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ABSTRACT: It is widely recognised that the masonry infills are designed as non-structural components in
reinforced concrete frames in most of the present version seismic codes. However, the great frame-infill
interaction has substantially changed the load transfer path and modes of failure to the original capacity
of RC bare frames. Therefore, it is necessary to fully understand the inherent characteristics of masonry
walls and its interaction mechanism with the RC frame. This paper presents a statistical analysis with a
total of 13 groups of experimental data obtaining from different researchers around the world. The
specimens are scaled varying from 1/3 to 1/2 and are all subjected to quasi-static lateral loading. The
displacement ductility and corresponding interstorey drift demand have been thoroughly analysed. It is
shown that the displacement ductility of infilled frames is commonly larger than that of bare frames. The
corresponding plastic deformation ratio further shows the effect of infills on the enhancement of
deformation capacity of infilled frames. Moreover, it is argued that the 2.5% interstorey drift demand
specifying the ultimate limit state in most of the current seismic codes has been underestimated the
interaction effect of masonry infills and overestimated the structural deformation capacity. Therefore, a
more rational value of 2.0% drift capacity is recommended for infilled RC frame structural systems.

1. Introduction

The masonry-infilled reinforced concrete frames have been regarded as one of the most commonly-used
structural systems for buildings in the world. In general, the bounding frames are designed to seismic
codes under the capacity design procedures, while the masonry infills are treated as non-structural
elements to full contact with the frame. However, it seems that this type of design philosophy does not
perform well in practice under field investigations from past catastrophic earthquakes. The primary failure
of structures come from the vulnerability of masonry infills and the unexpected shear failure concentrating
at critical regions of columns or beam-column joints.

Many useful studies have been done to analyse the seismic behaviour of infilled RC frames. The
comparison between the gravity load-designed and seismic load-designed of reinforced concrete frames,
the different types of materials of masonry infills, the significant influence of infills on the contribution of
lateral stiffness and strength, and the opening effect of infill panels, have all been discussed in the
literature (Mehrabi et al., 1996; Mosalam et al., 1997; Murty and Jain, 2000; Kakaletsis and Karayannis,
2007).
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Although the studies of infilled RC frames have been conducted over the years, it is indeed surprising that
there still far be consensus on whether the effect of infills is positive to the overall structure system. On
the basis of limited knowledge, it can be regarded that the masonry infills have normally play a
contradictory role in the reinforced concrete frame buildings. On one hand, the masonry infills are
normally treated as a first line of lateral defence owing to the great interaction with surrounding frame.
The enhancement of stiffness and strength is apparent and can be an advantage to the overall structure.
On the other hand, the strong interaction could dramatically affect the original capacity design provision of
frame and lead to shear failure concentrating at critical regions. The infills may be prematurely failed
because of the inherent brittle nature as well.

The primary objective of the study is to figure out a fundamental issue of infill walls: what is the dominant
role for masonry infills and whether it can be performed as a positive contributor to the overall structure.
The studies are on the basis of statistical analysis from a total of 13 groups of experimental data tested in
the past years. The displacement ductility and corresponding plastic deformation ratios have been
thoroughly compared between bare frame and infilled frames. All data are oriented on the favourable
effect of masonry infills. It is evident that a considerable higher ductility can be achieved when
considering the infill walls. The interstorey drift demand specifying the ultimate limit state have been also
discussed, and a more rational value of 2.0% drift ratio is recommended for the infilled frame structure
system.

2. Statistical Data

2.1. Basic Properties of Test Data

There are totally 13 groups of experimental data obtained from different researchers around the world. All
of the specimens are tested under the in-plane quasi-static loads and a majority of them are conducted
within the past five years. The basic properties of different specimens are summarised in Table 1. Most
of specimens are single-storey and single-bay with the scale varying from 1/3 to 1/2.

