pattern of the
analysis models. In the MO model, the widest crack developed in the flexural critical section at which
the outrigger wall meets the core wall. Several flexural cracks developed along the top reinforcement.
The diagonal crack initiated at the loading plate and developed along the diagonal reinforcement,
which was subjected to compression, was also noticeable. In model M1, many cracks developed along
the top and diagonal reinforcements, which were subjected to tension. It was also noticed that wide
local cracks were developed at the bottom left corner of the openings. In M8, the crack initiated at the
loading plate and propagated along the top reinforcement, which formed a large arc along the corners
of openings. In M11, in which the compressive struts interfered by the openings, the ultimate state
developed by the local failure at the corners of the top and right openings.
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(b)

(c) (d)

Figure 11. Plastic strain distribution at the ultimate state of (a) M0, (b) M1, (c) M8, and (d) M11.

Figure 12 shows the relation between the applied vertical displacement and total vertical reactions
measured at the pinned nodes from the nonlinear analysis. It can be clearly observed that the outrigger
walls experienced a progressive decrease in both stiffness and strength as the size of the opening
increased. However, the ultimate displacement of all the models, except M11, were around 60 mm and
the initial yielding was developed at about 10 mm.

45000
40000
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30000 M2
M3
Z 25000 —Mm4
?:’ —M5
o e
£ 20000 e
8 —M7
o —M38
15000 o
—M10
10000 o
5000
0

0 10 20 30 40 50 60 70
Displacement (mm)

Figure 12. Displacement-reaction curves of nonlinear analysis.
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In order to quantify the degradation in stiffness due to the size of openings, the initial tangential
slope, K;, calculated from the load-displacement curves shown in Figure 12 and compared it with
the slope K; from the linear analysis. In order to evaluate the stiffness of outrigger walls, all the
analysis models were constructed as the same as the nonlinear analysis, with an exception of the plastic
modeling removed in the linear analysis. The slope of the linear analysis K; is defined as the vertical
force developing a unit deflection at the loading point of the i-th model in the linear analysis. The term
K can be defined as the tangential stiffness of the outrigger walls. The initial tangential slopes K}; from
the nonlinear analysis and stiffness K; from the linear analysis were identical.

To include the effect of initial cracking in the nonlinear analysis, the secant stiffness, K,
were defined as the slope from the origin to the point with vertical displacement of 10 mm and
are shown in Table 3 with the stiffness K; from the linear analysis. As mentioned before, Bk is defined
as the ratio of K; to Ko or K; to Kyo of the outrigger wall without openings. Sk is regarded as an index
to show the degradation of stiffness of the outrigger walls. It can be observed that, even though the
secant stiffness was slightly less than the tangential stiffness, K; and the degradation ratio fx were
almost identical.

Table 3. Evaluation of stiffness of the outrigger wall.

Model AoplAout Linear Analysis Nonlinear Analysis

K; (MN) Px K, (MN) Px
MO 0.00 2124 1.00 1817 1.00
M1 0.03 1973 0.93 1690 0.93
M2 0.05 1914 0.90 1642 0.90
M3 0.08 1858 0.87 1593 0.88
M4 0.11 1801 0.85 1542 0.85
M5 0.14 1742 0.82 1487 0.82
Mé 0.16 1685 0.79 1435 0.79
M7 0.19 1625 0.76 1383 0.76
M8 0.22 1557 0.73 1332 0.73
M9 0.24 1468 0.69 1248 0.69
M10 0.27 1365 0.64 1156 0.64
M11 0.29 1234 0.58 1056 0.58

Figure 13 shows the degradation ratios in stiffness as the size of the opening increases. The ratios
of the stiffness decline almost linearly with a gentle slope from MO to M8. When the opening area
exceeds 22% (M8), the decreasing trends are also regarded as being linear, but they become steeper.
From the similar trends in the results of linear and nonlinear analyses, it can be concluded that the loss
of area due to multiple openings is a more influential factor on the stiffness of outrigger walls than the
material degradation.

The maximum vertical reaction, R;, in the nonlinear analysis can be defined as the strength of the
outrigger walls. The ratio fig refers to the ratio of the vertical reaction at the ultimate state of the i-th
models R; to Rp of the MO model. The maximum vertical reactions and degradation ratio in strength
from the nonlinear analysis are shown in Table 4 and Figure 14. The reduction in strength is a function
of the opening ratio, which is similar to the results of stiffness. However, the outrigger wall began
to experience larger losses in strength when the opening area reached 24% (M9) in which the shear
strength reduced to 77%. Comparing the reduction of stiffness and strength in model M0 to model M8,
where the sizes of openings were less than 22% of the overall area of the outrigger wall, the gentle
reductions in stiffness and strength were similar, while the sharp reduction occurred earlier in the
stiffness (M8) than in strength (M9).
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Figure 14. Degradation of strength of the outrigger wall according to the size of the openings.
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From the analysis results, it can be concluded that the reinforced concrete outrigger walls can
accommodate four openings without significantly decreasing the stiffness and strength of the outrigger
walls if the openings do not severely interfere with the critical load path.

3.3. Strength Predicted by Strut-and-Tie Models

According to Chapter 23 of ACI318-14, the nominal shear strength of the outrigger walls can be
calculated by using the strut-and-tie model. In this study, the nodal zones are assumed to be stiff
enough. Therefore, only the strengths of strut and tie were considered. The diagonal strut in the central
zone surrounded by four openings has an angle 0 with the horizontal tie, as shown in Figure 15.

