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ABSTRACT

Generally, the finite element method is a powerful procedure for analysis of tall buildings. Yet, it should
be noted that there are some problems in the application of many finite elements to the analysis of tall
building structures. The presence of artificial flexure and parasitic shear effects in many lower order plane
stress and membrane elements, cause the numerical procedure to converge in a low rate. Nevertheless, very
large hardware memory storage is needed because of using fine meshes. Hence, it should be better to develop
and use elements which can model the structural system of tall buildings in coarse finite element meshes and
converge fast. The panel type finite elements presented in this study, have vertical and horizontal degrees of
freedom similar to those of wide column analogy in the frame method. There are two rotational degrees of
freedom to be defined at the two end of the panel element, which denote the rotational freedom equal to the
first derivative of lateral displacement. The proposed elements can simply be used in tall building analysis.
The application of the proposed elements can be performed without using a fine mesh. Examples are given to
denote the accuracy and efficiency of the presented panel elements.
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buildings which contain lateral load resistant systems such
1. INTRODUCTION as shear cores, shear walls and strong fagcade frames.
These analytical procedures can be categorized into the
continuum method, the frame method which is classified
into the solid wall and the wide column analogies, the
finite element method and the finite strip method [8]-[15].
Application of the finite element method to analyze
shear core walls in tall buildings would be dated back to
the 1960s. Generally, the finite element method can be
used as a powerful tool for analyzing any type of building
structures. There are many types of developed finite
elements which have been used in modeling and
analyzing of tall buildings with various types of structural
systems such as single or complex shear cores, coupled
wall-frame structures and bundled frame tube systems.
However, the application of the thin walled beam
elements, the strain based and displacement based finite
elements, can be noted in this branch of structural
engineering researches [16]-[19].
Based on the researches in the field of tall buildings

The advantage of application of simple and complex
shear core walls in tall buildings to resist against forces
produced by lateral loads, has been recognized quite well.
Obviously under asymmetrical arrangement in the case of
eccentric lateral loads or in the case of structural plan,
torsional effects are produced in the overall behavior of a
tall building. On the other hand, it is much simpler to
study the effects of torsion if the thin walled structures
such as non-planar coupled shear walls, allowed to warp
freely. However, this is St. Venant’s torsion effect. Non-
planar shear walls and shear cores especially those which
have closed section by strong connecting beams, resist
against lateral loads to warp. As a result of the restraint to
warping, vertical and longitudinal stress develops in the
wall panels. This action is well known and referred to as
Vlasov’s torsion [1]-[7].

There are many computational methods and analytical
procedures to analyze the overall behavior of tall
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analysis, application of all developed elements are not
straightforward. Some major problems are involved. The
exact definition of in-plane rotational freedom at each
node, the probable existence of artificial flexure and
parasitic shear effects in some so-called lower order plane
stress elements (such as finite element Q) and the
inefficiency of using lower order plane stress elements to
model the coupling beams in the structural system of tall
buildings, are of the most well-known problems. Many of
the existing definitions of wall panel joint and coupling
beam rotations would lead to incompatibility in the
analytical model. According to the researches, the correct
definition for compatible coupling rotation between the
beam elements and the wall panels must be defined as the
rotations of vertical fibers at the joint. The vertical fiber

rotations @, and @, are shown in Figure 1. This is the only

exact definition of rotational degrees of freedom in the tall
building analysis [20]-[25].

Two developed displacement based and strain based
panel elements are presented in this paper. The presented
panel elements are developed based on the beam type
displacement functions and the corresponding strain
functions which have the ability of the illustration of pure
bending. Both of the aforementioned displacement-based
and strain-based functions can represent the internal
shear—flexure interaction of shear wall panels in high-rise
buildings. There are nine degrees of freedom to be
defined for each of the presented elements. The degrees of
freedom include external and internal horizontal

translations (i.e., the degrees of freedom U,,U, and the

degree of freedom U, respectively), as well as four

vertical translations and two correct defined in-plane
rotations. The analytical concepts of the presented
elements are similar to those of a solid wall element with
in-plane rotational degrees of freedom which is defined as
the rotation of the vertical fibers at the node (i.e., the

degrees of freedom @, and @, which are shown in Figure
1). The presented panel elements can model the complex

system of tall shear core walls in a coarse mesh while
converging fast.