Table 1 — Basic properties of test specimens

Number
Researcher Specimen | Scale of of Clear Aspect Column Beam
ID specimen | stories, | bayxheight | ratio (L/h) section section
bays
Al-Chaar et al No.1
) No.2 1/2 1,1 2032x1426 1.42 203%x127 127x197
(2002)
No.3
Aly et al. FRAME1
(2001) FRAME2 1/2 1,1 2030%1540 1.32 200x120 120%200
Baran & Sevil SP1
(2010) SP2 1/3 2,1 1400x825 1.70 100x150 | 150x150
Colangelo V10
(2005) V2L 1/2 1,1 2500%x1425 1.75 200x200 | 200x250
Kakaletsis B
(2011) S 1/3 1,1 1350%900 1.50 150%150 100x200
Kuang & CB
Wang (2014) cC 172 1,1 2400x1450 1.66 250x250 | 200x300
#1
Mehrabi et #4
enrabl & 45 1/2 1,1 2311x1538 1.50 203x203 | 152x229
al.(1996)
#6
#7
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BaF

Misir et al. SBF 1/2 1,1 2250%x1375 1.64 250x150 150%x250
(2012)
LBF
Puglisi et al. 0-bar
1/2 1,1 1 x1 1. 160x1 130x1
(2009) 2-bar / , 600x%1600 00 60x%130 30%160
Essa et al. F1
(2014) F3 1/2 1,1 1850%1500 1.23 200%x120 120x%200
Bare
Yuksel et al. frame
(2010) Infilled 1/3 1,1 1133%900 1.26 200%100 200%x200
wall
Zhou et al. BF
(2014) CIWE 1/3 1,1 2000x1100 1.82 160%x160 100x200
Stylianidis CB
(2012) F1 1/3 1,1 1590%960 1.50 150%150 100%200

2.2. Mechanical Properties of Test Data

The Table 2 and Table 3 have listed a total of 13 bare frame tests and 18 infilled frame tests. The drift
ratio of yielding state, peak load state, and ultimate state are presented. Moreover, the displacement
ductility is highlighted to reflect the deformation capacity of specimens.

Table 2 — Mechanical properties of bare frame specimens

Yielding state Ultimate state Peak load state
Specimen ili A
Researcher D Ay Drift Ay Drift Ductility | Peak (P e;k Drift
(vield) o) (ultimate) () load | {od) | (A
/mm y /mm u IkN /mm P
Al-Chaaret | 4 954 | 0.67% | 1132 94% | 11.87 | 343 | 50.34 | 3.539
al, (2002) o. 5 67% 25 | 7.94% .87 : 50. 53%
A('goeotf)" FRAME1 | 34.35 | 2.23% | 62.30 |4.05% | 1.81 | 55.95 | 49.95 | 3.24%
sfv?fﬁé‘oﬁ‘m SP1 528 | 0.64% | 20.63 |[250% | 3.88 | 13.78 | 829 | 1.00%
C‘é%%gs‘;'o V10 32.80 | 2.30% | 110.89 |7.78% | 3.38 | 58.02 | 69.37 | 4.87%
K‘z'z‘g'ﬁj's B 742 | 082% | 2516 |2.80% | 3.39 | 44.80 | 10.81 | 1.20%
W;‘j;”(‘goﬁ‘ 4 CB 17.60 | 1.21% | 49.94 |3.44% | 284 |[221.41 | 33.93 | 2.34%
Mehrabi et #1 _ _ _ . . - - -
al.(1996)
M'(Sz'{)%)a' BaF 19.78 | 1.44% | 51.02 |371%| 258 |100.92 | 34.31 | 2.50%
P“?Z"g'ogt) - | obar | 2020 | 1.83% | 8355 |522% | 2.86 | 39.90 | 64.79 | 4.05%
Esé%fj)a'- F1 12.94 | 0.86% | 86.66 |578% | 669 | 66.28 | 72.00 | 4.80%
Y”‘(‘;"gg 8; al. f‘faar;ee 333 | 0.37% | 4623 |514% | 13.88 | 6595 | 26.92 | 2.99%
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Zhou et al.

