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Abstract

Accidental torsional behaviour induced by horizontal loading is difficult to predict, being a complex phenomenon governed
by many variables. This problem gains an additional dimension of complexity when nonlinear responses with imperfections
need to be considered. Therefore, evaluation and understanding the influence of accidental torsion are fundamental in
seismic reliability estimation. This study offers vital insights based on the results of a 1/2.5 scale three-story masonry
infilled reinforced concrete frame building’s test on a shaking table. The building was tested under ten consecutive ground
motions with increasing ag/g, recorded at Herzeg Novi station during the 1979-M6.9 Montenegro earthquake. The
accidental eccentricity, considered a random variable, resulted from unsymmetrical masonry infill wall damage in an
otherwise regular building. Its effect, in relation to that of other random (design) variables, was evaluated utilising weight
factors and, in addition, assessed through various building code provisions and state-of-the-art research findings. The
analysis revealed that the accidental eccentricity, as compared to other random variables considered, could, under certain
conditions, reach values higher than those prescribed by the building codes. This unacceptable seismic reliability clearly
warns that accidental torsion of masonry-infilled reinforced concrete frames in in-situ conditions must be considered even
in regular buildings.

Keywords: Earthquake Behavior; Masonry Infill Wall; Reinforced Concrete Frame; Accidental Torsion; Reliability Analysis.

1. Introduction

Contemporary building codes or guidelines cannot accurately predict the building’s accidental, i.e., unintended,
torsional behaviour. Accidental torsion can occur when the building is subjected to horizontal loading, e.g., strong
earthquake ground motion. It can arise due to: the non-uniform distribution of masses within the building, uneven
changes, i.e., distribution in the stiffness of the structural elements and the structure as a whole, the torsional component
of ground motion, etc. Additionally, uncertainty in determining centres of mass and rigidity can be significant.

Anagnostopoulos et al. [1] made a comprehensive state-of-the-art review as a continuation of the review done by
De Stefano and Pintucchi [2], relating to the impact of induced torsion on buildings during earthquakes. They showed
that this research area is accompanied by many publications, attributing that to the importance of torsion’s adverse
effects. Only in this century were more realistic models introduced, based on simplified one-story models [3],
emphasising that parameters needed to be matched with real buildings [3]. The previous research on torsional effects
was mainly based on the causes of torsion, such as the eccentric distribution of stiffness [4, 5], damping [6, 7], building
mass [8, 9], and spatially uneven or torsional ground motion [10, 11]. It should be noted that because of the large
number of parameters, significant simplifications and assumptions needed to be introduced, which often limits the
applicability of given results. One of the most common simplifications is the omission of partition walls from the

* Corresponding author: markulak@gfos.hr

d http://dx.doi.org/10.28991/CE]-2023-09-02-017
© 2023 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and
B conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

483


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0000-0003-4916-1844
https://orcid.org/0000-0003-3396-8176
https://orcid.org/0000-0001-7539-4639
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 9, No. 02, February, 2023

analysis, which is an important aspect of seismic design with its own set of research problems: size, type, and position
of openings [12, 13], intentional interventions on the infill panel [14—16], out-of-plane collapse under in-plane action,
or direct out-of-plane failure [17-19].

