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Abstract:
Background:

Recent research studies conclude that the contribution of the infill walls to the overall lateral strength of frames is significant. The current state of
the art includes two main approaches for the idealization of the behavior of the infill walls and their implementation in software. Micro modelling
includes the use of the finite element method whereas the macro modelling, includes the use of one-dimensional compressive diagonal strut
elements to replace the infill wall and provide the equivalent lateral stiffness.

Objective:
The aim of this study was to compare various methods for the simulation of the infill walls with the finite element method and propose an
alternative approach which makes use of the rigid end offset which is a feature available in most of the finite element software.

Methods:

A reinforced concrete frame model with an infill wall was created. The model was modified to form combinations of infill wall thicknesses and
values of Young’s modulus. The models were analyzed using the finite element method. The results were utilized to develop equations for the
calculation of the length of rigid end offsets for the beams and columns of the frame. The rigid end offsets were then used in the analysis to
numerically stiffen the frame and simulate an effective lateral strength contribution from the infill wall.

Results:

The results of the implementation of the rigid end offsets to simulate the contribution of the infill walls to the lateral stiffness of the frame were
compared to the results of the results from the finite element analysis. Specifically, the results for the walls normally found in construction (less or
equal to 3m in height and with thickness less or equal to 25cm) showed a very good agreement while the remaining results were very close.

Conclusion:

This work proposes equations for calculation of the length for the rigid end offsets which can be used in the analysis of frames with infill walls.
The results show that the utilization of this feature from the structural analysis software in the analysis of frames, results in adequate stiffening of
the overall frame, thus, providing an equivalent stiffness which accounts for the presence of the infill walls.
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1. INTRODUCTION

Currently, in engineering practice, it is assumed that the
infill walls experience failure during an extreme event. Hence,
in a structural analysis model, the contribution of the infill
walls to the overall strength and stability of a frame is normally
ignored. Recent research studies have come to the conclusion
that the presence of infill walls affects the strength and stiffness

* Address correspondence to this author at the Department of Civil Engineering,
Frederick University, 7, Y. Frederickou Str., 1036 Nicosia, Cyprus;
Tel: +35722394394; E-mail: venizelou.chris@gmail.com

of the infilled frame structures by increasing the stiffeness of
the frame and its strength [1]. Consequently, a number of
experimental and numerical attempts to simulate the
contribution of the infill walls to the overall strength of the
frame, are proposed in the literature. The current state of the art
includes two main approaches for the idealization of the
behavior of the infill walls and its implementation in structural
modeling. The first approach, the micro modeling, includes the
use of the finite element method [2] whereas the second
approach which is referred to as macro modelling includes the
use of one-dimensional compressive diagonal strut elements
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[3]. Evidently, the finite element method provides a dependable
solution but it can be computationally demanding. On the other
hand, the use of the compressive diagonal strut element can be
confusing mainly with regard to the properties to be used. A
search in the literature reveals that there is a consensus between
the researchers to calculate an effective width for the
compressive diagonal strut based on the properties of the infill
wall and then, use the effective width for the implementation of
the one-dimensional element to simulate the behavior of the
infill walls in the analysis. The confusion stems from the fact
that there is an inconsistency in the calculation of the effective
strut’s width among the various methods that are presented in
the literature; moreover, as it will be presented below, they
show a divergence from the finite element results. The
objective of this work was to utilize the capabilities of common
structural analysis software and propose an alternative
approach for the simulation of the infill walls. Specifically, this
work proposes the use of the Rigid End Offset sometimes
called the End Length or the Frame End offset, a feature of
structural analysis programs. This feature is used with the
frame elements and requires the specification of a factor
specifying the fraction at the end of each element which is
assumed to be rigid for bending and shear deformations. This
approach does not require the use of additional elements (finite
element mesh or compressive diagonal struts) in the model.
Considering that the Rigid End Offset (REO) stiffens the
frames, the assumption made is that using an “appropriate
REO” will result in an equivalent stiffening of the frame
comparable to that provided by the infill walls. It is recognized
that the proposed approach does not make use of the traditional
REO, however, the results show a very good correlation with
the results of the finite element analysis.

