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Anahtar Kelimeler Ozet: Yatay yiikler bag kirislerinde egilme ve beraberinde
Bosluklu perdeler,  gnemli oranda kesme gerilmelerine neden oldugu icin, bosluklu
Bag kirisi katkiorany, perdelj  sistemlerin  yapisal davramslari  bag  Kirislerinin
Rijitlik dizeltme geometrik, mekanik 6zellikleri ve bag kirisi katki orani (r) ile
katsayisi,
Gocme olasilig, yak.lndan al:flkah olan davramsliirlnda.m oldukg¢a fazlz%
Monte Carlo etkilenmektedir. Bu nedenle, r-degerleri bosluklu perdeli
simiilasyonu sistemlerin dogrusal olmayan hesabinda 6nemli bir parametre
olarak disiintilebilir. Bu ¢alismada “r” degerlerini belirlemek
amaciyla uygulamada sik¢a karsilasilan geometriye sahip yeterli
sayida bosluklu perdeli sistemler dikkate alinarak bag kirisi katki
oranlar1 genisletilmis ¢ubuk teorisi yardimi ile ifade edilmis ve
Monte Carlo simiilasyonu ile sézkonusu bag Kirislerin go¢me

olasiliklar1 hesaplanmistir.

The Failure Probability of The Coupling Beams with Monte Carlo

Simulation

Keywords Abstract: Since lateral loads cause bending with high shear
Coupled shear stresses in coupling beams, the structural behavior of a coupled
walls, . shear walls is greatly affected by the behavior of the coupling
CQUplmg ratio, beams which depends on its geometrical, mechanical properties
Stiffness . . .

modification and also coupling ratio (r). The value of r considered to be one of
factor, the major issues in nonlinear analysis in coupled shear walls
Failure represents the proportion of overturning moment resisted by the
probability, coupling action. In order to evaluate the r-values by using
Monte Carlo magnified beam algorithm, an adequate number of coupled shear
simulation walls having several geometries commonly used in construction

were considered and then failure probabilities of coupling beams
were calculated using Monte Carlo simulation.
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1. Introduction

In mid and high rise reinforced concrete
(R/C) buildings, shear wall (SW) and
coupled shear wall (CSW) systems are
usually used effectively to provide the
required stiffness and strength for
earthquake loadings. The structural
behavior of a CSW is greatly affected by
the behavior of the coupling beams, since
the lateral loads such as earthquake
cause bending with high shear stresses in
coupling beams (Figure 1.)

Coupling beam
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Figure 1. A typical coupled shear wall (a)
Loading condition (b) Deformed shape

There are several modelling techniques
(such as three dimensional finite solid
modelling and two  dimensional
modelling) suggested for the evaluation
of the elastic behavior of the CSWs
[1,2,3,4,5,6,7,8,9,10] in these techniques,
the CSWs were modeled as 2D equivalent
frames, where rigid members were
introduced at the ends of the coupled
beams in order to characterize the large
size finite widths of the shear walls.
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Figure 2. CSW and equivalent frame[12]
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Shear walls were represented by beam-
column elements, while coupling beams
were represented by beam elements
having rigid ends, as shown in Figure 2,
conversely, the coupling beams may be

represented by beam elements using
stiffness modification factors (Figure 3.).
In a modified 2D beam model, the
stiffness of a coupling beam is defined as
the product of the equivalent stiffness
and the stiffness modification factor [11].
This finalize technique may be termed as
“Magnified Beam Approach”.
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(a)Actual condition (b) Modified condition
Figure 3. CSW and magnified beam [12]
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In this technique, the actual rotational
stiffness of a coupling beam (Figure 3a; i-
j member) and the equivalent stiffness of

a magnified beam (Figure 3b; i-j
member) can be defined as;

k= 1

=% (1)
and
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where, M; and 6; are the bending

moment and rotation for the section i,
Epl, is the bending stiffness, d is the
gross height of the beam, respectively. On
the other hand, the relation between
Equations (1) and (2) can be expressed
by using a parameter 1) (n€ =elastic or
nP=plastic) called “stiffness modification
factor” as:

ki = nk; (3)

A simple function for ) may be used as
[11];
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n=a(s) () ()

or

as

(4a)

ay az

n=ao(g) () (D) ()

where, the ratios of h/¢, b//, d/{ describe
the size of openings between the two
shear walls and ay,a4,a,a3,a, are
constants, and o./f. (stress in exciting
zones/characteristic compressive
strength for the concrete) defines the
various stress level which will be
suggested by the investigators. For
example considering g./f, = 0.40, the
behavior of the system can be idealized
as linear. The actual rotational stiffness
of the coupling beam given in Equation 1,
may be obtained through detailed finite
element analyses (FEAs) using 2D shell
elements. In order to evaluate the
stiffness modification factor defined by
Equation 4, a series of 54 CSWs with
varying geometrical parameters of h=3
m, L=6 m, b=3.0, 3.2, 3.4, 3.6, 3.8, 4.0, 4.2,
4.4, 4.6 m, and d=0.20, 0.40, 0.60, 0.80,
1.00, 1.20 m were analyzed in elastic-
plastic stage [11]. By means of a
nonlinear regression analysis [13],
Equation 4 acquires the final form of;

(48D)

0.0282 ,, 16824 , ; —0.586
b d

r=1om(G) G () (5a)
or

rewso) () G () ()
which correspond to a correlation
coefficients of 0949 and 0.99,
respectively.