Accidental torsion is included in most building codes, such as Eurocode, ASCE, NBCC, the New Zealand building
code, and the Model Building Code of Mexico [20-24], through the introduction of appropriate eccentricity. The
eccentricity usually varies from 5 to 10 % of the observed building’s floor plan dimension perpendicular to the direction
of the earthquake action. Mohamed and Mehana [25] showed that even the method of analysis (static or dynamic), in
line with codes, can influence the results of a symmetric floor plan building. Fronteddu et al. [26] defined the effect of
different design principles for accidental torsion in NBCC, showing that the method can be adequate but depends on the
ductility demand. De-la-Colina et al. [27] used code values of accidental eccentricities and Monte Carlo values in
combination with nonlinear dynamic analysis on a symmetrical steel building, concluding that various methods of
applying accidental torsion are not equivalent—shifting masses is simpler than applying floor torsion moments. Lin et
al. [28] similarly concluded that adding accidental eccentricity does not equal the effects of using the torsional
amplification factor. These conclusions point to the fact that there is still room for improvement of the building codes,
and although clear progress has been made in research, it can also be said that the progress is not gaining as much
attention and development as in the 70s and 80s of the 20™ century [1]. This is especially true when partition walls are
often not considered per code treatment, nullifying their effect. Namely, in other research studies, various possibilities
of the influence of masonry infill walls on the behaviour of the reinforced concrete frame building have been observed.
In some of them, it has been recorded that masonry infill walls have a positive effect [12, 29, 30], while in others, it has
been observed that the masonry infill wall potentially damages the structure when horizontal force is applied [13, 31,
32]. There is indeed a general stance that infill can have positive and negative effects [33, 34].

Most of the existing research in this domain is related to even more complex issues, such as accidental torsion in
irregular, asymmetric buildings, nonlinear range of behaviour, reliability analysis, and similar advanced problem
areas. Each research study adds a new perspective and insight to the problem, simultaneously signalling that more is
to be done. Kohiyama & Yokoyama [35] showed that even the most basic assumptions could be further improved by
expanding the theory of structural eccentricity and concluding that there is an overlooked phenomenon called the Q-
A effect (Q represents lateral force), accounting for large displacements. De-la-Colina & Valdés-Gonzéalez [36]
continue with this thought process by proposing a design procedure that would not require accidental torsion but an
amplification of design parameters, and Khatiwada & Lumantarna [37] propose a simplified method for determining
torsional stability. Some research deals with the occurrence of torsion in regular symmetric structures in the nonlinear
range [38—42], all pointing to the importance of this occurrence in regular buildings and specific issues regarding the
material in question — RC or steel. Several more authors [43—-47] have researched the subject of accidental eccentricity;
however, with those utilising the nonlinear range, there is a lack of model verification with experimental data and
considering partition walls, as earlier mentioned. On that note, Guéguen et al. [48, 49] highlight that the torsional
response of structures has been mainly analysed with numerical studies due to a lack of experimental data with
translational and rotational sensors. Although irregular buildings seem more important when studying accidental
torsion effects, symmetric buildings’ structural response to accidental torsion effects is increased compared to
unsymmetrical buildings [50]. The variation of the strength of elements resistant to horizontal forces can result in
considerable accidental torsion in the case of regular buildings [38]. Reliability analysis adds another layer of
complexity to the analysis of accidental torsion, but regardless of the underlying methods, research agrees that
considering accidental torsion impacts the reliability of a building. Chang et al. [51, 52] state that in the case of steel
structures, consideration of accidental torsion significantly influences the probability of failure. Mortezaei &
Mohsenian [53] deal with the reliability of symmetric structures and lay out the essential variables affecting reliability
based on a box system building. Lin et al. [54] tie reliability to the analysis method, defining the differences in
probabilities resulting from deflection and torsional amplification factors.

Based on the presented research, it is evident that the influence of accidental torsion is rarely considered in
conjunction with experimental data, and research with the inclusion of infill walls in the influence of horizontal
behaviour is sparse. When combined with research that systematically deals with this phenomenon from the aspect of
reliability, there is a need for more data and research, especially as reliability is the basis for building code provisions.
The framework of the FRAMA project (FRAme-MAsonry Composites for modeling and Standardisation) enables such
essential insights as a 1/2.5 scale three-story masonry infilled reinforced concrete frame building was tested on a shaking
table [55] (see Figure 1). Namely, the test results point to accidental torsion at an intensity significantly higher than
recommended in mentioned building codes. Consequently, the basic idea of this paper is to show how the eccentricity
e, as a measure of random torsion, in this case for RC frames with masonry infill walls, influences reliability. In this
sense, a probabilistic analysis of the first-order reliability method (FORM) was carried out on predefined properties of
random variables, and the reliability indices g and influence factors «; were calculated for the building. The workflow
is summarised in Figure 2. Based on the results, accidental torsion can significantly influence regular buildings because
of unsymmetrical damage patterns connected to the nature of infill behaviour during cyclic loading.
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Figure 1. A view on the 1/2.5 scale three-story masonry infilled reinforced concrete frame building before testing