2. THE PROPOSED PANEL ELEMENT PD

The panel element PD, which is presented in this
paper, has been developed according to definition of beam
behavior. The nodal degrees of  freedom

areU,, o, ,V,,Vv,,U,,w,,V;,V, ,U;. Furthermore, both

rotational freedoms @, and @, are defined as w = —du /oy,

which is the vertical fiber rotation. It should be noted that
both panel elements PS and PD have the same analytical
structure and shape. Figure 1 shows the definition of the
nine degrees of freedom to be assigned to both the
displacement based panel element PD and the strain based

panel element PS.

The panel element PD was formulated as a
displacement-based element. The lateral displacement
function u(y) is of order of four in the y direction and
v(x,y) is linear in both directions. This element can
obviously represent the strain state of pure bending and is
therefore free of parasitic shear effects. Furthermore, as
the lateral deflection u(y) is of order of four in the
longitudinal direction, the panel element can deform
laterally like an extended Euler-Bernoulli beam. This type
of flexural behavior is often referred to as beam-type
action. The displacement functions u(y) and v(x,y) of the
element PD are as defined in Equations (1) and (2).

U] = a1 +ary + a3y + gy +agy’

(1
2)

Solving the nine & coefficients by equating all nodal
translations and rotations to the nine degrees of freedom
of the panel element shown in Figure 1 and substituting
their values back into (1) and (2), the displacement

functions u(y) and v(x,y) are obtained as noted in
Equations (3) and (4).
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Figure 1: The proposed panel element with nine degrees of
freedom. The shape of both panel elements PD and PS is
identical.

As previously noted in many researches, the
computational efficiency of the tall building model can be
properly improved without significant loss of accuracy by
making the assumption that the lateral strains in the wall
panels and wide column elements are negligible. This
means &, =0 which is commonly accepted for tall

building analysis. The stiffness matrix of the panel
element PD is evaluated according to the formulation
procedure following that of the standard finite element
method. The stiffness matrix so derived, has two parts
corresponded to the flexural and the shear effects, given
in the Appendix.

3. THE PROPOSED PANEL ELEMENT PS

The panel element PS has also in-plane rotational
degrees of freedom defined as @=-0u/dy which is

equal to the rotation of vertical axes of the beam-wall
joint. According to the relating researches, this is the only
correct definition that can ensure rotational compatibility
in tall buildings modeling. The parameter u is the lateral
displacement function of the element, shown in Figure 1.
The assumed strain field of the panel element PS is given
in Equations (5) — (7).

(&,)ps =0 5)
(&) =B+ Bux+ Bixy (©)
(i hs = B+ BY+ B, 7

As noted in Equation (5), the horizontal strain is
assumed to be negligible in tall building modeling. This
simplification is based on the fact that wide column
elements in tall framed tube buildings and shear wall

panels in high rise wall-frame structures, generally behave
like cantilever deep beam elements. Hence, the lateral
strains and stresses are much smaller than the shear-
flexure stress resultants. Research results in the field of
tall buildings analysis show that using exact stress
function analysis for a rectangular panel with an aspect
ratio greater than three, neglecting lateral stress resultants
in the overall behavior causes an error less than 3% in the
shear-flexure stress resultants. This is an applicable
assumption which can be used in modeling of tall
buildings, especially at the floor levels [26]-[29].

The axial strain along the y axis is shown by the

coefficient /3, , and given Equation (8). The notification of
bending stress resultant £, is formulated by assuming a
linear variation with the height of the panel element as
shown in Equation (6). The coefficients /3, /3, and f3;

were used to achieve this aim. This assumption is based
on the linearization of the variation of bending moments
with the height of stories of a tall building. The

coefficients /3, , 55 and B in Equation (7) also denote a

cubic variation for shear strain along axis y. This
formulation is based on the definition of a higher order

function for the variation of y, with height of the

proposed panel element. This is similar to the phenomena
which is to be denoted for shear strains in Timoshenko
beam theory [30]-[32].

