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Abstract

In design for earthquake resistance of reinforced concrete frame structures, unreinforced masonry (URM) infill
walls, panels or partitions are considered as non-structural elements. However, if effective structural contact with
the frame is such that the infill and frame will have equal deformations (framed-masonry), masonry infill walls
should be considered as integrated in the structure and a part of the seismic earthquake system (structural element).
The effects of infill walls, with or without openings, on the overall seismic response of structural frames are
manifested through increase in stiffness, strength and energy dissipation capacity and the alteration of earthquake
resistance distribution throughout the structure. The field of research is divided into three general fields: in-plane
response, out-of-plane response and their combinations. This work presents the state of the art of simplified
modelling approaches for out-of-plane resistance verification. A parametric study was conducted to address the
sensitivity of simplified mathematical models on the structural characteristics of masonry infill walls.

Key words: simplified methodologies, URM infill walls, out-of-plane resistance, framed-masonry walls,
sensitivity study

1 Introduction

The interaction between RC or structural steel frames with masonry infill walls is largely
unsolved. With insufficient knowledge at the time, many provisions such as European seismic
code EN 1998-1 [1] regard infill as a secondary element in seismic excitation. The research on
the interaction began in the early 60’s with the work by [2, 3]. Since then the field of research
has broadened. Worldwide studies were done with the goal of systematic inclusion of infill
walls into frame structures.

The characteristical behavior of infill walls and especially its interaction with the frame
structure under seismic action can be distinguished into three basic parts: 1. In-plane (IP)
interaction; 2. Out-of-plane (OoP) interaction and 3. Out-of-plane interaction with previous in-
plane damage (IP+OoP).
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In comparison with OoP, IP field can be considered as well researched [4, 5]. This paper
investigates analytical OoP approaches applied to a frame specimen from [6] (Fig.3). The
majority of OoP experimental studies were conducted with airbags pressuring infill directly,
while the frame is supported. This method can be considered suitable for blast design as shown
in [7-9]. Fewer research is done by dynamical, shaking table methods. Accordingly, the field
of OoP research can be found in the domain of earthquake and blast engineering.

It has been shown that boundary conditions, meaning connection between infill and
frame govern failure modes (Fig.1) and load capacity’s [10, 11]. There are essentially three
arching failure modes: 1) two-way action, when the infill is fully connected to the frame. Failure
pattern forms letter X (Fig.1a); 2) One way action, usually the infill and the beam are
disconnected, failure pattern forms upside down letter Y (Fig.1b); c) Two opposite sides of
infill-frame are disconnected, e.g. both columns or both beams, failure pattern forms
perpendicular line between disconnected lines (Fig. 1c).

Failure pattern
------ Interface gap

a) Two-way action b) Single gap one-way action ¢) Double gap one-way action
Figure 1: Failure modes depending on boundary conditions

The arching action is a failure mode that occurs when first
cracks develop, infill divides into n parts (depending on
boundary conditions) and start to rotate as rigid bodies
(fig.3). When the rotation occurs, infill segments clamp
and crush on three major points that develop so called
“Compression arch”. Compression arch provides more
capacity to the system and renders its behavior mainly on
compressive and geometrical characteristics of the infill
wall as it can be observed in Table 3.

The first arching action analytical model was proposed by
McDowell [2] in 56’s. Many authors followed the same
principals. The further development of analytical models
included: a) differentiating failure modes by slenderness as
a crushing at boundary or transverse instability failure by
| [12]; b) previous IP damage [13-16]; c) differing two-way
J from one-way actions [10, 17, 18]; d) calculation of

ultimate displacement [13, 17]; e) inclusion of
Figure 2: Arching action openings [13].
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It is to be noted that besides arching action models there are flexural based models [19,
20]. However, those models are depended upon flexural — tensile properties of infill walls. This
was shown as unfit when compression arch develops.

Table 1 displays arching action based analytical models with their experimental setup
and specific conditions taken into consideration. Table 2 displays ultimate displacement
equations. Table 3 displays calculation of ultimate OoP loading. The values and description of
symbols can be seen on table 4.