RC frame with Random Determination
Experimental infill ultimate variables of influence Reliability
research data limit state arameters factors and indexes and
processing equation %ollection results discussion
forming analysis

Figure 2. Methodology flowchart
2. Background Experimental Research

The 1/2.5 scale three-story masonry infilled reinforced concrete frame structure was designed and constructed in
compliance with EN 1992-1-1:2004 and EN 1998-1:2005 provisions for moment-resisting frames by considering the
medium ductility form of seismic construction detailing (see Figure 1). Masonry infill walls were built after the frame
had hardened and were regularly positioned in plan and elevation. All openings were centred in the bays. In the first
series of tests, masonry infill walls were built out of clay block masonry units laid with class M5 general-purpose mortar
(see Figure 3).
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Figure 3. Longitudinal (top left), transverse (top right) and instrument plan views of the Series 1 build. (All dim. in cm) [25]
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In the second series of tests, the masonry infill walls in the first and second stories were replaced by solid clay brick
masonry, including reinforced concrete confining elements along vertical opening edges (see Figure 4). Opening sizes
and joint mortar thicknesses were kept the same. The reinforcement plan for the RC frame is given in Figures 5 and 6.
The properties of the utilised materials are provided in Table 1.
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Figure 4. Longitudinal (top left), transverse (top right) and instrument plan views of the Series 2 build. (All dim. in cm) [25]

anchorage
plite

anchorage

anchorage

W @) ®
5 04 w5 0445 04 5 @i
'*94',4)( 9 @48 )(.\/94/4 5)((54/4, 24 (478 P
J6R, 6 816, 168, 184 B.16,
-308 106
TT T T—T T T TTT T T T T T ) T—T 17
11 T U 6 A O
S3es
16, 12 16, 232 L6,
, 102 ,
5 2404 210478 504
16,5 160 £.16_ |
& |'3.C§8 r 166 :
=] T 17T N 2o
] e o 1 A Y
{ 1" ps
108 g4
| £
(%]
o Y | £
= B4i4-8
= . . 308
1N N I D L S - .
3 v »
ci P R
108 | E= 3 0% == N
12 208 12, € oz,
g :
23

anchorage -
plate

/lb/

486

Figure 5. Beam reinforcement details (units in cm except for bar sizes)



Civil Engineering Journal Vol. 9, No. 02, February, 2023

ey ) =
® Bor(®)
A6, *IF* )
Column cross-section
=~  rpanghorage -~ | | hanchorage Axis 1
t o —\ :pith — |—'!: plate e
— i HH i
T —Hr— —H = =+ 04/5-10 8 @6
| I F| @ N L
7 : T KO
| I 1] oF T - . BA/5-10
= — L1 e ~
=z — M 2 = s 16,
| = e Tl =
1 (14 = -
— HH Axis2
! s 0
e —_—— — I =
:* = =% :_‘w-c \coc|_: % o = 88
S8 e ey @s = ~
— — o] — —_ ] B o] — I
e — H ! - ©4/5-10
= ~
= — M o
o . H =
e oo | o B 2
S S =™
L ] L | = =~
= I Axis 3
T | |
- - o :—‘ e l—:: 406
2E | &5 s " («34,-‘,:-10 B 4 (8
—_ | 1 — - ——
o - s z2e Tz = A 945410
2 N & A :
—_l T -
Z = p- L T L1 ¥ 16 .
- = M =5
— T o
0 |
i == - N
F ; [
LY '—' —
|

