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Abstract: Out-of-plane collapse is one of the most important failure modes for masonry infill walls in frame
structures during earthquakes and may result in significant economic loss, blocked evacuation pathways and
even injuries and fatalities. To investigate the effect of prior in-plane damage on the out-of-plane behavior of
masonry infill walls, a series of full-scale masonry infilled RC frame specimens that conform to the Chinese
practice were subjected to sequential in-plane and out-of-plane quasi-static loading. The results show that the
out-of-plane strength of the masonry infill walls was reduced by 22% and 47% at 1/500 and 1/200 prior in-plane
drift ratios, respectively, whereas the out-of-plane stiffness was not significantly affected by the prior in-plane
damage. Based on the test results of the present experiment and the collected data available in the literature, an
empirical equation was derived to relate the out-of-plane strength reduction factor with both the prior in-plane
drift ratio and the slenderness of the wall panel. According to the equation, the out-of-plane strength starts to
degrade when the in-plane drift ratio reaches approximately 0.1% to 0.3% depending on the wall slenderness.
Both the rate and extent of the strength degradation are greater for slenderer wall panels. Through a numerical
example, we demonstrate that neglecting such an in-plane-out-of-plane interaction may lead to substantial
underestimation of the loss by seismic damage of masonry infill walls in buildings.

Keywords: masonry infilled RC frames, prior in-plane damage, in-plane-out-of-plane interaction, seismic loss
assessment

1. Introduction

Like in Europe and the US, masonry infill walls are among the most-commonly used types of walls for
partitions and enclosure of reinforced concrete (RC) frame structures in China. In the past two decades, a variety
of lightweight masonries, including hollow concrete blocks, hollow clay bricks and autoclaved aerated concrete
blocks, have become mainstream masonry materials, following the governmental ban on using solid clay bricks
in most cities in China. Masonry infill walls in a building are always concurrently subjected to in-plane (IP) and
out-of-plane (OOP) actions under earthquakes. The Chinese seismic code requires connecting the masonry infill
walls to the host RC frame by a minimum of 2¢6 tie bars embedded in the mortar beds at no greater than 500
mm intervals along the height of the columns for OOP restraints. The tie bars are required to extend into the
masonry wall panel for at least 700 mm or 1/5 of the span length in regions of moderate seismicity (Intensities
6 and 7) and are required to extend for the full span in regions of high seismicity (Intensities 8 and 9) [!]. The
extensive damage to the masonry infill walls in the 2008 Wenchuan earthquake led to a revision of the
embedment length of the tie bars in the seismic code 21, All masonry infill walls in RC frames are required to
be provided with full-span tie bars regardless of the seismicity of the site.

In the M7.0 Lushan earthquakes in 2013, the epicenter of which was very close to that of the M8.0
Wenchuan earthquake five years before, masonry infill walls in RC frames sustained excessive damage prior to
substantial structural damage, even if they were newly built after the Wenchuan earthquake Bl In the main
classroom building in the Lushan Middle School, which was constructed in 2009 after the Wenchuan earthquake,
structural damage was not found in the RC frame of the building (Fig. 1a), whereas many masonry infill walls
were so heavily damaged (Fig. 1b) that the occupancy of the building was suspended. The negligible structural
damage indicated that the maximum IP drift alone was not sufficient to cause the actual heavy damage to the
infill walls. A possible cause of the heavy damage was the lack of OOP strength, which would have been affected
by the IP drift. However, minimal research effort has been applied to the OOP behavior of masonry infills that
conform to the Chinese seismic code.


qz
Text Box
This is the accepted version of the following article: Xie XX, Qu Z*, Fu HR, Zhang LX. Effect of prior in-plane damage on the out-of-plane strength of masonry infill walls. Engineering Structures. This article may be used for non-commercial purposes.


(b)
Fig. 1. Seismic damage to masonry infill walls in Lushan Middle School in 2013 Lushan earthquake: (a) front
view of building and (b) partially collapsed masonry infill wall.

The OOP capacity of masonry infill walls has also attracted much attention in the international research
community since the 1980s. Arching action has long been recognized as a predominant mechanism through
which a masonry infill wall develops an OOP resistance ], although other failure modes such as OOP bending
[31 and overturning [ have also been investigated. Empirical equations for the OOP strength of masonry infill
walls based on the arching action theory "I®] were confirmed to provide reasonable estimates by calibrations
against experimental tests 110,

Additionally, it has long been acknowledged that prior IP damage may significantly reduce the OOP
strength of a masonry infill panel. This effect was first investigated by Abrams et al. ¥, who proposed the first
empirical relationship between IP drift and OOP strength reduction based on very limited experimental evidence.
Since then, this effect has been investigated by both numerical analysis [''ll?l and, more predominantly,
experimental tests. Such tests usually included a pre-imposed IP drift on a masonry wall panel and a subsequent
OOP loading to break the panel while the IP drift was retained. Most tests exerted quasi-static OOP loads by
either airbags 3151 or multiple parallel actuators ['*M2%1 while dynamic OOP loading has also been performed
by a uniaxial shake table ?!l. The results of these experimental studies greatly enriched the database for a better
understanding of the IP damage effect on the OOP strength of masonry infill walls.