2. RESEARCH SIGNIFICANCE

The main target of this article is to estimate and compare
the existing methods for evaluation of infill walls when they
are subjected to lateral loads. This research compares those
methods, examines and presents all the parameters and
variables that affect the behavior of the concrete frame when
the infill wall is present. Then, a simple method which utilizes
the Rigid End Offset feature of structural analysis is presented,
to assist the modeling of frames, accounting for the contri-
bution of the infill wall.

3. STATE OF THE ART FOR THE MODELING OF
INFILL WALLS

The studies for the analysis of infill walls can be cate-
gorized into two main approaches: micro modeling and macro
modeling. Micro modeling deals with the discretization of the
infill wall into a finite number of elements and the use of the
finite element method to calculate the results. Macro modeling,
on the other hand, replaces the infill wall with a one-
dimensional element whose material and geometric properties
are calculated based on the properties of the infill wall [4]. The
element operates under compression and the method is referred
to as the compressive diagonal strut method.
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3.1. Finite Element Method (FEM) for the Modeling of
Infill Walls

The finite element method is a numerical approximation
used to analyze a wide variety of physical problems in solids,
fluids, soil mechanics, electromagnetism and dynamics. The
basic idea is to numerically calculate the solution of a
continuum by discretizing it into a number of small, inter-
connected sub-regions. Each sub-region is referred to as a finite
element and the process of subdividing a region into a finite
number of elements is referred to as discretization. The finite
elements are connected at specific points, called nodes, and the
assembly process requires that the solution should be
continuous along common boundaries of adjacent elements [5].
While the finite element method is a numerical approximation,
its use by a competent structural engineer yields results with a
high degree of accuracy; therefore, results obtained through the
FEM normally serve as the comparison baseline for results
obtained through alternative methods. Specifically, an infill
wall can be analyzed using solid, shell or membrane elements.

3.2. Compressive Diagonal Strut Method (CDSM) for the
Modeling of Infill Walls

The complexity in the use of the finite element method
together with the increase in the computational time directed
research efforts to the development of alternative methods for
the simulation of the infill walls. The compression diagonal
strut method attempts to replace the infill walls with one
dimensional (1D) strut elements operating under compression.
This is the macro modeling approach which provides the
advantage of computational simplicity. The main parameter of
the strut element is its equivalent width, W, which is related to
the compression zone (Fig. 1) that is formed in the infill walls
under the application of horizontal forces such as the
earthquakes.

Several experimental attempts to define the effective width
considering the mechanical properties, the length, the width
and the thickness of the infill wall, are found in the literature.
The most notable of these approaches which were studied in
this work are shown in Table 1.

4. ANALYSIS AND COMPARISON OF THE FEM AND
THE CDSM

In an attempt to assess the results from the equations of the
previous section, a single bay reinforced concrete frame model
with an infill wall was created as shown in Fig. (1) . This
model was then modified to form combinations of three
different values of thickness, t, (10cm, 20cm and 30cm) and
three different values of Young’s modulus, E, (4000N/mm2,
7500N/mm’ and 12500N/mm’). These values were selected as
they are representative of the most common infill wall types in
the current practice. The models were analyzed using the FEM
(Fig. 2) to calculate the maximum horizontal displacement at
point A for comparison purposes. The stress-strain relationship
of the infill wall was linear up to the maximum stress which
was considered a failure.
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Fig. (1). Compression diagonal strut model.
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Table 1. CDSM equations for calculation of the effective width (W) of the strut.

Method Equation
1
Holmes [6] W = 3 * dz

Smith and Carter [7]

W = 0,58 « (1)—0.445 . (A * H,)O.335*d2*(%)

0.064

H

1

Ez « t * sin2 = 6\4

Ah:(—)
4+« EbxIs+H

Mainstone [8]

W =0.16 *xdz * (Ah * H)~%3
W = 0.175 * dz * (Ah * H) ™04

Liaw and Kwan [9]

W= 0.95 * H * cos®
VAh « H'
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Method Equation
W= ((%) + 0.085) «dz  1fAh <785
0.393
Decanini and Fantin [10] w = ((T) + 0-130) *dz If Ah > 7,85
 Uncracked masonry
« Cracked masonry w = ((%) + 0_010) «dz If Ak < 7,85
W = ((%0) + 0.040) xdz  IfAR> 7,85
dz
Paulay and Priestley [11] W = T
W =y x+L?+H?xsin20
6*Ebx*Ig+ H’
Durrani and Luo [12] m=6*1+_—m——"7"
- H*«Ezst \ 01
y = 0.32 % \/5in20 (mew)
dz
P100/1-2006 [13] w = o