A=l 0=+ ) ®

The shear strain function defined in Equation (7), is a
similar expression of y, ~which can be used in wide
column and solid wall analogy for tall building analysis.
The four parameters 91 s 672 and @, , @, describe horizontal

and vertical fiber in-plane rotations at the upper and lower
chords of both panel elements PS and PD.

- {;—i[i}z[zybj }
©, —w»{lﬁ[y]—z(yj }
2 2\2b 2b

The three coefficients f,, f; and 3y are needed to

represent the rigid body displacement functions. Both
rigid body displacement functions are added to those

obtained by integrating the strain functions &, and &,

given in Equations (5) and (6). Hence, the full
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displacement functions u(y) and v(x,y) are defined as
follows,

[UY)]ss =B, = Boy + f.(y)

[VOG Y, = B+ Box+ [ 2,0y +
f,00)

(10)

)

Two complementary functions fij(y) and fy(x) are
obtained according to accomplishing a few algebraic

computations upon the analytical expression for y, . As a

result, the higher order polynomial for fi(y) is finally
obtained as follows;

1 1
fl(Y):__ﬂzyz __ﬂay3 +:B4y+
2 6 (12)
1 1
5ﬂ5y2 +Zﬁ6y4

The nine coefficients f,to f,, are determined by

equating the nodal translations and rotations to the nine
defined degrees of freedom of the panel element and
solving the system of equations thus obtained. Following
this approach and using Equations (10) and (11) will lead
to the strain—displacement matrix [B], given in the
appendix.

It should be noted that according to the results of
applying the standard finite element method, the lateral
displacement function u(y) for both panel elements PS
and PD is identical. Therefore, both panel elements PS
and PD are formulated as strain-based and displacement-
based finite elements respectively, with horizontal
displacement function u(y) which is constant in the x
direction and of order of four in the y direction. It is
noteworthy to indicate, the stiffness matrix of the panel
element PS has also two parts which are corresponding to
both the flexural and the shear effects. The part due to the
flexural effects of this stiffness matrix is essentially equal
to that of obtained for the panel element PD.

[K]PS ZtI[B]LS[Dm][B]PS dA (13)

The parameter t is the thickness of the panel element
shown in Figure 1. The strain-displacement matrix [B] for
the element PS is obtained according to the standard finite
element method. It should be noted that because of using

the assumption &, = 0, the material matrix [D,,] would

be a diagonal matrix of rank three. The diagonal
components are E,, E, and G,y respectively. In the case of

isotropic material, both E, and E, are equal to E as
Young's modulus of elasticity. Hence the parameter Gy,
should be also equal to G, named as shear modulus of
elasticity.

4. APPLICATION OF THE ELEMENTS PS AND PD

As noted before, the presence of parasitic shear effects
in many of the finite elements causes the elements to be
deformed too stiff in bending mode. This problem has not
been improved by using the finite element Q4 unless the
mesh of the elements is very fine. Since the structural
system of tall buildings is subjected principally to bending
actions, this is indeed an obvious problem. The source of
the trouble is the inability of the some lower order
elements to curve themselves to follow the deformed
shape of the structure, especially when subjected to
bending [20,23,29].

However, the best way of dealing with parasitic shear
effects is to avoid them by using finite elements that can
represent the strain state of pure bending. Nevertheless, it
is noted that a good element for tall building modeling
should be one with rotational in-plane degrees of freedom
to ensure direct connection to the lintel beams, and can
represent the strain state of pure bending so as to avoid
parasitic shear effects, and spans at most only one storey
so that there will be no excess continuity problem.

The panel elements PS and PD are not subjected to
parasitic shear effects. These beam-type panel elements
are a rectangular four-node element with four degrees of
freedom at the upper and lower chords and an internal
degree of freedom uj at the center of the element. The
nodal freedoms at each chord include a horizontal
translation, two vertical translations, and an in-plane
rotation defined as the rotation of the vertical fiber at the
node. Both elements PS and PD satisfy all the
aforementioned criteria for a good element in order to
model and analyze tall buildings [27,28,30,36].