Figure 15. The strut-and-tie model for the outrigger wall with multiple openings.

The shear strength of the outrigger wall by the strut-and-tie model Vi, was the smaller one of
the shear strengths provided by the strut and the tie, as shown by the following equations.

Vi = FyssinO < 0.858s f{bywstr (11)

Vin = Fupsin® + Fyutan0 < Ag fysin0 + Agy fytan© (12)

where F;; is the nominal compressive strength of a strut. s is the reduction factor to account for the
bottle-shaped strut. For a strut of a uniform cross-sectional area, s = 1.0 and wy;, is the width of strut.
Fup and Fy are the nominal tensile strengths of the top and diagonal reinforcements, respectively.

The indices representing the relative strength degradation fy as increasing the size of the openings
are presented in Figure 16. It can be observed that the iy remained 1.0 before the opening ratio reached
19% (M0-M?7). This means that the steel reinforcements yielded before the failure of concrete until the
size of the openings reached 19%. When the size of the openings increased beyond 19%, the openings
reduced the width of the strut and, consequently, reduced the strength of the strut and strength of the
outrigger walls. The strength ratio S began decreasing sharply from model M8 and dropped to 39% in
model M11. These results indicate that the failure of concrete preceded the yielding of reinforcements
in model M11. When comparing Figure 14 from the nonlinear finite element analysis and Figure 16
from the strut-and-tie model, it can be noticed that the strut-and-tie model is not conservative in
predicting the shear strength of outrigger walls with low opening ratios.

3.4. Influence on Lateral Stiffness of Tall Buildings

The influence of openings on the stiffness and strength of reinforced concrete outrigger walls was
investigated in the previous sections. In this section, the influence of openings on the lateral stiffness
of the whole structure was investigated by applying the degraded stiffness of outrigger walls due to
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openings given in Table 3 to the proposed, analytical Equations (6) and (7). The equivalent bending
stiffness of the outrigger wall without openings given in Equation (1) can be easily converted to the
equivalent bending stiffness of the outrigger wall with openings, as shown by the following equation.

(ED)y; = P (EI), (13)

where (EI),; is the equivalent bending stiffness of the i-th analysis models.

1.2
10 ¢—o—o0—o—0o—o—0o——o—
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=
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o N
qCJ 0 6 \\\
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Y \
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Figure 16. Strength of outrigger walls predicted by the strut-and-tie model.

The lateral displacement at the top of the building and shear forces developed in each outrigger are
summarized in Table 5. The lateral displacement and shear forces were almost the same, even though
the minimum value of fx = 0.58 (M11) was applied. According to a study by Kim [31], the relation
between the lateral displacement at the top and stiffness of the outrigger is nonlinear. Moreover,
the lateral displacement is not sensitive to the stiffness of the outrigger when the outrigger has
sufficiently high stiffness, such as the outrigger walls in this study. Even though the internal shear
force developed in each outrigger remained almost the same as seen in Table 5, the strength of the
outrigger wall with openings was reduced significantly, as seen in Table 4, since the size of the openings
increased. Therefore, the structural safety in terms of strength should be carefully checked when
designing the reinforced concrete outrigger walls.

Table 5. The lateral displacement at the top of the building and shear forces developed in the outrigger
walls predicted by Equations (6) and (7).

Model  Outrigger Atop (m) Diff. (%) v (N) Diff. (%)
MO M11 MO M11
Al 011 0.4964 0.5050 173 6790 6732 0.85
A2 021 0.4715 0.4833 2.50 8267 8173 1.14
A3 031 0.5782 0.5935 2.65 9842 9679 1.66
041 3669 3707 1.04
Ad o 0.3701 0.3777 2.01 P 133 e
051 3908 3938 0.77
A5 ey 0.3831 03918 222 967 P 260
061 2111 2144 1.56
A6 062 0.3412 0.3470 1.70 3597 3594 0.08

063 5232 5089 2.73
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4. Conclusions

After studying outrigger systems, designing multiple openings on outrigger walls and evaluating
the influence of the size of openings on outrigger walls, several conclusions can be summarized
as follows.

The introduction of equivalent bending stiffness allows for the derivation of internal shear forces
on the outriggers. The proposed equations include the effect of clear span and shear deformation of
outrigger walls. In comparison with the results from the numerical analysis, the errors between the
results of developed equations and results of finite element analysis were less than 5%. This proves
that the shear reaction on outrigger walls due to lateral loads derived from a simplified model can be
used for the preliminary design of outrigger walls.

To use the space occupied by the outrigger walls more efficiently, a development of an outrigger
wall with four reinforcements and four openings was proposed through the strut-and-tie model.
The stiffness and strength of outrigger walls experience reductions in different levels since the size of
openings increases. The decrease in trends can be represented by two linear functions of the opening
ratios, which are the gentle and steep linear functions. The linear finite element analysis can replace
the time-consuming nonlinear finite element analysis when evaluating the stiffness degradation of
outrigger walls with multiple openings. Taking into consideration the degradation in stiffness and
strength, the ratio of the opening area is recommended to be less than 20%. The degradation of stiffness
due to openings does not significantly affect the global behavior of the whole structure when the
outrigger already has a large stiffness, as the case of reinforced concrete outrigger walls.
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