Based on the results of IP-OOP coupled loading tests of 2/3 scaled unreinforced masonry (URM) infill
walls, Ricci et al. [?Y indicated that the Abrams model highly overestimates the OOP strength reduction due to
prior IP damage. By combining the test results from previous studies BIl141¢] they proposed an exponential
equation for the reduced OOP strength at various prior IP drifts. The test results by Hak et al. '] also suggested
an exponential relationship between the prior IP drifts and the reduction in the OOP strenght of masonry walls.
Mazza??! adopted both equations in developing a macro-model of masonry infill walls considering the IP-OOP
interaction. Nevertheless, acknowledging the significant difference between the two equations, he assigned them
for the so-called “weak” and “strong” masonry infills”, respectively, but had not provided a definition to
distinguish weak infills from strong ones. This suggests a lack of understanding of the effect of parameters other
than the prior IP drift on the OOP strength reduction of masonry infill walls.

The objectives of this paper are (1) to explore the effect of prior [P damage on the OOP behavior of masonry
infill walls that conform to the common practice in China and are required to be reinforced by tie bars, and (2)
to understand this effect in relation to potential controlling parameters other than the prior IP drift alone and seek
to improve the state of the art in estimating the OOP strength reduction. For these purposes, we conducted an
experimental test of sequential IP and OOP quasi-static loading on a series of full-scale masonry infills with tie
bars. Based on the results of the present test and those of existing tests in literature, we propose a two-parameter
model for estimating the OOP strength reduction due to prior IP damage. We conclude by providing a numerical
example to demonstrate the influence of the IP-OOP interaction on the seismic damage assessment of masonry-
infilled RC frames.



2. Experimental Campaign

2.1 Test Specimens and Loading Setup

A total of seven specimens of full-scale masonry-infilled single-story one-span reinforced concrete (RC)
frames were constructed to simulate a span in the first story of a typical classroom building in China. Each
specimen included a 5000 mm by 3700 mm masonry panel of concrete hollow blocks and a single-span one-
story RC frame that provided the boundary condition.

All the specimens were nominally identical except for the configuration of their tie bars and the extents of
pre-imposed IP drifts before the OOP loading. Per the latest Chinese seismic codel?, five of the specimens had
2¢6 tie bars anchored in the RC columns and embedded in the full span of the mortar beds at intervals of 400
mm (Fig. 2). For the other two specimens, the embedded tie bars extended into the mortar beds by only 1 meter,
representing a common practice before the 2008 Wenchuan earthquake in China. The tie bars were embedded
in the columns before casting the concrete. From the configuration of the tie bars, the seven specimens were
classified into a full-span-tie-bar series, T-series, and a partial-span-tie-bar series, PT-series. In each series, the
only difference was the prior IP drift ratio, Rip, which varied from zero to 1% for different specimens (Table 1).
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Fig. 2 Specimens and in-plane out-of-plane loading setup (unit: mm).



Table 1. Prescribed in-plane story drift ratio of specimens.

T-series (Full-span embedded tie PT-series (1 m-long tie
bars) bars)
Specimen ID TO T1 T2 T3 T4 PTO PT3
Target IP drift ratio, Rip (%) 0.00 0.14 020 0.50 1.00 0.00 0.50

The two columns in the host RC frame of each specimen were cast into a monolithic foundation beam that
was firmly anchored to the strong floor of the lab by eight bolts of 70 mm in diameter. A pair of screw jacks
were mounted on both sides of the foundation beam to minimize sliding. The specimens were subjected to
sequential IP and OOP loading. In the IP direction, a 1000-kN hydraulic jack exerted two cycles of imposed
lateral drift at the target drift of +Rp to the frame and then held the specimen at the negative target drift of -Rip.
The loading jigs on both ends of the RC beam were connected to two pantographs that provided constraints for
the out-of-plane degrees of freedom of the jigs. Then, we imposed a monotonically increasing OOP pressure on
the wall panel by inflating three airbags that were placed between the masonry panel and a steel reaction frame
to cover the whole area of the masonry panel. The reaction frame was placed parallel and connected to the RC
frame by six ¢22 steel rods. Hollow load cells were installed between the steel rods and the RC frame to monitor
the total force that was exerted on the wall panel (Fig. 3).
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Fig. 3. Photos of test setup: (a) front view and (b) back view.

The wall panels were made of a single wythe of 190 mm-by-190 mm-by-390 mm concrete hollow blocks
with a running bond. The exterior walls of the blocks were approximately 30 mm thick, and the interior wall was
approximately 24 mm thick (Fig. 4). The height-to-depth ratio and aspect ratio of the wall panels were 19.5 and
0.82, respectively. The masonry compressive strength was tested on six prisms (Fig. 5) per the Chinese standard
for test methods of basic mechanics properties of masonry!?*). The measured material properties are summarized

in Table 2.
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Fig. 4 Concrete hollow block and its nominal dimensions.
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Fig. 5 Masonry prism for test of compressive strength of masonry.

Table 2. Measured strength of materials for masonry wall panels.