2 Frame & infill wall properties

The specimen used for model comparison (Fig. 3) is obtained from [6] and is consisted of a
medium ductility (DCM) RC frame with unreinforced masonry (URM) infill wall. The URM
infill wall is consisted of hollow clay blocks categorized as group 2 by EN 1996-1 [21]
provisions. Blocks are connected by general purpose mortar designated as M5 by EN 1996-1
[21]. The mechanical properties, obtained experimentally can be found in Table 4.

FULL INFILL | =180 Section A- A

|

| 20
A *
a4 ¥ — 1 TF
I B i B
< i
! =12
| e g
Y
Ly A
— () —-—
Section B - B
[cm]

Figure 3: Specimen considered in the study according to [6]
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Table 1: Proposed arching action analytical models test setups

" Author Test type upon which Frame URM Specific conditions OoP

calculations are based type type considered? +[P+
. e Double leaf clay brick &

1 Angel [14] Cyclic-quasi static with airbag RC hollow conc. blocks Slenderness +

2 Dawe [10] Monotonic with airbag Steel Clay brick Boundary conditions -

3 Flanagan [22] Cyclic-quasi static with airbag Steel  Hollow clay block Max._ dlsplacement, +

openings considered
4 Moghaddam [12] Dynamic explicit method obtained from [23] RC*  Hollow clay bricks Slenderness -
5 Klingner [17] Dynamic — shaking table RC Clay brick Max. displacement +

* It is to be noted that frame was installed just to produce boundary condition
+ Q0P = IP is referred was is tested experimentally

Table 2: Ultimate displacement

#  Author Ultimate displacement Action
_0.002h%/t
3  Flanagan [22] d= - (1) Two-way
1+4/1-0.002(h/t)
tf, |
X,=
5  Klingner [17] 1000E| 1— h (2) Two-way
2,/(h/2)? +1t?
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Table 3: Ultimate OoP load calculation layout

#  Author Ultimate load Action Add Sﬁj Units
hit A R1 R2
5 0129 0997  0.994
2f 2 10 0.060 0946  0.894
1 Angel [14] W=RR, = 85 @ Twoway 3 0o oo ot US
25 0013 0776  0.602
30 0008 0735  0.540
35 0005 0716 0512
0.75 2 <
w, = 80 T L (@<75) (4) One-way %(EI h?+GJ th)' <
2 Dawe[10] | - sl
1 0.25
w, =800 f > "°t?a (I— + h%j (5) Two-way p= i (EI 1 +GJ btl) <50
o :%(E|Ch2)°'25 <50
3 Flanagan [22 w=4.1f 0'750{& +£j 6) Two-wa - SI
gan [22] m |25 125 (6) y ﬂ:% (Elblz)o.zsgso
h/t<1/8=h/t=h/8
2 W, crushing
_085f, (012 0.45) fm failure 384El,h
cr— 2 - - | = A
4 Moghaddam [12] W =min a ) Ey (7) Two-way Entl ) S|
_ 0.18E,
e (0.12 +0.045/ a)/14 Wina transverse A=h/t
instability failure
‘= t,,
M., Myn Xoy | h
5  Klingner [17] w=8—"(-h)+8M,, In(2)+8 "~ In{ JI 8) Two-wa 1000E{1- ———— . S|
h ¢ h Xy (I-h/2 ®) Y 2\/(h/2)" +t2
M, =(0.85f,, /4)t—x,, f

* Q0P + IP is referred to implementation in calculations ; For calculation of x,, replace h with 1, and for calculation of Myy replace Xyy With X,
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Table 4: Material properties from the study of [6]

Properties Symbol Value Unit
Infill wall compressive strength fm 17.50 MPa
'Young modulus of infill wall Em 5650.00 MPa
'Young modulus of frame E 41000.00 MPa
Shear modulus of frame G 17083.33 MPa
Infills height h 130.00 cm
Infills thickness t 12.00 cm
Infills length | 180.00 cm
Frame column moment of inertia e 1.33x10% cm?*
Frame beam moment of inertia lp 8.00x10° cm*