Figure 6. Column reinforcement details (units in cm except for bar sizes)

Table 1. Mean values of material mechanical properties

Property Value Units
Concrete cylinder strength 36.6 MPa
Secant modulus of elasticity of concrete 38840 MPa
@4mm  753/780 MPa
Reinforcing steel yield / ultimate tensile strength @6 mm  564/589  MPa
@8mm s91/621 O

Masonry Units & Mortar Series 1*  Series 2*
Masonry unit net compressive strength 31.2 20.0 MPa
Masonry mortar compressive strength 10.6 10.6 MPa

*Note: Series 1- clay block masonry, Series 2- Solid clay brick masonry

The test structure appearance, dimensions, cross-sections, and reinforcement plans for the beams and columns are
given in Figures 1 and 3 to 6. The concrete was defined as class C25/30, with a nominal cylinder compressive strength
of 25 MPa (nominal cube strength of 30 MPa) and a maximum aggregate size of 8 mm. The reinforcement was of grade
B500B with a nominal yield stress of 500 MPa.

The north-south part of the record obtained at Herceg-Novi station during the 1979 M6.9 Montenegro Earthquake
was used as input ground motion and applied in longitudinal, i.e. x direction of the building (see Figures 3 and 4). To
comply with common similitude practices, the duration of the excitation was reduced by dividing the time step by V2.5.
The excitation amplitude was scaled down to different peak ground accelerations (a4 / ). The base excitation was applied
to the structure along its longitudinal (or x) direction in increasing intensity a4 / g: 0.059,0.19,0.29,0.39,0.4 g, 0.6
g,0.79,0.8¢,1.09, 1.2 g (and additionally 1.4 g in the second series). Additional story masses were installed in steel
ingots to increase the period of the specimen by doubling its mass and to comply with Cauchy-Froude similitude rules.

The test buildings experienced negligible-to-slight damage in the first story walls before 0.4 g. At 0.4 g in both test
series, the separation of the first-story masonry infill wall and the RC frame was observed, with cracks around the
perimeter of the infill walls with crushing at the corners. The wall with the door opening positioned in frame A of the
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Series 1 building did not further participate in the seismic resistance, while the same in frame B did, as observed by the
cracking of the wall. At 0.8 g in both test series, in the first and second story, the walls experienced moderate damage —
the infill wall next to the door opening collapsed. The cracking was formed in both directions. The third story in both
series had negligible damage during the testing. While also providing lower drift demands to the building of Series 2
compared to the ones of Series 1, the vertical confining elements that were added during the repair caused the equal
distribution of earthquake damage and prevented the out-of-plane collapse of the walls. The main RC frame was not
noticeably damaged in both test series, meaning the vertical structural capacity was not compromised. The shake table
tests are described in detail in Guljas et al. [55].

3. Reliability Analysis

The reliability analysis was performed for the whole masonry infilled RC frame building by considering ground
story RC frames (both sides) with masonry infill walls (see Figure 3). This frame was found to be critical for earthquake
behaviour and the cause of the accidental torsion occurrence (w.r.t. damage evolution of the building).
3.1. Earthquake Resistance Verification Model

According to Chandler and Hutchinson [8], the ultimate shear resistance of a single RC frame with a masonry infill
wall to the horizontal shear (seismic) force Vg, can be determined from the expressions given in Table 2.

Table 2. Expressions for determining the horizontal shear resistance of an RC frame with masonry infill wall [34]

Description Expression
Ultimate resistance of the RC Frame with masonry infill wall Vrw = Vrg + Vge @)
_ 3x M
Ultimate resistance of the RC Frame without masonry infill wall Var = (h + @) (2)
2
. . l l
RC frame ultimate bending moment My = Ag X f, X (E‘ - dl) + foe Xt X (5” - g) (3)
i . i i Ny +Ag X f,,
The effective width of the compression area of a column cross-section x= TTaxt 4)
ck c

i i infi i i Ap X o
Ultimate yield force of a masonry m_flII waII_under simultaneous horizontal and Ve, = C fe 1+ |c?x (1 +_d) i1 ©)
vertical loading Cixb fe