Material strength Average (MPa) Standard deviation (MPa)
Compressive strength of masonry, fm 1.00* 0.12
Cube compressive strength of mortar 4.15 0.95
Yield strength of tie bars (¢6 HPB300) 405 9.32
Ultimate strength of tie bars (¢6 HPB300) 555 1.66

* based on the gross sectional area of the masonry specimen

Four displacement sensors, A4; to A4, were used to monitor the in-plane deformation of the RC frame (Fig.
6). The IP drift ratio, Rip, was calculated by Eq. 1 to remove the possible influence of the motion of the foundation
beam, in which A, represents the sliding of the foundation beam and the term 3950(A3; — A,) /7400 represents
the lateral drift due to rotation of the foundation beam. The test results show that the lateral drift due to the
combined sliding and rotation of the foundation beam was only 1.36% to 4.04% of the corrected lateral drift
RipH for the different specimens. Another seven displacement sensors, Ji to & and &, were used to capture the
OOP deformation of the masonry panel and its distribution (Fig. 6), where & is the OOP deflection at the center

of the masonry panel.
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2.2 Test results

The in-plane load Fip-displacement Rip hysteretic curves of the five specimens that sustained prior IP
damage are depicted in Fig. 7. The specimens were held at the negative target IP drift (denoted by hollow circles
in Fig. 7) after two cycles of reversed loading.
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The OOP load was increased monotonically until the wall panel exhibited significant strength deterioration.
Fig. 8 shows the deformed wall panels of selected specimens in the T-series when the OOP loading was
terminated. Major cracks are marked by red lines for a clear presentation. Most cracks developed along the
mortar beds, whereas some cracks also went into the concrete blocks. Specimen TO0, which was not subjected to
prior IP loading, developed only a few major cracks along the perimeter of the wall panel and, most significantly,
along the horizontal mortar bed in the middle of the panel. In Specimen T1 with a Rip as small as 0.14%, the
horizontal crack along the mid-height mortar bed was still significant while the diagonal cracks were also distinct.
The diagonal cracks became predominant in the specimens with a larger Rip. Specimen T3 developed obvious
vertical cracks near the mid-span, showing a major change of failure modes from the specimens with little IP
damage.
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Fig. 8 Deformed shapes and major cracks in wall panels of specimens: (a) TO (Rip=0); (b) T1 (R1p=0.14%); (c)
T3 (Rir=0.5%) and (d) T4 (Rir=1.0%) when OOP loading was terminated.

By normalizing the OOP deflection ¢ at different locations of the wall panel by that at the center &, Fig. 9
depicts the distributions of the OOP deflection of the infills in both the vertical (y) and horizontal (x) directions
when the wall reached the OOP strength Finax. The maximum OOP deflection generally took place at the center
of the panel for the specimens with full-span-tie bars, whereas the deflection reached the maximum at the top of
the panel for the partial-span-tie-bar specimens. The bidirectional distributions suggested the formation of a two-
way arching action in resisting the out-of-plane load.
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Fig. 9 Out-of-plane displacement profiles of specimens along (a) vertical and (b) horizontal directions.

The relationships between the total out-of-plane force Foop and the out-of-plane deflection at the center o
of all the specimens are compared in Fig. 10. The load-deflection curves exhibited no sudden drop in the force,
which usually accompanies a brittle failure. Instead, the loss in OOP strength for most specimens was gradual
and thus ductile, although the masonry panels were only provided with a minimum amount of tie bars.
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Fig. 10 Out-of-plane force-displacement relationships of (a) T-series and (b) PT series specimens.

The OOP strength Fmax and initial stiffness ko of the specimens are summarized in Table 3, where Fimax is
taken as the maximum total force of the six load cells, and ko is the secant stiffness when Foop reached 0.4F a3
Fig. 11(a) depicts the uniform OOP strength pmax of the specimens, which is taken as Fnax/A, the assumed
uniform pressure corresponding to Fmax, Where 4=3.7 mx5.0 m is the area of the wall panel. The equivalent
acceleration gmax=pmax/(Zp) is also listed in Table 3, where /=190 mm is the wall thickness and £=837 kg/m? is
the mass density of the wall panels. The prior in-plane drift had a significant effect on the OOP strength of the
masonry panel. As compared to Specimen TO which sustained no prior IP damage, the OOP strength was reduced
by 22% and 47% at 1/500 and 1/200 prior IP drift ratios, respectively. On the other hand, the test results suggested
no clear effect of Rip on the out-of-plane stiffness ko. Excluding the abnormally high stiffness of Specimen T1,
all the other specimens exhibited a similar ko of approximately SkN/mm.

Table 3. Test results of OOP properties of specimens.

Specimen 1D TO Tl T2 T3 T4 PTO PT3
Measured Rip (%) 0 0.15 0.21 0.51 1.07 0 0.51
Initial stiffness, ko (KN/mm) 3.36 12.06 4.98 4.44 5.04 5.61 6.56
Strength, Fmax (kN) 43.0 44.6 334 22.6 19.8 27.9 16.1
Uniform strength, pmax (kPa) 2.32 2.41 1.80 1.22 1.07 1.51 0.87
Equivalent acceleration, gmax (g) 1.49 1.55 1.16 0.78 0.69 0.97 0.55
3 1.2
b d Seah L - Strong URM
L awe and Sea . . j
2.5 " | 1 ) o = 0.69R1p0'53
S 2 [TTTATTTTTommgmoommmoooos L 08| m ..
~ T S
2 Flanagan and Bennett 5 \ RRER
% 1.5 4 q‘IE 0.6 \'\ ‘
S ~ N Weak URM
= i 04 | ™ 0.9 1
L S e : \-\,\_r=0\.L17RIP'
0.5 || B T-series FEMA 356 0.2 | | —® T-series TS ]
—A— PT-series —A— PT-series
0 : ; : : 0 : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a) Rip (%0) (b Rip (%)

Fig. 11 Relationships of (a) in-plane drift Rip and out-of-plane strengths pmax and (b) in-plane drift Rp and out-
of-plane strength reduction factor » of present test.