Table 2 shows the displacement of point A for various
values of thickness and the Young’s modulus of the wall
obtained from the FEM analysis. Observing Table 2, as the
thickness of the wall increases, the maximum displacement of
the structure decreases. For example in the case of Young’s
modulus of 4000N/mm’, the increase of the thickness from
10cm to the thickness of 20cm results in a reduction of the
displacement by 40% and the increase to the thickness of 30cm
results in a reduction of 70%. When E=7500N/mm’, the
increase of thickness from 10cm to 20cm and then to 30cm
resulted in a reduction of the displacement of about 43% and
57% respectively. Similarly when E=12500N/mm’, the
reduction in the displacement for the same increase in the
thickness was about 40% and 60% respectively. Further, it can
also be observed that keeping the wall thickness constant and
increasing the values of Young’s modulus, the maximum
displacement decreases. These are very interesting obser-
vations as they show that the contribution of the infill walls to
the overall strength of the frame is sensitive to the thickness of
the wall and the Young’s modulus.

The level of the contribution of the infill walls to the
response of the reinforced concrete frames justifies the large
number of research initiatives to define it. In addition, the
complexity in the modeling and the increase in computational
time justify the attempts for simplified models such as the
CDSM. The next step in this work is to compare various strut
models that are found in the literature and assess their
agreement with the FEM analysis. The CDSM equations
shown in Table 1 were applied to calculate the equivalent

width of the strut in every case. Each strut was input in the
model shown in Fig. (1), and an analysis was performed for a
total of eighty-one models. Table 3 shows the analysis results
for each of the proposed models (equations) for CDSM for
various combinations of wall thickness and Young’s moduli.
Each model is referred to as a wall type (WT). Also shown in
Table 3 are the values from the FEM analysis.

The first observation from Table 3 refers to the effective
width of the diagonal strut. As expected, as the effective width
of the strut increases, the maximum displacement decreases.
This is evident for all strut models and for all values of
Young’s modulus. The second observation refers to the value
of Young’s modulus. As expected, as the Young’s modulus
increases, the maximum displacement also decreases. The third
observation refers to the agreement (or the lack of agreement)
between the various methods of the CDSM results as compared
with the FEM. The differences stem from the values of the
effective width of the strut calculated based on the different
equations. Table 3 shows that in some cases, the differences in
the results can be great. However, of greater importance is that
there is no consensus with regard to the calculation of the
effective width of the strut between the various equations. Fig.
(3) shows the computed displacements of point A (Fig. 1) for
all WTs. Table 4 shows an extract from Table 3 (high-lighted
in Table 3) and summarizes the difference in percentage
between the FEM and two CDSM (Smith and Carter and the
Decanini and Fantin) showing better agreement. Decanini and
Fantin present two equations depending on whether the infill
wall is cracked or un-cracked.
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Fig. (3). Maximum displacement from CDSM (Point A) compared to the FEM.

Table 2. Maximum displacement at point A from the FEM.

Models E = 4000 N/mm’ E = 7500 N/mm’ E = 12500 N/mm’
L(m) H(m) t(m) Displacement (mm) Displacement (mm) Displacement (mm)
5.0 3.0 0.1 1.0 0.7 0.5
5.0 3.0 0.2 0.6 0.4 0.3
5.0 3.0 0.3 0.3 0.4 0.2
5.0 35 0.1 1.3 0.9 0.6
5.0 2.0 0.1 0.3 0.2 0.2
7.0 3.0 0.1 0.7 0.4 0.3
3.0 3.0 0.1 2.4 1.8 1.4

Table 3. Maximum displacement for point A and effective width (W) from the equations in Table 1.