. o . . . l (x;—x) X h
Coefficient of the frame-infill interaction Coefficient of aspect ratio C,=2xaxbx 7 a= Tl 6.7)
1
Figure 6 _Llow Xy = 8,9
X1, X2 (see Figure 6) % = g s 2= Esinp (8.9
. h—w 1
F = =212+ h2 10,11
y1, W (see Figure 6) N = s w 4\/1 +h (10,11)
N
Vertical stress in the wall Og =ax — (12)
m

Note: hy is total beam height above the infill wall; A is the area of the reinforcement in a column; f, is characteristic reinforcement yield strength; fu
is characteristic concrete compressive strength; I; is column width/depth parallel to wall direction; t. is column width/depth perpendicular to wall
direction; d; is the distance between the centroid of the tensile reinforcement and the closer cross-section’s edge; N is the vertical force in the column;
Cr is coefficient of the quality of masonry workmanship with the recommended value of 0.9; b is the shear strength ratio, i.e. b=1.1 for walls without
opening and b=1.5 for walls with openings [8]; a is coefficient of the transmission of the vertical load to walls, i.e. a=0.3 for undamaged masonry and
a=0 for damaged masonry; N is vertical force taken by the masonry; An, is the area of the horizontal wall cross-section (An=t.l see Figure 7).

VR
I o~
-ET
- /
R
|

Aot ! At

Figure 7. (a) RC frame with a masonry infill wall scheme; (b) idealised compressive stresses in the wall corners (ends of the
diagonal strut) [56]
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3.2. Observed Actions

Given that the structure’s resistance to the shear force is to be verified, the relevant action is the horizontal force.
The most important part of that same force is caused by (earthquake) acceleration on the structure’s mass.

F,=mxa (13)

where Fyp is the total earthquake force, m is the mass, and a is the ground acceleration caused by the earthquake.
Considering that due to the imperfection of the construction, the non-uniformity of the material properties, in some cases
of non-symmetrical construction, etc., the centre of mass and the centre of rigidity do not match. As a result, additional
forces appear in the structural members caused by balancing the moment that arises due to the action of the earthquake
forces on the eccentricity arm.

Fyo =222 (14)

X

where X is the distance between the elements of the first frame and the elements of the second frame.

3.3. The Capacity Equation in General Form
To calculate the influence factor and the reliability index, the ultimate limit state equation was used in its general
form

Z=R-E (15)

where Z is the safety zone, R is resistance (section 3.1), and E is the effect of action (see section 3.2).

The final equation for the limit state, i.e., capacity, was obtained when its outcome reached a constant value.

3.4. Random Variables

Random variables defined through the relevant expressions are listed in Table 3, where the symbol m is used for the
mean value and ¢ for the standard deviation. The calculation of the reliability index g and the influence factor a using
random variables was made with the help of the Comrel 8.1 Symbolic computer programme (https://comrel-
symbolic.software.informer.com/8.1/).

Table 3. The list of random variables [57-59]

Variable symbol Variable description m ¢  Units Distribution type
Ag 85 17 mm? normal
fy 500 30.0 N/mm? lognormal
lc 160 6.4 mm normal
d, 19 1.7 mm normal
see Table 2 and Figure 6
for 25 1.8  N/mm? lognormal
t. 120 36 mm normal
h 1040 312 mm normal
hy 160 4.8 mm normal
Iy wall length in frame 1 1120 448 mm normal
I, wall length in frame 2 2320 928 mm normal
t wall thickness 120 4.8 mm normal
fi wall tensile strength 0.23 0.01 N/mm? lognormal
h, wall height 1040 416 mm normal
m mass 29.200 876.0 kg normal
e eccentricity 10524 63.1 mm normal
X structure width 2200 88 mm normal
CH coefficient of the frame-infill interaction 1  0.64 0.03 mm normal
(o coefficient of the frame-infill interaction2 8.70 0.35 mm normal
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When defining variable e, it is necessary to consider several variables influencing it. The variable e refers to the
eccentricity that occurs due to certain elements’ non-uniform stiffness and the distance between the centre of mass and
the centre of rigidity. The position of the mass in the direction perpendicular to the direction of movement of the shaking
table in the observed case does not change with time, making it a constant.