An OOP strength reduction factor 7 is defined as the ratio of the OOP strength of masonry infills with and
without prior in-plane damage. The level of prior in-plane damage is represented by the in-plane drift ratio Rip.
Fig. 11(b) depicts the relationship of r-factor and Rip for the present test. The configuration of the tie bars showed



marginal effect on the extent of reduction in the OOP strength by prior I[P damage, although it had an obvious
effect on the OOP strength. When R1p=0.5%, the r-factors were 0.526 and 0.577 for the T3 and PT3 specimens,
respectively. Nevertheless, the configuration of the tie bars had a significant effect on the OOP strength
regardless of whether prior IP damage was present. For the specimens without prior IP damage, the OOP strength
of the specimen with full-span tie bars (T0) was 54% higher than that of the specimen with partial-span tie bars
(PTO). For specimens with Rip=0.5%, the OOP strength of T3 was 37% higher than that of PT3.

Among the various equations in the literature for the OOP uniform strength of masonry wall panels without
prior IP damage, the one proposed by Dawe and Seah [ (Eq. 2) provides a reasonable estimate of pmax=2.23 kPa
for the uniform strength of TO. This is based on a two-way arching action and considers the effect of the boundary
flexibility of the hosting frame. However, Eq. 2 highly overestimates the uniform OOP strength of PT0. Based
on 36 experimental tests, Flanagan and Bennett ) modified Eq. 2 by reducing the constant 4.5 to 4.1 and
simplifying the expressions for parameters « and S. Therefore, the estimated pmax for the present test becomes
2.03 kPa, which is closer to the uniform OOP strength of PTO0 but is still much greater than the test result of 1.51
kPa.

B

a
Pmax = 4-5frg'75t2 (ﬁ + H2‘5)

2

where fi, is the masonry compressive strength (MPa); ¢ is the wall thickness (mm); L and H are the length and
height of the wall panel (mm), respectively; and « and fare factors of a measure of the boundary flexibility of
the columns and the beams, respectively. For the present test, =50 and /=40.8.
The equation in FEMA 356 23] provides a practical lower-bound estimate of pmax=0.88 kPa for both
specimens without prior IP damage (Eq. 3).
_0.7fnA, (3)
pmax - H/t

where A7 is the slenderness parameter and equals 0.0246 when H/=19.5.
3. Relationship between out-of-plane strength reduction and in-plane inter-story drift

Another 14 masonry infill wall specimens with adequate information to derive an r-factor were collected
from 6 individual studies in the literature. The primary parameters of these specimens and the derived r-factors
are listed in Table 4. The same information of the five specimens with an r-factor in the present test is also listed
in the table. The aspect ratios H/L of all 19 specimens varied from 0.63 to 1.0, and the height-to-depth ratio H/¢
varied from 11.2 to 34. The wall panels in all the specimens were restrained on all four edges by the host frames,
most of which were RC frames. All the masonry walls did not have tie bars except the two specimens by Calvi
and Bolognini '], which, similar to the specimens in the present test, had horizontal tie bars in the mortar beds.
The prior IP drift ratios of the specimens varied from 0.16% to 2.71%. The corresponding 7-factors varied from
1.06 to 0.18.

The plot of all the r-factors against the respective Rip in the same graph clearly shows that an increase in
the prior I[P damage leads to a significant reduction in the OOP strength of masonry infill walls. However, the
scattering of the Rip-r relationship is significant (Fig. 12). The two equations adopted by Mazza**! for weak and
strong URM infill walls, which were originally proposed by Hak et al''®! and Ricci et all?], respectively, seem
to provide approximate lower and upper bounds for the r-factors.

Based on the observations of the collected specimens, we propose the following exponential equation with
an upper bound of unity to describe the Rip-7 relationship.

r=x- Rl(ff_l) <1 4)

where Rip is the maximum in-plane inter-story drift (%), x is a parameter to be determined.



Table 4. Existing results of out-of-plane strength reduction factor because of prior in-plane damage.