E = 4000N/mm’ E =7500N/mm’ | E = 12500N/mm’
Formulae WT1 (*1) WT2|WT3|(WT4(WT5|WT6|WT7(WT8|WT9
10cm 20cm|(30cm|10cm|20cm(30cm|10cm|20cm|30cm

D(*2) 43 23116 (2413109 (15]08]0.6

Holmes

W(*3) 1.90 1.90 [ 1.90]1.90[1.901.90(1.90| 1.90 ] 1.90

D 2.7 1110612 (05]03]061[03]02

Smith and Carter

w 3.14 229514 (4.1715.6816.82(5.24]7.14 | 8.57

D 8.9 5514057 (3412413922 ]1.6

Mainstone
w 0.76 0.7110.68 1 0.71 1 0.66 | 0.64 [ 0.68 | 0.63 | 0.61
D 49 29121 (301713 (20| 12]08
Liaw and Kwan

w 1.62 1491141 (150137131 1.40]1.29(1.22

D 1.3 08106]109|05]04)061|04]03

Decanini and Fantin Uncracked Masonry

W 6.89 5.88(5.36]1596]5.09(4.65]|531|4.54(4.15

D 1.5 09107]110[06]05]07]04]03

Decanini and Fantin Cracked Masonry

w 6.12 5.15(4.6652314.41(3.99]4.16]3.89(3.52
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(Table 3) contd.....

E = 4000N/mm’ E = 7500N/mm’ | E = 12500N/mm’
Formulae WT1 (*1) WT2|WT3|(WT4({WT5|WT6|WT7(WT8|WT9
10cm 20cm|30cm|10cm|20cm|30cm|10cm|20cm|30cm
D 5.4 30 (21132171220 11107

Paulay and Priestley
W 1.43 143 (143 (143(143]11.43]1.43]1.43]11.43
D 5.7 34 (2413620 15(24]13]1.0

Durrani and Luo
W 1.33 124119125 1.17(1.12 ] 1.19| 1.11 | 1.06
D 10.8 6547168 38|27 (4524117

P100/1-2006

w 0.57 0.5710.5710.57(0.57]10.5710.570.57]0.57
Finite Element Method (*4) 1.0 06 (03]07[04]03(05]03]02

(*1) Wall Type, (*2) Maximum Displacement at Point A in mm, (*3) Effective width of the strut in m, (*4) FEM results shown for reference

Table 4. Percentage divergence between FEM and select CDSM formulas.

E = 4000N/mm’ E =7500N/mm’ | E = 12500N/mm’

WT1 (*1) WT2 |WT3(WT4|WTS5(WT6|WT7|WT8|WT9

Formulae

10cm 20cm|30cm|10cm|20cm|30cm|10cm|20cm|30cm

% Divergence % Divergence % Divergence

Smith and Carter 62.96 45.45(50.00{41.67[20.00] 0.00 [16.67] 0.00 | 0.00
Decanini and Fantin Uncracked Masonry 23.07 25.00150.00]22.20{20.00|25.00{16.67|25.00(33.33
Decanini and Fantin Cracked Masonry 33.30 33.30[57.14[30.00]33.30{40.00]28.57{25.00(33.33
b
L
bcol bcol
yi ya ya V4
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Fig. (4). Rigid end offsets.

The values of Table 4 show that the differences between
the CDSM and the FEM results are greater at smaller values of
Young’s modulus (i.e. E=4000N/mm’) and smaller thickness of
the wall (i.e. t=10cm). However, as the values of Young’s
modulus and the thickness of the wall increase, then the results
from the CDSM models converge to those of the FEM.
Furthermore, the values of Table 4 show that for E=4000N
/mm’ and wall thicknesses t=10cm and t=20cm, the model
from the Decanini and Fantin is better to the results of the FEM
as compared to those of Smith and Carter. However, this is not
the case for t=30cm when the two methods provide
comparative results. As the value of the Young’s modulus
increases, then the results from Smith and Carter improve and
the two methods become similar as it is in the case of

E=7500N/mm’. When E=12500N/mm’, the results from Smith
and Carter further improve and they actually become better in
the results of the FEM compared to those from Decanini and
Fantin. Fig. (3) shows the Wall Types (WT) on the horizontal
axis and the displacement of Point A for all of the wall types.