2014) BF 1171 | 1.06% | 3520 |3.20% | 3.01 | 88.02 | 18.19 | 1.65%
Stg’z“gfz";'s BF 505 | 053% | 3585 |373%| 710 | 21.25 | 11.94 | 1.24%
Table 3 — Mechanical properties of infilled frame specimens
Yielding state Ultimate state Peak load state
Researcher Spe::[l)men Ay Drift Ay Drift Ductility | Peak (PAepak Drift
(yield) (A) (ultimate) (M) load load) (A)
Imm y /mm u IkN Imm P
Al-Chaar et No.2 218 | 0.15% | 136.87 | 9.60% | 62.78 | 841 | 39.46 | 2.77%
al. (2002) No.3 217 | 0.15% | 13315 | 9.34% | 61.36 89 | 10.47 | 0.73%
A('goegg" FRAME2 | 1335 | 0.87% | 40.36 |2.62% | 3.02 | 150.04 | 27.95 | 1.82%
Baran & o o o
Sevil (2010) SP2 190 | 023% | 1568 |1.90% | 843 | 4999 | 855 | 1.04%
C‘(’éaorg%‘i'o V11 2585 | 1.81% | 9861 |6.92% | 3.81 | 64.98 | 49.57 | 3.48%
K?'z‘g'ﬁ?'s S 432 |048% | 2094 |233%| 484 | 8030 | 813 | 0.90%
Kuang & o o o
Wang (2014) cc 1554 | 1.07% | 54.74 |3.78% | 352 |415.61| 31.63 | 2.18%
#4 296 | 0.19% | 19.04 |124% | 643 |151.68| 8.08 | 0.53%
M‘l"h;agg'eet #5 4.06 | 0.26% | 21.06 | 137% | 518 | 26627 | 8.70 | 0.57%
al.(1996) #6 359 | 0.23% | 29.34 | 1.91% | 818 | 21456 | 943 | 061%
#7 348 | 023% | 11.64 | 076% | 3.34 |444.97| 817 | 0.53%
Misir et al. SBF 498 | 036% | 3132 |228% | 6.28 | 137.62| 20.44 | 1.49%
(2012) LBF 788 | 0.57% | 5000 |3.64% | 6.36 | 97.00 | 40.64 | 2.96%
P”?Z"g'ogt) al. 2-bar 529 | 033% | 87.89 |549% | 16.63 | 97.63 | 29.54 | 1.85%
ES&;% fj)a" F3 1024 | 0.68% | 38.38 |256% | 3.75 |105.25| 24.56 | 1.64%
Yuksel et al. Infilled o o o
2010) e 366 | 041% | 1492 |1.66% | 408 |121.92| 764 | 0.85%
Zh(%fj)a" CWF | 385 | 035% | 1528 |[1.39%| 397 |296.05| 835 | 0.76%
Stg’z"g{g‘;is F1 203 | 021% | 2047 |213% | 10.06 | 43.75 | 12.01 | 1.25%

3. Comparison and Discussion

The statistical analysis are all on the basis of backbone curves from different tests, which are normally
presented by the lateral resisting loads plotted against the corresponding displacement. As demonstrated
in Fig. 1, it can be seen that the displacement ductility y can be conventionally calculated as a ratio of
ultimate displacement A, over against yielding displacement A,. The value of A, and A, can be traced
back to the idealised elastic-perfectly plastic model, which the backbone curve has been intersected by a
straight line representing the 80% or 85% of maximum strength F,., through the point of separately on
the ascending and degrading part.

Page 4 of 10




Fmax

0.8/0.85 Fmax

Fig. 1 — Concept of Ductility p

3.1. Displacement Ductility p

The displacement ductility has been recognised as the most significant index for structure to reflect its
deformation capacity. As illustrated in Fig. 2, the ductility of bare frame and infilled frame are all
highlighted. It is obviously seen that a considerable higher ductility of infilled frames than that of bare
frames. Specifically, the average value of ductility for infilled frame can be reached to almost 5.1,
whereas the value can be only about 2.97 for bare ones.
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Fig. 2 — Data of Ductility Data for Bare Frame and Infilled Frame

3.2. Plastic Deformation Ratio for Structures (A, / A,)

In the deformation of structures, the plastic deformation A, can be functionally defined as the ultimate
displacement A, deduct the yielding displacement A,. Then, the value of A, / A, can be deemed as the
plastic deformation ratio for structures under the reversed-cyclic loads. As illustrated in Fig. 3, it is
indicated that the value of plastic deformation ratio for infilled frame is obviously larger than the bare
frame ones, which the average value of infilled frame can be achieved to over 80%, while the value is
only about 70% for bare frames. This is implied that the structure can be suffered to a much larger plastic
deformation when the infill wall is involved.
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Fig. 3 — Percentage of Plastic Deformation over Maximum Deformation