Reference & Masonry type fm H L t H/L Hit 10/S  Tiebars Frame  Rp r X Feal
Specimen ID (MPa) (mm) (mm) (mm) (%) (Eq.7)
[8]-2 Solid clay brick 10.84 1620 2400 48 0.63 34 0.164 None RC 022 0.73 0.216 0.58
[8]-3 Solid clay brick 10.84 1620 2400 48 0.63 34 0.164 None RC 034 049 0216 040
[91-19 Hollow clay brick 558 2240 2240 200 1.0 11.2  0.631 None Steel 079 0.82 0.778  0.69
[16]-6 Hollow clay brick 1.10 2750 4200 135 0.65 204 0.268 None RC 04 027 0.149 0.52
[16]-2 Hollow clay brick 1.10 2750 4200 135 0.65 204 0.268 None RC 12 018 0.149 0.23
[16]-8 Hollow clay brick 1.10 2750 4200 135 0.65 204 0268 2¢5@500 RC 04 048 0235 0.52
[16]-4 Hollow clay brick 1.10 2750 4200 135 0.65 204 0268 2¢5@500 RC 04 047 0235 0.52
[14]-Inf 03 Hollow clay brick 0.53 2300 4200 150 0.55 153 0.313 None RC 05 026 0.144 0.50
[20]-IP+OOP_L Hollow clay brick 1.81 1830 2350 80 078 229 0.268 None RC 0.16 1.06 0.199 1.00
[20]-IP+OOP M Hollow clay brick 1.81 1830 2350 80 0.78 229 0.268 None RC 037 048 0.199 0.56
[20]-IP+O0OP_H Hollow clay brick 1.81 1830 2350 80 078 229 0.268 None RC 0.58 027 0.199 040
[15]-IF-D1 Hollow concrete block 7.9 980 1350 90 0.73 109 0.539 None RC 0.66 0.67 0.600 0.65
[15]-IF-RC-ID  Hollow concrete block 7.9 980 1350 90 0.73 109 0.539 None RC 1.37  0.56 0.600 0.47
[15]-IF-D2 Hollow concrete block 7.9 980 1350 90 073 109 0.539 None RC 271 040 0.600 0.34
T1 Hollow concrete block 1.0 3700 5000 190 0.74 185 0305 2¢p6@410 RC 0.15 1.04 0405 1.00
T2 Hollow concrete block 1.0 3700 5000 190 0.74 185 0305 2¢6@410 RC 021  0.78 0.405 0.90
T3 Hollow concrete block 1.0 3700 5000 190 0.74 185 0305 2¢6@410 RC 051 052 0405 049
T4 Hollow concrete block 1.0 3700 5000 190 0.74 185 0305 2¢6@410 RC 1.07 046 0405 0.29
PT3 Hollow concrete block 1.0 3700 5000 190 0.74 185 0305 2¢6@410 RC 0.51 0.58 0.383 0.49
RMSE: 0.12

10
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Fig. 12. Relationship between prior in-plane inter-story drift Rip and OOP strength reduction factor 7.

The 19 specimens in Table 4 are divided into nine groups of identical masonry specimens. The parameter
x is determined for each individual group by minimizing the root mean squared error (RMSE) between the test
data and Eq. 4. For the groups with only one specimen, least squares regression is not necessary. The results of
the regression are depicted in Fig. 13.
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Fig. 13. Determination of x for nine groups of collected specimens by least squares regression.
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The determined x values are listed in Table 4 and are plotted against various geometric parameters of the
respective specimens in Fig. 14. The parameter x generally increases with increasing aspect ratio H/L and
thickness-to-height ratio #/H with considerable dispersion. Through the introduction of a diagonal span length S
defined in Eq. 5, the parameter #/.S can consider the variation in both the height and length of the wall panel and
thus is deemed a reasonable choice for considering a two-way arching action. This parameter exhibits a stronger
correlation with x than either H/L or ¢/H [Fig. 14(c)]. The linear regression lines in Fig. 14(b) and (c) are assumed
to pass through the origin considering that /=0 suggests a zero OOP strength.

S=+I?+H? &)
1 >
0.9 | | O Without tie bars ' I | O Without tie bars I | O Without tie bars
0.8 | | ® With tie bars o. - | @ With tie bars o - | @ With tie bars O d
i 7
0.7 } vt L P -
0.6 | o 7 - o’ =12
= 0.5 F ','/ L /_/' L /_/'
/ A | d
0.4 r B = isammo064| T BN BN
03 : 5 L - x=6.25(/H L . x=10.684/S
R*=0.408 - 2_, a
02 | /él [m] L o- |:|. R°=0.638 L o H R*=0.770
g./ ] /-/ (] [m] e oo
0.1 . Fo e
7 - -
0 1 1 1 1 1 1 1 1
0.4 0.6 0.8 1 1.2 0 0.04 0.08 0.12 0 0.02 0.04 0.06 0.08
(a) H/L (b vH (© S

Fig. 14. Relationship between x and (a) H/L, (b) ¢t/H and (c) #/S.

In Fig. 14(a), the root mean squared error (RMSE) of the x-values relative to the regressed estimates of
x=10.681/S for the whole sample is 0.28, while the RMSEs for the specimens without tie bars (hollow squares in
Fig. 14) and those with tie bars (solid squares in Fig. 14) are 0.32 and 0.22, respectively. Therefore, it is deemed
that the specimens of masonry walls with tie bars are not significantly different from those with tie bars in terms
of x values.