A. Analysis of a Tall Coupled Shear Core

A 20 storey coupled shear core structure shown in
Figure 2, is analyzed while using PS and PD panel
elements. This structure has been already analyzed based
on the continuum method [33],[34]. This symmetric core
wall structure is formed of two channel shaped non-planar
wall units coupled together by lintel beams at floor levels.
In the analysis, each channel shaped wall unit is treated as
an assembly of multiple planar wall units. It is noted that
only one layer of elements per story is used. The wall
panels which are connected to the lintel beams, have been
modeled by five elements. The other panels were also
modeled by four elements.

The analytical results in conjunction with the roof

rotation ¢Top and the vertical stresses at the base of the

core structure 05,0 are obtained and compared with
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those of Coull's study using laminar analogy [34] and
Macleod's study based on the application of solid wall
analogy [21]. These results are given in Table 1. It can be
seen from the results obtained from the panel elements PS
and PD and those calculated by the continuum method
and the frame method that they agree approximately with
each other.
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Figure 2: The structural system and applied torsional load for the
analyzed Tall Coupled Shear Core.

The differences are due to the fact that in the laminar
analogy, the wall panels are connected at the corners
continuously with the height of tall building. Meanwhile,
in the frame methodology and the finite element
procedure, the wall panels are usually connected only at
floor levels, especially when using panel type elements.
Furthermore, as noted by Haji-Kazemi [10] and
Rutenberg [35] the assumption of neglecting shear
deformations effect which considered in the general
continuum method, may cause considerable errors in the
tall building response parameters. This conceptual remark
has already been explained in the other researches
[2,5,11,12,14].

TABLE 1
ANALYZED RESULTS FOR THE TALL COUPLED SHEAR CORE

¢Top O Op
10%rad | kglem’ kg/em’
Panel Element PS 1.795 -0.847 -1.861
Panel Element PD 1.727 -0.835 -1.429
Macleod [21] 1.950 -0.637 -1.394
Coull [34] 1.870 -0.743 -1.338

B. Analysis of a Tall Core Supported Building

An asymmetric tall core supported structure is
considered in this study. This structure has been also
analyzed by Stafford Smith et al [1], Pekau et al [19], Ha
et al [16],]20] and Macleod et al [21], based on using
various analytical methodologies. The dimensions and
loading of the structural system are shown in Figure 3.
The storey height is 3.81 m, lintel beam depth is 0.457m,
Young's modulus E = 2.76x10* MPa and shear modulus G
= 1.20x10* MPa. Obviously because of the structural
asymmetry introduced by the access opening will induce
significant torsional and warping stresses under the effects
of lateral loads. It should be noted that only one layer of
elements per story is used for the analysis. The two wall
panels in this example structure which are directly
connected to the lintel beams, have been modeled by five
elements. The other panels were modeled by four
elements.

Table 2 shows the structural rotation ¢Top with respect

to the shear center of the core wall as well as the vertical
stresses O ,0g,0 at the foundation level, calculated

by the finite element analysis using PS and PD elements
and those obtained by aforementioned references. The
agreement between the results obtained according to
analysis using panel Elements PS and PD and those
obtained by applying the other methodologies is almost
exact. These results have been obtained based on three
dimensional analysis of the structure shown in Figure 3.

All of the parameters0,,0p5,0, can be used for

illustration of the distribution of vertical stresses as shown
in Figure 4.

Nevertheless, small differences among the results for
corresponding parameters shown in Table 2 can be seen

with the exception of o'y . The main source of differences

is explained based on the conceptual principles and
analytical assumptions to be applied to each method of
analysis. Smith's closed form analysis [1] is based on the
continuum method with the assumption of neglecting
shear deformation effects and Macleod's frame analogy
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[21] is also based on using solid wall elements without
defined in-plane rotational degrees of freedom. The
results of Pekau's finite storey method [19] are obtained
by the application of thin walled beam elements for
modeling of core wall and replacing the band of coupling
beams by an elastically equivalent continuum. This model
for coupling beams has already been applied to the macro-
element model developed by Ha [16] for tall building
analysis.

stiffness is typically provided by the use of complex or
simple system of planar shear walls, shear cores, framed
tubes with fully or semi-rigid connections. Braced or rigid
frames are not always used as lateral load resistant system
in tall buildings. However, under action of lateral loads,
tall building systems deform in a combination of both the
cantilever bending and the shear-racking modes. The
shear mode is associated with framing systems, whereas
the cantilever bending mode is generally associated with
tall shear cores, shear walls and tubular structures. The
analysis of such high-rise structures is often complex.
This is because of the large number of connecting joints
and structural elements which can interact together, in
which the flexibility of finite-sized joints as well as panel

: |:, ES zone effects, and also the need for three-dimensional
— 4 modeling where torsion of asymmetrical shape is involved
- ssm[ ] [2,3,5,24,25,37].