Such a statistical survey allowed the
evaluation of various  geometric
parameters on the structural behavior of
CSWs. The most important parameter for
identify the coupling ratio was the height
of the coupling beam. Especially for a
beam theory algorithm where d /¢ < 1/4,

above equations give more reasonable
results. Hence, in this study, for various
number of storeys (n =10, 20, 30 and
40) of the CSWs, all random variables
apart from the height of the coupling
beam (d =0,2 m - 0,6 m) have assumed
to be same and then failure probabilities
have performed with Monte Carlo
simulation (MCS).

2. Coupling Ratio of a Coupled Shear
Wall

The coupling ratio
parameter defining the behavior of CSWs
and should be thoroughly understood
before a successful design is performed
[6]. It is well known that a CSW reacts to
lateral loads at a degree defined by the
coupling ratio, r. Depending on the value
of r, the seismic force reduction factor for
CSWs may also change as the percentage
of the total base overturning moment
(Figure 4):

is a main key

TL

"M, My + TL

(6)

where, L is the lever arm between the
centroids of the two shear walls, M; and
M, are the internal bending moments at
the base and T is the axial force in the
shear walls representing also the shear
forces transferred by the coupling beams.
Normally, T =C if the system is
symmetric. The bending moment
reactions at the base of the walls
decrease, since significant portion of the
total moment is taken by the coupling
action. Since, the r which represents the
proportion of the global system
overturning moment is a major Kkey
parameter in the analysis and design
performance of CSWs, it would be highly
useful and desirable to provide a good
approximation for the estimate of the r in
a practical way.
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Figure 4. Description of coupling ratio

For example, the r-values may be
evaluated by using a simplified formula
proposed by Chaallal et al. [2];

qct
r=Co pc2pc3

()

where, c,, ¢, ¢, and c; are constants as
given, for various number of storeys, n, in
Table 1.

Table 1. Constants of equation 7.

n Co cq Cy C3
10 | 2.324 | 0.512 | 0.462 | 0.509
20 | 1.463 | 0.265 | 0.281 | 0.190
30 | 1.295 | 0.193 | 0.223 | 0.106
40 | 1.190 | 0.145 | 0.188 | 0.059

n =number of storeys

In a previous study of the first author, the
r-values have been determined for 216
different cases of coupled shear walls
separately, using both equivalent frame
analogy and also the magnified beam
algorithm as proposed in Section 1.

In that study, the coupled shear wall
systems with n=10, 20, 30, 40 were
analyzed for the geometrical dimensions
mentioned before. By using the

modification factor, ¢, Equation 7 was
expressed as [12]:
r= COdC1bC2({’T]e)C3 (8)

where, c,, ¢y, C; and c; are constants as
defined in Table 2.

Table 2. Constants of equation 8

n Co cq Cy C3
10 0.436 1336 | -1.671 | 0.967
20 0.693 0.721 | -1.032 | 0.539
30 0.847 0.476 | -0.754 | 0.348
40 1.019 0.164 | -0.326 | 0.081
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n =number of storeys

In the nonlinear regression analysis, n°®
values obtained from finite element

analysis were directly used.
Furthermore, in Table 3, some important
results available in literature

[14,15,16,17,18,19], for the coupling
ratio values are compared with Equation
7 and proposed Equation 8.

3. Monte Carlo Simulation

The MCS is reliability method that is
commonly used for structural safety
evaluation as a method of exact-
probability is explained. Simulation is the
process of replication the real world
based on a set of assumptions and
conceived models of reality. It may be
performed theoretically or
experimentally. In practice, theoretical
simulation is usually performed
numerically. As with experimental
methods, numerical simulation may be
used to obtain simulated data [20, 27,
28].

For engineering purposes, simulation
may be applied to predict or study the
performance and/or response of a
system. Through repeated simulations,
the sensitivity of the system performance
to variation in the system parameters
may be examined. By this procedure,
simulation may be used to appraise
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alternative designs or determine optimal
designs.

In this study, MCS has been used to
determine the failure probabilities of
coupling beam in CSWs. The
distributions of the random variables in
the performance function are defined in
Table 4. In addition, correlation effects
are not taken into account.