5. RIGID END OFFSET (REO) TO ESTIMATE THE
CONTRIBUTION OF THE INFILL WALL

Taking into account the increase in complexity and
computational time for the use of the FEM and also consi-
dering the great discrepancy for the calculation of the effective
width from the various methods, the objective of this work was
to investigate the possibility of using an alternative approach to
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calculate the contribution of the infill walls to the strength of
the reinforced concrete frames. The effort to achieve a good
correlation with the results of the FEM concentrated on ways to
numerically increase the stiffness of the frame. The utilization
of the feature Rigid End Offset (REO) provided by most
structural analysis software was investigated. The REO can be
used to numerically stiffen a joint when two members, such as
beam and a column framing at the joint, have an “overlap” of
their cross sections as shown in Fig. (4). This is especially
important when the cross-sectional dimensions of the beams
and columns are large.

The “numerical stiffening” of the joint is a function of the
length of the REO, which results in the increase of the overall
stiffness of the frame. Therefore, the question that arises is
whether such an approach can yield dependable results. The
structural analysis software SAP2000 [14] was used to:

[1]  Verify that REO can be used to “numerically stiffen”
the frame in such a degree that is comparable to the
stiffening provided by the infill walls,

[2] Derive a formula to calculate the required REO to be
used in the analysis.

5.1. Comparison of the Analysis Results with the Finite
Element method and the Model with Rigid End Offsets

To meet the objectives of this work, a parametric study
using the structural analysis program SAP200 was employed.
A series of analyses were performed by varying the value of
the REO, until the results matched those of the FEM. As with
the CDSM, the target value was the displacement at Point A
(Fig. 1). The process required the definition of REO values for
the columns as well as for the beams. However, the search for
two parameters simultaneously increased the level of
complication. In order to simplify the process, it was decided to
keep the REO of the column constant at 98% of its clear height
(Equation 1) while varying the value of the REO in the beam to
complete a parametric study.

REO,=0.98 H' )

where: REO, = Rigid End Offset of the column

H'= Clear height of the column after subtracting the depth
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of the beam

Table 5 shows the results of twenty-one models of the
parametric study and the required values of the REO for the
beams to match the results of the FEM. Table 5 is organized in
two columns for every value of the Young’s modulus. On the
left column for every Young’s modulus, the value of the REO
of the beam is presented as a percentage of the clear length. On
the right column presented is the actual value of the REO at the
two ends of the beam. For example, (1,7/1,7) in the table
represents values of 1,7m offset at one end of the beam (REO,)
and 1,7m offset from the other end of the beam (REO,). The
leftmost column shows the parameters of the models.

The process verified that it is possible to use the REO
feature to match the results of the FEM analysis. Moreover, the
values of the REO were reasonable. The next step was to
develop a formula that can be used to calculate the required
values for the REO of the beam based on the parameters of the
infill wall. It was decided to use the best fit curve through the
results of the models shown in Table 5 and then verify the
validity of the equation with other models. The equation is of
the form:

REOb = (UO + a)lEW + (L)Zt + (1)3% (2)

where: = Rigid End Offset of the beam,
E, = Young’s Modulus of the infill wall,

t = Thickness of the infill wall,

H’ = Clear height of the infill wall by subtracting one half
of the depth of the beam,

L’ = Clear length of the wall by subtracting the half of the
width of the columns (Fig. 1),

»,, ®,, ®,, ®, = Constants shown on Table 6.
The equation for the calculation of the REO for the beam
elements is shown below:

REO, = 662.578 + 0.0016E,, + 0.1534t — 526.131% A3

Equation 2 was then used to calculate the REO of the
beams for the twenty-one models used in this study. The values
are shown in Table 7

Table 5. Required REO at the ends of the beam elements to match the results of the FEM.

Models E = 4000 N/mm’ E = 7500 N/mm’ E = 12500 N/mm’
L@m) | H(@m) | t(m) ( ':Ii?i) (REO/REO) ( ‘;:l;:)?i) (REO/REO) ( ;:If)?i) (REO/REO)
5.0 3.0 0.1 68.00 (1.7/1.7) 72.00 (1.8/1.8) 76.00 (1.9/1.9)
5.0 3.0 0.2 74.00 (1.85/1.85) 80.00 2/2) 84.00 (2.1/2.1)
5.0 3.0 0.3 84.00 (2.1/2.1) 84.00 2.1/2.1) 88.00 2.212.2)
5.0 3.5 0.1 70.00 (1.75/1.75) 74.00 (1.85/1.85) 80.00 (2.0/2.0)
5.0 2.0 0.1 68.00 (1.7/1.7) 70.00 (1.75/1.75) 70.00 (1.75/1.75)
7.0 3.0 0.1 65.71 (2.3/2.3) 71.43 (2.5/2.5) 72.86 (2.55/2.55)
3.0 3.0 0.1 43.33 (0.65/0.65) 50.00 (0.75/0.75) 53.33 (0.8/0.8)