—
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Figure 3: The structural system and applied lateral load for the
analyzed Tall Core Supported Structure.

Furthermore, Ha's macro-element methodology [20]
uses lower order strain based and displacement based
finite elements without in-plane rotational degrees of
freedom. However, the results show that the application
of strain based panel element PS and displacement panel
element PD together with the simple beam elements, can
reliably model the stiffness characteristics and the overall
behavior of tall building structures. This applicable
conclusion has already been described in the authors'
other researches [26 to 28, 30, 36].

Generally, in high-rise buildings, the required lateral

iGA
B A

GCg -

Op

Figure 4: The schematic distribution of the vertical stresses
produced by combined shear-flexure and torsional-warping
overall interaction of the tall structure.

5. CONCLUSION

It should be noted that the most simple and lower order
displacement based elements may be affected by the
problem of parasitic shear, especially when used in coarse
meshes. The appearance of this effect renders the
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elements too stiff under a bending mode. These effects are
obviously observed when using the bilinear finite element
Qs. It is noteworthy to say that the strain based finite
elements perform remarkably well under both shear and
bending modes. The proposed panel elements PD and PS
are found to be efficient and can be used to model high-
rise buildings. The efficiency and versatility of the strain
based panel element PS and the displacement based panel
element PD are illustrated by applying them to the
analysis of core wall structures in single and coupled
shapes.

The nodal degrees of freedom include three horizontal
and four vertical translations, and two in-plane rotations.
Both in-plane drilling degrees of freedom are defined as
the rotation of the vertical fibers at both upper and lower
chords of the element. The results are in good agreement
when compared to solutions obtained based on the other
analytical methods. The application of the presented panel
elements PD and PS is simple and flexible in tall
buildings analyzes. The author's studies show that
applying these panel elements needs only one layer of
elements per storey which would suffice for the high-rise
building analysis.

6. APPENDIX

The stiffness matrix due to displacement-based panel
element PD is given as follows;

[K]PD Z[KF]+[KS]

33
biz
a3 a.?
b b
o o 2
3b
0 0o &2 &
3b
[KF]:E't_i a’ 0 0 i
b’ b’ 3
S R
b> b b> b
o o -2 & o o 2
3b  6b 3b
0 a _a A a
6b  3b 6 3b
| o 0 0 0 0 o]

[ 254a
105b
—-29a 32ab
105 105
3 b b
30 30 3a
-2 b -b b
30 30 3a 3a
[K,]=Gt 2a 13a -7 7 254a
105b 105 30 30 105b
~13a 2ab —b b 292 32ab
105 21 30 30 105 105
7 b b -b -2 b b
30 30 6a 6a 30 30 3a
-7 b b b 235 -b -b b
30 30 6a 6a 30 30 3a 3a
-256a 16a -8 8 -256a —l6a § -8 5l2a
L 105b 105 15 15 105b 105 15 15 105b ]

The strain-displacement matrix [B] of the panel element
PS is also defined in the formulations given as follows;

&y :[B]PS {D}

7xy
i -3 [, (¥) 1
SR
3 2y —y—b’
0 " ’ 5
0 x-a y-b
4ab 4ab
0 xa o yb
—4ab —4ab
_ 3. Y
[B]PS_ O Qb; Xy bz [l{bj ]
0 %xy _Z}P;ljjy_b}
0 xa oy
—4ab —4ab
0 x+a y+b
4ab
ay((yY
AP
0 0 bz((bj J

The displacement vector {D} includes all the nine
degrees of freedom, defined in the Figure 1. This vector is
identical for both panel elements PD and PS.