From the above, it can be concluded that the eccentricity e depends directly on the variation of stiffness of the RC
frame (with masonry infill wall), so the standard deviations of the variable are determined concerning the stiffness. The
mean value of the variable e was taken from the Series 1 tests at a load of 0.8 g (see Section 2) when it reached an
average value of 35 cm per floor. The stiffness of the RC frame (with masonry infill wall) before deformation (see [56])
is described by the following expression:

1

K; = n3 | 12h (16)

3Ele GiAe

The Equation 16 was broken down and analysed in Comrel 8.1 Symbolic.

The coefficient of variation for the independent variable e is obtained from the coefficients of variation of the wall
cross-sectional area, and concrete shear modulus and wall shear modulus were multiplied by the influence factor ratios
- the same is shown in Table 4.

Table 4. Influence factor for the eccentricity e

Random variable  Influence factor a

h 0.00
E 0.00
| 0.00
E¢ 0.00
I 0.00
As 0.05
le 0.00
| 0.00
Gi -0.24
Anm 0.94
e 0.24
Sa? 1.00

The CV coefficient is obtained from the results of the variables that have the most significant influence on it: wall
cross-sectional area Am - CV=0.06; aam=0.94; concrete shear modulus Gt - CV=0.06; ac=0.24 and wall shear modulus
Gi - CV=0.16; aci=0.24. Given that the dominant factor of influence is the cross-sectional area of the wall, the
eccentricity distribution is taken to be equal to that of the cross-sectional area of the wall, i.e., the normal distribution.
After the calculation, the obtained coefficient of variation for variable e is 0.064.

Due to the extensiveness and a considerable number of non-deterministic variables and limitations of the Comrel 8.1
Symbolic software package, the original limit state equation had to be simplified. The reduction of the subject equation
was achieved through two steps: separate calculation for CZ and C7 and determination of corresponding statistical
parameters, respectively. For the random variables C?, and C?,, the influence of the random variables of which it
consisted (h; and 1) was calculated.

Figure 8 shows the influence factors of the independent variables h, and | within the C? coefficients.

=2
= hz

Figure 8. Influence factors for (a) C%;; (b) €%,

=1
= hz
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3.5. The Ultimate Limit State Equation

As the acceleration is directly related to the earthquake and it is difficult to determine the statistical parameters
unambiguously, here, the acceleration of the earthquake is taken as a constant of 8 m/s? (0.8 g). Namely, at that level of
horizontal acceleration, the first severe damage was observed on the infill wall (see section 2). The influence of
accidental torsion was also noticed during the analysis of the test records.

The ultimate limit state equation is obtained when Equations 1 and the sum of Equations 13 and 14 are equalised.
The equations are written until they are reduced to the independent variables listed in section 3.3. The gravitational
acceleration, the masonry quality coefficient and the shear strength ratio parameter in the wall are introduced into the
equation as constants. The gravitational acceleration g is taken as 9.81 m/s?,

In the case of high masonry quality, the coefficient of masonry quality strives for unity. Its practical value is between
0.5 and 1.0, and the suggested value of 0.9 was taken [56]. For infill walls without openings, the value of the shear
strength ratio parameter b is 1.1, while for walls with openings, b=1.5 [56]. N1 and N, the vertical forces in the wall,
were equal to zero since the wall serves as an infill and carries only its weight.