3.3. Absolute Value of Ap.infin @and Appare

Under the above discussions, it can be concluded that the deformation capacity of structures has been
enhanced after considering the involvement of infills. However, this is not means that the absolute value
of plastic deformation A, in infill frames is always larger than that of bare frames. In fact, according to
statistical data, it is found that the ratio of A,.inin / Apvare IS Strongly associated with the initial design option.
As demonstrated in Figure 4, it is clearly seen that the average value of A, can be almost 1.2 times
larger than that of the A,.n.e When seismic design is proceeded, while the value can be only 0.7 for the
non-seismic design data. This is rational because the failure of bounding frame owing to the infill
interaction has been mitigated under the seismic design level.
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Fig. 4 — Comparison of Plastic Deformation

3.4. Interstorey Drifts under Different Failure States

Deflection control can be considered an effective way to assess the seismic performance of
structures. The drift ratios regarding the yielding state, peak load state, and ultimate state of
statistical data have all been obtained, and the results are shown in Fig. 5. Generally, the 2.5%
allowable interstorey drift demand reflecting the ultimate limit state has been specified in most of
the seismic codes, while Eurocode 8 only mandated the serviceability limit state with the value
of 0.5% when considering the brittle nature of infills.
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Table 4 — The codes requirements of interstorey drifts

Codes of practice | Serviceability limit state | Ultimate limit state
ASCE 7 -- 2.5%
Eurocode 8 0.5% -
GB 50011-2010 0.18% (1/550) 2% (1/50)
NZS 1170.5 -- 2.5%
UBC 1997 -- 2.5%

Although it is clearly noticed the dramatic different of drift ratios between bare frames and infilled ones, it
is indeed argued that the 2.5% interstorey drift demand specifying the ultimate limit state of structures has
been seriously underestimated the interaction effect of masonry infills and overestimated the structural
deformation capacity. In fact, the measured average interstorey drift for infilled frames at the ultimate
state can be only of 2.11%, which is much lower than the design value. From this point of view, only the
Chinese seismic code GB 50011-2010 agrees well with the test data and gives a conservative limit value
2.0%

Table 4 —-Loading state vs interstorey drift

Statistical data | Yielding state | Peak load state | Ultimate limit state
Bare frame 1.16% 2.78% 4.30%
Infilled frame 0.40% 1.41% 2.11%
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Fig. 5 — Interstorey Drifts at Different Failure States

4. Conclusions

The statistical analysis is conducted to systematically assess the effect of masonry infills on the overall
deformation capacity of infilled RC frames. There are total 13 groups of experimental data varying from
different researchers around the world. Most of specimens are single-storey and single-bay with a scale
factor from 1/3 to %%, and all specimens were tested under quasi-static loads.

Based on the analysis results, it is concluded that masonry infills have the favourable effect on the global
seismic behaviour of an infilled frame system. In general, masonry infills can greatly improve the strength
and stiffness of structures. However, there is still a much controversy on whether the infills have a
positive contribution to ductility behaviour as well as deformation capacity of structures. The statistical
analysis has proved that the displacement ductility factor of 5.1 can be achieved for infilled frames,
whereas it is 2.97 for bare frames in average, which is much lower than the expectation. In addition, it is
shown from the studies that the plastic deformation ratio of an infilled frame is generally higher than that
of a bare frame.

On the other hand, the rational interstroey drift ratio of infilled frames at the ultimate limit state has been
recommended. The statistic data indicated that the measured average drift ratio for infilled frames at the
ultimate limit state is 2.11%, which is much lower than the value of 2.5% given in most present seismic
codes. Hence the seismic codes generally overestimate the overall structural deformation capacity of RC
moment-resisting frames, even considering the contribution of infills. Based on this statistical analysis, it
is recommended that a rational interstroey drift ratio be 2.0% for the design of infilled RC frames.
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