{D}: [ul @ VYV, U @ V3V, u3]T
It is worth mentioning that in tall building modeling,

the parameter & is equal to ov/ox and the parameter @

is equal to—gau/dy, too. This is a general assumption
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which is defined to the wide column, the solid wall and

the panel element analogies. Furthermore, all degrees of

freedom which are defined to both panel elements PD and

PS (with the exception of U, ) are similar to those which

have already been denoted to the developed elements in
the other mentioned references.

[ 128a
105b
-8a 116ab
105 105
4 8b
15 15
-4 -8b
15 15
[K] B [K ] Gt 128a —8a
PS Flt5- T
105b 105
8a 94ab
105 105
-4 7b
15 15
4 ~7b
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—-256a 16a
L 105b 105

7. REFERENCES

(1

(2]

B3]

[4]

[5]

(6]

(7]

(8]
[9]

[10]

(1]

[12]

B.S. Smith, B. Taranath, “The analysis of tall core supported
structure subject to torsion”, Proceedings of the Institution of Civil
Engineers, 53(2), 173-188, 1972.

S.A. Meftah et al, "A simplified approach for seismic calculation of
a tall building braced by shear walls and thin-walled open section
structures”, Engineering Structures, vol. 29, pp. 25762585, 2007.
N.K. Oztorun, "A rectangular finite element formulation", Finite
Element in Analysis and Design, Vol. 42, No. 12, pp. 1031-1052,
2006.

V.Z. Vlasov, “Thin Walled Elastic Beams”, 1* Edition, National
Science Foundation, Washington D.C., 1961.

R.D. Steenbergen, J. Blaauwendraad, "Closed form element
method for tall buildings of irregular geometry", Int. J. of Solids
and Structures,2007, (Accepted-
1D:10.1016/j.ijsolstr.2007.10.017).

B.J. Goodno, J.M. Gere, “Analysis of shear cores using super
elements”, Journal of Structural Engineering, ASCE, 102(ST1),
267-283, 1976.

J.S. Kuang, S.C. Ng, “Coupled vibration of asymmetric core walls
in tall buildings”, World Conference Advances in Structural
Dynamics, Vol.1, Hong Kong, 2000.

B. Taranath, “Structural Analysis and Design of Tall Buildings”,
2™ Edition, McGraw Hill, 1998.

Y.K. Cheung, “Handbook of Structural Concrete Tall Buildings”,
Chapter38, 1* Edition, Pitman, 1983.

H. Haji-Kazemi, M. Company, “Exact method of analysis of shear
lag in framed tube structures”, The Structural Design of Tall and
Special Buildings, Vol. 11, 375-388, 2002.

A. Coull, B.S. Smith, “Tall Building Structures: Analysis and
Design”, 1 Edition, John Wiley and Sons, New York, 1991.

JS. Kuang, S.C. Ng, “Coupled vibration of tall building
structures”, The Structural Design of Tall and Special Buildings,
Vol. 13, 291-303, 2004

The flexural part of the stiffness matrix due to strain-

based panel element PS is exactly the same as that of

panel element PD. There are also obvious differences
between two shear stiffness matrices of both presented
elements.

b

3a
-b

3a

15
7b

15

6a
-b

6a
-8

15

[13]

[14]

[15]

[1e]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

b

3a
-4
15

~7b

15
-b

128a

105b
8a

105
-4
6a 15
b 4

6a 15
8 -256a

15

116ab

105
8b b

15
—-8b

15 3a
-16a 8

3a
-b b

3a
-8

15

512a

15

105b 105 105b |

0O.C. Zienkiewicz, C.J. Parekh, B. Teply, “Three dimensional
analysis of buildings composed of floor and wall panels”,
Proceedings of the Institution of Civil Engineers, 49(2), 319-332,
1971.

A. Nadjai, D. Johnson, “Torsion in tall buildings by a discrete force
method”, The Structural Design of Tall Buildings, Vol.7, 217-231,
1998

O.A. Pekau, Z.A. Zielinski, L. Lin, “Displacement and natural
frequencies of tall building structures by finite story method”,
Computers and Structures, 54(1), 1-13, 1995.

K.H. Ha, “Orthotropic membrane for tall building analysis”,
Journal of Structural Engineering, ASCE, 104(9), 1495-1505,
1978.