For simplicity, the slope of 10.68 shown in Fig. 14(c) is rounded off to 10, and the following linear equation
(Eq. 6) is suggested for x. Therefore, the estimated r-factor, denoted as rc., becomes dependent on two
parameters, that is, the prior IP drift ratio Rip and the geometric parameter #/S (Eq. 7). The rca are listed in Table
4 along with the experimental r-factors. The RMSE between the test and the estimated ris 0.12. These parameters
are compared in Fig. 15(a), which shows that Eq. 7 is equally applicable to masonry infill walls with and without
tie bars.

t
x=10"¢ (0)

t
rca1=10-§-Rl(;°5 ) <q (7)

The empirical equations proposed by Hak et al'®] and Ricci et al®®), which were adopted by Mazzal*?! for
strong and weak URM walls, respectively, are also compared against the experimental r-factors in Figs. 15(b)
and 15(c). The equation by Hak et al tends to overestimate the r-factor while the one by Ricci et al tends to
underestimate the r-factor. The RMSEs of the two equations are 0.42 and 0.24, respectively. Both are much
larger than the 0.12 RMSE of Eq. 7.

12



-0.53 .
Proposed Eq. 7 7= 0.69Rp r=0.17Rp"
1 |0 Without tie bars III 3 [im] Bpm O3 /'-’II 1 O Without tie bars ',"i]
B With tic bars 8 s = o B With tie bars S
508 f - A r o
u% /‘j ~o O ] /’/ ,,'/
& 0.6 } a # (] - /D’ o //
E & g g
=04 o 0 L o7 L o
5 O |8 Without tie bars B/’ mm
< - | i B With tie bars L s O o
O 02 y & -
RMSE=0.12 // RMSE=0.42 ,,"’ O o RMSE=0.24
0 z 1 1 1 1 1 d 1 1 1 1 1 2 1 1 1 1 1

0 02 04 06 038 I 0 02 04 06 038 1 0 02 04 06 038 1
(a) Experimental r-factor (b) Experimental r-factor () Experimental r-factor

Fig. 15. Comparison of experimental and calculated r-factors by (a) proposed Eq. 7, (b) equation by Hak et
all"¥! and (c) equation by Ricci et all?%],

Eq. 7 is illustrated in a three-dimensional space along with the experimental »-factors in Fig. 16 to show
that the large scattering in the two-dimensional graph in either Fig. 12 or Figure 15 (b-c) is simply the result of
the projection of the data points onto the -Rip plane. The proposed model of Eq. 7 suggests that the OOP strength
is reduced significantly by the prior IP damage when Rjp exceeds certain thresholds and that both the rate and
extent of reduction are greater for slenderer wall panels. The threshold of Rip ranges from 0.1% to 0.3% for
masonry walls of an #S ranging from 0.015 to 0.07 according to Eq. 7.

r-factor
1
125
0.8
14
0.6
. 0.8 4
k=
'§ 0.6 0.4
L
0.4 5 0.2
0.2 4
0 0.08
0 0.06

Fig. 16. Comparison of experimental r-factors and Eq. 7 in -Rip-#/S space.

4. Implication

We established an empirical model for the relationship of the OOP strength reduction and the IP drift ratio
based on test results of framed masonry infill wall panels. In this section, we demonstrate the potential impact
of considering the OOP strength reduction in either the seismic design or loss assessment of masonry infill walls
in buildings. We take a RC moment-resisting frame classroom building located in a seismic region of Intensity
8 in China as the prototype. It has five stories above the ground, two penthouses on the top and a single-story
basement (Fig. 17). The story height is 4.2 m for the standard floors and 3.9 m for the penthouses [Fig. 17(c)].
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Fig. 17. Prototype building: (a) 3D rendering of building information model; (b) plan layout, (c) elevation at
A-A section, planar frames in 3D OpenSees model at (d) B-B section and (¢) A-A section.

The RC frame was designed in accordance with the Chinese seismic codel?). Most frame columns have a
cross section of 600 mm by 600 mm, and most beams have a cross section of 600 mm by 300 mm. The frame is
infilled by masonry walls of hollow concrete blocks (Fig. 5) in both the longitudinal (x) and transverse ()
directions. We focus on the interior masonry infill walls in the transverse (y) direction [Fig. 17(c)], which have
the same thickness, material, and reinforcement as the specimens in the above-mentioned test specimens but are
different in the planar dimensions. On the standard floors, the height and length of the wall panels are 3.6 m and
7.5 m, respectively, resulting in a #S ratio of 0.0228. The uniform OOP strength without prior IP damage is
pmax=1.72 kPa according to the Dawe and Seah equation (Eq. 2). The correspondent equivalent acceleration,
Gmax, 18 1.10 g.

The prototype masonry-infilled RC frame was modeled in OpenSees 123 by fiber-sectioned nonlinear beam-
column elements for the frame members and diagonally placed truss elements for the in-plane behavior of the
masonry walls [Figs. 17(c) and (d)]. The material models of Concrete02 and Steel01 were used for the concrete
and steel “fibers” in the cross sections of the RC frame members. The cross-sectional area of the equivalent
diagonal compressive strut for the masonry walls was determined according to the provisions in Section 7.5.2 of
FEMA 356 1. The Concrete01 model in OpenSees was used to simulate the nonlinear behavior of the walls.
The fundamental periods in the two translational directions of the building were 7,=0.407s and 7,=0.363s. While
static procedures are usually applicable to obtain the maximum lateral drift responses®I?7l we conducted
nonlinear dynamic analysis to capture the in-plane drift and out-of-plane acceleration responses of the prototype
building. The horizontal components of two ground motion records obtained at the YAM and BXD stations in
the M7.0 Lushan earthquake in 2013 were used as the earthquake input (Fig. 18). For each record, the component
with the larger spectral pseudo-acceleration Sap(7y) was chosen as the y-direction input. The two components in
a record were collectively scaled to make Sip(7y) in the y-direction match the code-specified MCE level
spectrum!?.
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Fig. 18. Scaled horizontal earthquake records at (a) YAM and (b) BXD stattions in 2013 Lushan earthquake
and (c) their pseudo-acceleration spectra.