3 Results

The results of the applied formulas on the selected specimen frame are presented in Table 5 and
Figure 5. In Table 5, the differences in force Aw are compared, whereas the undamaged state
according to Angel [13] is taken as an reference. In Figure 5a, the influence of slenderness h/t
in range from 5 to 35 was obtained from Angel [13]. For h/ t calculations, thickness was set as
constant t = 120 mm and height was varied as h = h/t - «. Klingner curve in Figure 5 shows
results in domain of h/t < 30 as for aspect ratio of h/l between 0 and 5 in natural logarithm In(l
/ (1-h/2)) Eq.(8) produces complex numbers C due to In(R"). In Figure 5b compression strength
of masonry unit fn was varied. For the variation, a modification of Young modulus Em was
incorporated trough equation 9 & 10 from [21].

fk = Kfrr(1)7 fn%?tar (9)
E,, =1000f, (10)

Where: fb = 5fm, 0= 0783, K= 045, fmortar: 5 MPa

In Figure 5b the “Actual f” line corresponds to Em= 4556.84 MPa instead of measured
Em=5650.00 MPa (Tab.4) as a result of Eq.10.

In Figure 5b Moghaddam’s Wmax curve has a slight inclination from 0.3773 to 0.3775
(nearly horizontal line) due to wmax in Equation 7 not including the variated parameter fm. The
slight inclination is due to change in En.

4 Discussion of results and concluding remarks

With results shown in Table 5 and Figure 5, it can be concluded that:
a) Highly disperse results are obtained. Lowest difference of 6% (Angel — Dawe, two-way)
and highest difference of 331% (Angel — Moghaddam) was found.
b) Calculated displacement show immense differences.
c) The results of the slenderness sensitivity analysis (Fig.5a) indicates: higher slenderness
h /t>17.5 produces lower differences between analytical models (with the exception
of Klingner model). However, for lower slenderness h / t < 17.5 especially for h / t <



YOUNG SCIENTIST 2018

12.5 values of w are widely dispersed among each other. This can be explained by noting
that EN 1998-1 [1] provisions limit slenderness to < 15. Within the allowed slenderness,
models vary excessively, and at higher they are more similar as the slenderness is key
factor in instability cases.

d) Itwas found that Klingner equation (9) has aspect ratio limitof h /| <2 as a consequence
of the natural logarithm in the mentioned equation. It is to be noted that such a ratio is
not a usual practice in the framed masonry structural systems.

e) In sensitivity analysis of compression strength fn (fig.5b) it can be observed that by
having lower strength, differences are also lower. The remark is stated with the
exception of Klinger’s Wmax. Klinger’s Wmax IS failure by instability, hence, it does not
incorporate fy in its equation (Eq.9).

f) By comparing Figure 5a & 5b, overall, slenderness had greater impact on the OoP
capacity than the compression strength.

g) Dawe’s calculations showed that by having no connection between infill and beam w3
the loss of capacity in comparison to fully connected infill — frame w4 resulted in 62%
difference.

h) By comparing Dawes one-way ws and two-way w4 action in Figure 5 it is obvious that
two-way wy action has greater capacity than the one-way ws action.

i) Taking into account Moghaddam’s division of failure modes by crushing at the
boundary wer and transverse instability wmax, the crushing failure curve is significantly
lower than the transverse instability curve.

J) Angels previous IP damage showed significant reduction of OoP capacity (up to 13%).

In summation, it can be concluded that analytical models widely differ from each other.

This can be attributed to the fact that all analytical models were based on different infill, frame
and testing setup.

Table 5: Results of calculations

OoP max. load OoP max. displ.
#  Author w(MPa) AW (%) d(mm)  Ad (%)
1 Angel undamaged [14] 0.087 0.000
2 Angel medium damage [14] 0.082 5.957
3 Angel heavy damage [14] 0.076 12.707
4 Dawe one-way ws [10] 0.031 64.657
5 Dawe two-way wa [10] 0.082 5.592
6 Klingner [17] 0.130  -48.730  15.024 0.000
7 Flanagan [22] 0.249  -184.881
8 Moghaddam Wmax [12] 0.377 -331.841
9 Moghaddam we [12] 0.014 83,75 0.022 99.854
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Figure 5: Effect of the property variations
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