4. Results

Equation 16 was used to calculate the stiffness of frames 1 and 2 (see Figure2). It was found that frame 1 (see Figure
2) participated with 63% of the total stiffness, while frame 2 participated in the total stiffness with 37%. Since there is
an opening in frame 2, its stiffness is reduced using the diagram in Figure 9 [60] - stiffness reduction coefficient of A=0.4
(the area of the opening w. r. t. the area of the wall is 17%).

< 100
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£
= 080
S
B
3
© 060
w
[0
j ==
iE
o 040
0.20 : ~_
0.00 ‘
0 20 40 80 80 100
Opening precentage %

Figure 9. Influence factors for (a) €%,; (b) €%,

4.1. Reliability Index and Influence Factor for Frame 1

Reliability indices were calculated using the Comrel 8.1 Symbolic program, and the graphical representation of the
obtained influence factors is shown in Figurel0-a.

0, 0,
0% 0% OAsl OAsl
ofy oOfy
Ic Ic
odl odl
h h
| |
ot ot
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om Om
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(a) (b)

Figure 10. Influence factors for (a) frame 1 (“shorter frame”); (b) frame 2 (“longer frame™)
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In the case of frame 1, the obtained reliability index is £=-0.339. Given that the size of C; ; depends exclusively on
I and h, parameters (see Table 2), in further comparisons of the influence factors, the quantity that corresponded to the
influence factor of the random variable C; ; in the overall equation was divided into I, and h;:

a(ly) = 0.66; o2(ly) = 0.44 (17)

a(hz) = -0.75; o?(h;) = 0.56 18)
From the overall equation:
a(Cy 1) = -0.30; a*(C;4) =0.09 (19)

The final values of the random variables |1 and h, were determined by adding up the influence factors from the basic
equation and the derived equation, especially for C, ;, taking into account the sign and the sum of squares equal to 1.

4.2. Reliability Index and Influence Factor for frame 2

The reliability index was calculated in the computer program Comrel 8.1 Symbolic. The graphical presentation of
the results can be seen in Figure 10-b. The reliability index for the given frame is f=6.398 (mainly related to the masonry
infill wall).

4.3. Overview of Influence Factors

Table 5 shows a tabular presentation of the influence factors of all random variables for both frames, with an
indication of influence.

Table 5. Overview of influence factors

Variable (see Table 2) Frame 1 Frame 2 Influence on
Asl 0.02 0.03 r. c. frame
fy 0.06 0.09 r. c. frame
Ic 0.06 0.08 r. c. frame
dil -0.02 -0.03 r. c. frame
h -0.03 -0.05 r. c. frame
| 0.51 0.55 masonry infill wall
t 0.45 0.49 masonry infill wall
ft 0.49 0.46 masonry infill wall
hz -0.26 -0.13 masonry infill wall
m -0.37 -0.34 action on structure
e -0.24 -0.24 action on structure
X 0.16 0.18 structure

5. Discussion

From Figures 10-a and 10-b, it is evident that, of those related to the structure’s resistance, the most significant
random variables are I, the wall length in frame 2, t the wall thickness, f; the wall tensile strength, and m mass of the
structure. It is important to note that the first three listed variables refer to the masonry infill wall (earthquake resistance
of the structure), and the fourth is related to the structure’s mass and refers to the earthquake action on the structure.