The empirical model of OOP strength reduction (Eq. 7) is implemented in the time history analysis by the
procedure in Fig. 19. In each time step, the current OOP acceleration aoop of a story is compared with the OOP
strength of the masonry wall rgmax in the story, in which the reduction factor r is calculated by Eq. 7 according
to the current maximum in-plane drift ratio Ripmax. If aoop is greater than rgmax, indicating a probable collapse
of the walls, the elements representing the walls are removed from the FE model before the analysis proceeds to
the next time step.

_ Remove wall

Nonlinear 9| Current aoop at # I_ elements 1 Proceed

solution at ﬁl Current Rip s | No to step
step ¢ lis1

OOP strength 7 gmax

Eq. 7

Fig. 19. Flowchart of determining the state of a wall panel at a time step during nonlinear time history solution.

Fig. 20 compare the out-of-plane peak floor accelerations (PFA) of each story of the building with the
minimum OOP capacity of the masonry walls during the analysis. For both ground motion inputs, none of the
PFAs exceeds gmax of the walls if the OOP strength reduction is not considered [Figs. 20(a) and (c)]. It is also
the case for the YAM record even if the OOP strength reduction is considered [Fig. 20(b)]. However, the PFA
exceeds the reduced OOP strength rgmax at the lower three stories when the building is subjected to the BXD
record, suggesting possible OOP collapse of the masonry walls there [Fig. 20(d)]. It implies either an
underestimation of seismic loss or an unsafe design of masonry infill walls to neglect the OOP strength reduction
due to prior IP damage in certain scenarios. A closer look at the time history responses of aoop and Rip at the
lower three stories of the building under the BXD record confirms that, although those on the 1% story are not
removed because aoop does not exceed the simultaneous rgmax [Fig. 21(a)], the wall elements on the 2" and 3™
story are successively removed [Figs. 21(b) and (¢)].
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Fig. 20. Peak floor acceleration and OOP capacity: (a) without and (b) with OOP strength reduction under
YAM excitation, and (c) without and (d) with OOP strength reduction under BXD excitation.
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Fig. 21. IP drift and OOP floor acceleration time history responses of (a) 1F, (b) 2F and (c) 3F.

5. Conclusions

A series of seven full-scale masonry infilled RC frame specimens that conform to the Chinese practice were
subjected to sequential in-plane and out-of-plane quasi-static loading to investigate the effect of in-plane damage
on the out-of-plane behavior of masonry infill walls. Test data of the out-of-plane strength reduction were
collected from the literature to form a state-of-the-art database for the in-plane-out-of-plane interaction of
masonry infill walls. Based on the test results and the established database, the following conclusions can be
drawn.

(1) Prior in-plane damage significantly reduces the out-of-plane strength of a masonry infill wall when the
damage exceeds certain thresholds, which ranges from 0.1% to 0.3% of the story height depending on the wall
slenderness, and is usually deemed too small to cause considerable structural damage.

(2) In addition to the in-plane drift ratio, the out-of-plane reduction is also dependent on the geometric
dimensions of the wall panel. Both the rate and extent of the out-of-plane strength reduction are greater for
slenderer wall panels. A minimum amount of horizontal tie bars makes no difference in terms of the out-of-plane
strength reduction factor, although the tie bars can greatly increase the out-of-plane strength of the walls.

(3) A two-parameter exponential equation is found to agree well with the existing test results in describing
the relationship between the out-of-plane strength reduction, prior in-plane drift ratio and the slenderness of the
wall panel. The new equation shows much smaller dispersion than those of existing equations and provides
insight into the influence of the wall slenderness.
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(4) The proposed equation of out-of-plane reduction is implemented in an example numerical analysis of a
masonry-infilled building to explore the potential impact of the in-plane-out-of-plane interaction of masonry
infill walls. The results imply either an underestimation of seismic loss or an unsafe design of masonry infill
walls to neglect the OOP strength reduction due to prior in-plane damage in certain scenarios.

The proposed equation for the in-plane-out-of-plane interaction is based on a database of all test results
available in the literature and in the present test. However, the number of samples is still very small compared
to that in the field of in-plane behavior of masonry walls. Specific parameters in the equation are expected to be
further calibrated when more data are available. In addition, the equation may not be applicable for walls with
openings or walls with only three or two edges restrained by the surrounding frame because these types of walls
are not present in the database.

Acknowledgments

This work was supported by the Natural Key Research and Development Program of China (Grant No.
2018YFC1504602), the Scientific Research Fund of the Institute of Engineering Mechanics, China Earthquake
Administration (Grant No. 2019EEEVL0304) and the Heilongjiang Touyan Innovation Team Program, China.
This financial support is greatly appreciated.