The Contribution of the Infill Walls

Table 6. The values of ® factors.
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Constants Values
®, 662.5780
[O8 0.0016
, 0.1534
W3 -526.1310

Table 7. Percentage of rigid end offset calculated from Equation 2.

Models E = 4000 N/mm’ E = 7500 N/mm’ E = 12500 N/mm’
L(m) | H(m) | t(m) ( 02 ];:)?i) REO divergence % (02 ]::)?i) REO divergence % ( 02 ];:)?i) REO divergence %
5.0 3.0 0.1 59.06 8.94 64.69 7.34 72.66 3.34
5.0 3.0 0.2 74.40 0.40 80.00 0.00 88.00 4.00
5.0 3.0 0.3 89.74 5.74 68.66 15.34 103.34 15.34
5.0 3.5 0.1 53.79 16.21 59.39 14.61 67.39 12.61
5.0 2.0 0.1 69.58 1.58 75.18 5.18 83.18 13.18
7.0 3.0 0.1 67.32 1.61 72.92 1.49 80.92 8.06
3.0 3.0 0.1 39.77 3.56 45.35 4.57 53.33 0.00

Table 7 shows the REO calculated by Equation 2 for every
model in this study. Also the divergence of each REO is shown
as compared to the corresponding REO shown in Table 5. The
results show that there are 10 models with less than 5%, 5
models with less than 10%, 3 models less than 15% and three
models which are over 15%. If we consider that a divergence
of less than 10% is acceptable, then about 72% of the models
are within the limits. About 14% has a divergence between
10-15% and the rest of the cases have divergence greater than
15%. Table 7 shows that most values with over 10% diver-
gence correspond to models with wall thickness larger than
25cm and wall height over 3m. Considering that in most cases,
the wall thickness is less than or equal to 25cm and that the
clear height of a floor is normally at the range of 3m, then the
proposed Equation 2 provides an acceptable proposal for the
simulation of the contribution of the infill walls to the strength
of frames.

CONCLUSION

This work shows that the contribution of infill walls to the
overall lateral strength of frames is significant. While the use
of the FEM to simulate this behavior provides the base results
for comparison, the increased complexity of the numerical
modeling and the increase in the computational time lead the
research community to seek alternative methods for this
simulation. One method that is presented in the literature is the
CDSM which is based on the estimation of the compression
zone in the infill wall by the means of an “effective width” of a
one-dimensional element (strut) operating under compression.
The strut is used in the analysis to replace the infill wall and
provide the equivalent lateral resistance. One of the targets of
this study was to compare the effective width of the diagonal
struts calculated by several equations proposed in the literature
and then compare the results of their implementation to those
from the FEM. The calculation is inconsistent as the effective
widths by the proposed equations results in different values.

Two of the proposed equations presented by Smith and Carter
and also Decannini and Fantin show the smaller difference
when compared to the results from the FEM. However, the
divergence is in the range of 20%-30%. This finding motivated
the investigation for an alternative method which will have a
better correlation with the results of the FEM. This proposal
utilizes the capabilities of structural analysis software and
specifically the feature of REO which is used to numerically
stiffen the joints and essentially increase the overall lateral
stiffness of a frame. In this paper, we present an equation
which can be used to calculate an REO for the columns and the
beam elements framing at a joint. This approach is very simple
as it avoids the use of finite elements for the modeling of infill
walls or the inclusion of additional strut elements. The results
are promising as about 70% of the models show divergence
less than 10% when compared to the FEM. In addition, only
about 14% of the models show divergence greater than 15%.
However, this divergence appears in the models where the wall
thickness is greater than 25c¢m or has a clear floor height of
greater than 3m.
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