Table 3. Constants of equation 8

and G all of CSW Values of r, percent
d b E It E it
Researcher Model | n | * £ | Amalysis | Fauttion | Equation
m m m 8 7
N 583
Saatcioglu et al. 1987 v 20 0s 67 18 61.6 63.1
VI 20 63.5
Guizand ond Chwallal | 3555 | 20 | 09 | 3 4 m 7641 803
35 [ 18] 07 | 14 3 a4 S804 647
a0 18 07 14 12 62 61.72 76
Harries etal 1998 s3s |18 | 06 | 14| 3 a9 5453 618
s400 |18 | 06 | 14 | 12 58 57.99 725
Pekon and Cistera 1989 | A | 26 | 07 | 73 | 1 06 6524 |
, 2 |3 ol 6l
Fintel and Ghosh 1980 331 as | s o o o
4 3 70.4
25000 56,5
3500 61.1
4000 63.4
4500 654
Fintel and Ghosh 1982 5000 16 0.65 62 09 66.3 63.75 796
7500 69.1
4000 65.7
4000 67.3
4000 69,
na: not available from literatiire
1Steel coupling beams
’Presents moment capacity of coupling beam (kip.inch)
According to MCS, if probability

distributions and statistical (m;, g;) of
the random variables (X;) in the
performance function Z = g(X) , are
defined, random numbers for each of
these random variables may be
generated. By substituting the sets of
these random numbers into performance
function, sample of the function is
formed, and the failure probability py is
determined. Shortly, this approach is a
random sampling method which
generates the random numbers using a
computer program.

3.1. Simulation procedure

In this chapter, the failure probabilities
of the coupling beams (Figure 4) will be
defined and calculated using MCS [21, 22,
23, 24]. When the design shear force of
coupling beam exceeds nominal shear
force, it is assumed that the coupling
beam has been collapsed. Thus, the
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performance function may be expressed
as:

Z=gX) =V, =V 9)
According to ACI/318-2000 [25], the
nominal shear force of coupling beam in
Equation 9 can be written as:

Vo = byd(ac\[fl + pafy) for£/d = 4 (10)
V, = (5/6)\/f/b,d for £/d < 4 (1D

where, V; is the design shear force, f/ is
the compressive strength of concrete, f,
is the yield strength of reinforcement, b,,
is wide of the section, d is the effective
depth, p,, is the ratio of reinforcement,
finally a. is the coefficient defining the
relative contribution of concrete strength
to nominal wall strength.

In Eq.10, (a,=1/4 for d/£<15),
(a.=1/6 for d/£=20), a.=(1/6
~1/4) for 15<d/¥<2 , and
pn = 0.0025 have been considered.

The design shear force determined by
using the method proposed this study
may be expressed as:

_ Tthase

d nlL
where V.. is the base reaction. Here, r
may be evaluated by using Equation 8.

Thus, Equation 9 must contain following
random variables:

(12)

Z=gX) =g(efy b d,t, Vyase) (13)

Means m;, coefficients of the variations
V;, and the probability distributions of
the random variables are given in Table
4. Analysis is performed for n=10, 20, 30
and 40 storeys, and d=0.2, 0.4, 0.6 m,
separately. For structures having
different storey levels, statistical data
concerning with all random variables are
assumed as an identical except for the
beam height, d. Besides, b, ,h, p, are
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assumed to be deterministic variables
and values of the b,,h, p, are taken as
0.30 m, 3 m and 0.0025, respectively.

All random variables are assumed to be
statistically independent. In simulation
procedure, the sample size, n, is taken
1.000.000 [26]. Furthermore the failure
probabilities of the coupling beam have
been performed with a computer
program using MCS.

Table 4. The failure probabilities for different
number of storeys and coupling beam heights

n=10 n=20 | n=30| n=40

Mean
P » failure probabilides (%)
02 001150 | 63322

0.00130 | D.2806
6| 0.00016 | 0.0221

23,7830
L1784
0.0847

36,5200
3.6036
02139

030

4. Conclusions and Remarks

This paper aims to investigate the failure
probabilities of R/C CSWs considering
the coupling ratio numerically. Based on
the results of analysis, the following
conclusions are obtained:

1. The coupling ratio of laterally loaded
CSWs of a R/C high rise building can be
calculated successfully by using the
equivalent frame analogy in conjunction
with the stiffness modification factors of
the coupling beams.

2. The resulting formulations enable the
engineer to determine the internal forces
and deflections of the building with
CSWs, without the necessity of
conducting a complete structural
analysis. As seen in Equation 8, the most
important parameter for identify the
coupling ratio is the height of the
coupling beam. For this reason, failure
probabilities have been performed with
MCS for various number of storeys
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(n=10, 20, 30 and 40) of the CSWs,
varying the height of the coupling beams.
As the values of “d” increase, the “pg”
values decrease or as the values of “d”
decrease, the “pg” values increase, as
expected.
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