References

[1] National Standards of the People’s Republic of China. Code for Seismic Design of Buildings (GB5001 I-
2001). Beijing: China Architecture & Building Press; 2001 (in Chinese).

[2] National Standards of the People’s Republic of China. Code for Seismic Design of Buildings (GB5001 1-
2010). Beijing: China Architecture & Building Press; 2010 (in Chinese).

[3] Xiong LH, Lan RQ, Wang YM, Tian XM, Feng B. Earthquake damage investigation of structures in 7.0
Lushan strong earthquake. Earthg Eng Eng Vib 2013;33:35-42 (in Chinese).

[4] Anderson C. Arching action in transverse laterally loaded masonry wall panels. Struct Eng 1984;62B:12-
23.

[5] Kadysiewski S, Mosalam KM. Modelling of unreinforced masonry infill walls considering in-plane and
out-of-plane interaction. In: //th Canadian Masonry Symposium. Toronto, Canada; 2009.

[6] Godio M, Beyer K. Evaluation of force-based and displacement-based out-of-plane seismic assessment
methods for unreinforced masonry walls through refined model simulations. Earthg Eng Struct Dyn
2019;48:454-475.

[7] Dawe JL, Seah CK. Out-of-plane resistance of concrete masonry infilled panels. Can J Civ Eng
1989;16:854-864.

[8] Abrams DP, Angel R, Uzarski J. Out-of-plane strength of unreinforced masonry infill panels. Earthg
Spectra 1996;12:825-844.

[9] Flanagan RD, Bennett RM. Arching of masonry infilled frames: comparison of analytical methods. Pract
Period Struct Des Constr 1999;4:105-110.

[10]Pasca M, Liberatore L. Predicting models for the evaluation of out-of-plane ultimate load carrying
capacity of masonry infill walls. WIT Trans Built Environ 2015;152:83-94.

[11]Agnihotri P, Singhal V, Rai DC. Effect of in-plane damage on out-of-plane strength of unreinforced
masonry walls. Eng Struct 2013;57:1-11.

[12]Dolatshahi KM, Yekrangnia M. Out-of-plane strength reduction of unreinforced masonry walls because of
in-plane damages. Earthg Eng Struct Dyn 2015;44:2157-2176.

[13]Flanagan RD, Bennett RM. Bidirectional behavior of structural clay tile infilled frames. J Struct Eng
1999;125:236-244.

[14]Furtado A, Rodrigues H, Aréde A, Varum H. Experimental evaluation of out-of-plane capacity of masonry
infill walls. Eng Struct 2016;111:48-63.

[151Wang C. Experimental Investigation on the Out-of-Plane Behaviour of Concrete Masonry Infilled Frames.
Halifax Regional Municipality, Canada: Dalhousie University; 2017.

[16]Calvi GM, Bolognini D. Seismic response of reinforced concrete frames infilled with weakly reinforced
masonry panels. J Earthq Eng 2001;5:153-185.

17



[17]Da Porto F, Guidi G, Benetta MD, Verlato N. Combined in-plane/out-of-plane experimental behaviour of
reinforced and strengthened infill masonry walls. In: 12¢th Canadian Masonry Symposium. British
Columbia: Vancouver; 2013.

[18]Hak S, Morandi P, Magenes G. Out-of-plane experimental response of strong masonry infills. In: 2nd
European Conference on Earthquake Engineering and Seismology. Istanbul, Turkey; 2014.

[19]Preti M, Migliorati L, Giuriani E. Experimental testing of engineered masonry infill walls for post-
earthquake structural damage control. Bull Earthg Eng 2015;13:2029-2049.

[20]Ricci P, Domenio MDV, Gerardo M. Experimental assessment of the out-of-plane seismic response of
URM infill walls. In: ANIDIS 2017. Pistoia, Italy; 2017.

[21]Rai DC, Komaraneni S, Singhal V. Out-of-plane seismic behavior of brick masonry infilled panels with
prior in-plane damage. In: //th Canadian Masonry Symposium. Toronto, Canada; 2009.

[22]Mazza F. In-plane-out-of-plane non-linear model of masonry infills in the seismic analysis of r.c.-framed
buildings. Earthq Eng Struct Dyn 2019;48:432-453.

[23]National Standards of the People’s Republic of China. Standard for Test Method of Basic Mechanics
Properties of Masonry (GB/T 50129-2011). Beijing: China Architecture & Building Press; 2011 (in
Chinese).

[24]McKenna F. OpenSees: a framework for earthquake engineering simulation. Comput Sci Eng 2011;13:58-
66.

[25]Federal Emergency Management Agency. Prestandard and Commentary for the Seismic Rehabilitation of
Building (FEMA 356). Washington DC: Federal Emergency Management Agency; 2000.

[26]ASCE 7-16. Minimum design loads and associated criteria for buildings and other structures. Reston,
Virginia: American Society of Civil Engineers, 2017: 100-104.

[27]FEMA 440. Improvement of nonlinear static seismic analysis procedures. Washington DC: Federal
Emergency Management Agency, 2005.

18