AK.H. Kwan, “Analysis of buildings using strain based element
with rotational d.o.f.s”, Journal of Structural Engineering, ASCE,
118(5), 1119-1212, 1992.

H.S. Kim, D.G. Lee, “Analysis of shear wall with opening using
super elements”, Engineering Structures, Vol. 25, 981-991, 2003.
O.A. Pekau, L. Lim, Z.A. Zielinski, “Static and dynamic analysis of
tall tube in tube structures by finite story method”, Engineering
Structures, Vol. 18, 515-527, 1996.

K.H. Ha, M. Desbois, “Finite elements for tall building analysis”,
Computers and Structures, 33(1), 249-255, 1989.

I.A. Macleod, H. Hosney, “Frame analysis of shear wall cores”,
Journal of Structural Engineering, ASCE, 103(10), 2037-2047,
1977.

A.K.H. Kwan, W.T. Chan, "Effective stiffness of coupling beams
connected to walls on out-of-plane directions", Comput. and Struct,
Vol.75, pp. 385-394, 2000.

A.B. Sabir, A. Sfendji, “Triangular and rectangular plane elasticity
finite elements”, Thin Walled Structures, Vol. 21, 225-232, 1995.
M. Paknahad, et al; "Analysis of shear wall structures using optimal
membrane triangle element", Finite elements in Analysis and
Design, 2007,(Accepted-ID:10.1016/j.finel.2007.05.010).

66

Amirkabir / MISC / Vol . 41/ No.1/ Spring 2009 0



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

A.K.H. Kwan, Y.K. Cheung, “Analysis of coupled shear core walls
using a beam type element, Engineering Structures”, 16(2), 111-
118, 1994.
H. Haji-Kazemi, A. Meshkat-Dini, “Improved method of analysis
of structural members”, Journal of School of Engineering,
Ferdowsi Univ. of Mashad, IRAN, 13(2), 33-43, 2002.
M. Tehranizadeh, A. Meshkat-Dini, “Response of tall building
structures using panel elements with in-plane rotational stiffness”,
Australian Earthquake Engineering Society Conference (AEES
2007), Wollongong, Australia, November 2007.
A. Meshkat-Dini, M. Tehranizadeh, “Modelling of torsional
behavior of shear cores in tall buildings using strain based and
displacement based finite elements”, 5" International Conference
on Seismology and Earthquake Engineering (SEES), Paper
No.SC194N, Tehran, IRAN, 2007.
A.K.H. Kwan, “Resolving the artificial flexure problem in the
frame method”, Proceedings of the Institution of Civil Engineers,
Vol. 99, 1-14, 1993
M. Tehranizadeh, A. Meshkat-Dini, “Analysis of tall buildings
using strain based quadrilateral elements with in-plane rotational
d.o.fs”, 11" International Conference on Civil, Structural and
Environmental Engineering Computing, Paper No. 435, St. Julians,
Malta, September 2007.
JN. Reddy, CM. Wang, K.H. Lee, “Relationships between
bending solutions of classical and shear deformation beam
theories”, International Journal of Solids and Structures, 34(26),
3373-3384, 1997.
R.E. Nickel, G.A. Secor, “Convergence of consistently derived
Timoshenko beam finite elements”, International Journal for
Numerical Methods in Engineering, Vol. 5, 243-253, 1972.
K. Arvidsson, ‘“Non-planar coupled shear walls in multi-story
buildings”, Proceedings of the Institution of Civil Engineers, Vol.
122, 326-333, 1997.
A. Coull, “Torsion of structural cores on deformable foundations”,
Building Science, 10(1), 57-64, 1975.
A. Rutenberg, M. Shtarkman, M. Eisenberger, “Torsional analysis
methods for perforated cores”, Journal of Structural Engineering,
ASCE, 112(6), 1207-1227, 1986.

" [¥]

CMM-85-547 )

[37]

a
V. Koumousis, G.A. Peppas, "Stiffness matrices for simple
analogous frames for shear wall analysis", Comput. and Struct,
Vol.43, No. 4, pp. 613-633, 1992.

fJ Amirkabir / MISC / Vol . 41/ No.1/ Spring 2009

67