The independent variables that are related to the structural capacity of the RC frame structure have little influence
on the limit state equation — the probability of failure. As for the variables related to actions, it is essential to note that
the random variables m and e have a significant influence. Acceleration does not induce variability as it is taken as a
constant (well-defined in building codes), making the influence of accidental torsion high. According to the presented
estimation of the influence factor, the influence of eccentricity is significant and cannot be disregarded. This needs to
be considered with the fact that the test building was designed so that the frame structure can take horizontal shear
(seismic) loads by itself. Even though it is a regular symmetrical building (along the axis of the ground motion direction),
and the earthquake simulation was performed in one direction, excluding torsional effects caused by the ground,
eccentricity is a crucial variable. The appearance of eccentricity is caused by stiffness changes in the masonry infill wall
resulting from its damage. The damage is often unsymmetrical and hard to predict, even with symmetrical walls, due to
imperfections in erection, material properties variation, and geometry imperfections. Even though the masonry infill
wall has the role of a partition member, it has considerable stiffness when horizontal shear (seismic) forces appear,
making it an essential part of the response to seismic loading.
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With the increase in the influence of random variables m and e, the reliability index $ decreases. This was to be
expected as these variables drive up the variability to which the probability of failure is sensitive. Nevertheless, it is
important to note that the reliability index of 5 = -0.339 for frame 1 corresponds to the observations from the tests, which
showed that the first severe damage occurred at a horizontal load of 0.8 g. In contrast, the reliability index 4 = 6.398 for
frame 2 indicates sufficient reliability in the observed situation. This distribution of reliability indexes can be attributed
to different geometry and stiffness participation in the response, especially as the wall length plays a considerable role
in its influence on the limit state equation. It should be noted that the reliability indices were considered as if each frame
were operated separately and that the total reliability index would be between those values if the construction were
viewed as a whole.

Accidental eccentricity occurs even in regular symmetrical buildings with actions and footing that do not lead to
torsional effects. The results indicate that it is necessary to determine how to include the influence of accidental torsion
due to stiffness changes of partition elements (structural masonry infill wall, in this case). When determining the
influence of individual earthquake-resistant design parameters, it is also necessary to consider the properties of the
partition itself (size, type, and position of openings [12, 13], intentional structural weaknesses [14, 16, 61]). Especially
where it will cause an early failure even under smaller drifts (or forces), leading to the removal of the wall from the
building’s earthquake-resistant system and the possible torsion appearance. The shake-table tests performed on a large-
scale, three-story RC frame building with URM infill walls, regular in plan and elevation indicated the appearance of
"accidental" torsion due to the unpredictable behaviour of these walls. The building described in this work is analysed
based on four ground-story frames, so it is crucial to conduct further tests on structures having more structural members.
In addition to increasing the load-bearing capacity of the structural members, research can also go in the direction of
how to exclude the partition elements from the earthquake resistance system and prevent them from falling out when
horizontal forces occur perpendicular to their plane.

The presence of confining elements along the opening edges (Figure 4) seems beneficial for the earthquake behaviour
of the building in terms of damage control and reliability w. r. t. building’s design and prevention of infill wall out-of-
plane failure (“walking out” collapse under in-plane action or direct out-of-plane collapse) [17-19].

6. Conclusion

Accidental torsional behaviour is still the subject of many research papers due to its importance during seismic
loading. It is a significant source of damage, difficult to predict as many variables govern it. Evaluation and
understanding of the influence of accidental torsion are fundamental in seismic reliability estimation. This study offers
vital insights based on the results of a 1/2.5 scale three-story masonry-infilled RC frame building’s test on a shaking
table. The accidental eccentricity resulted from unsymmetrical masonry infill wall damage in a regular building. Weight
factors revealed that the accidental eccentricity, compared to other random variables considered, could reach values
higher than those prescribed by the building codes and cannot be disregarded. This unacceptable seismic reliability
clearly warns that accidental torsion of masonry-infilled reinforced concrete frames in in-situ conditions must be
considered even in regular buildings. The appearance of eccentricity is caused by stiffness changes in the masonry infill
wall resulting from its damage. The damage is often unsymmetrical and hard to predict, even with symmetrical walls,
due to imperfections in erection, material properties variation, and geometry imperfections. Even though the masonry
infill wall has the role of a partition member, it has considerable stiffness when horizontal shear (seismic) forces appear,
making it an essential part of the response to seismic loading. The results offer a clear pathway to understanding the
changes in the reliability index based on the example provided. However, they are also limited regarding the number of
structural members and specific ratios of strength and stiffness. This presents opportunities for future research, along
with a similar study on such infilled steel systems, as they are fundamentally different in terms of ductility and the
limitations of that ductility in the infill system.
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