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Abstract. The influence of infills on the seismic response of frame structures has long been
recognised. Typically, stiffness and strength of the infill and connections between infill and
frame are such that the infill affects the global seismic behaviour of the structure. Hence, the
presence of infills should be considered in the analysis and design of new buildings and in the
seismic assessment of existing ones. To this aim, simple models for infill walls, such as the
equivalent diagonal no-tension strut model, have been developed in the last decades. The ob-
jective of the present study is to assess the validity of different strut models. To this aim, 162
experimental tests available in the literature are considered. The data set includes both rein-
forced concrete and steel frames, as well as confined masonry structures. The mechanical
characteristics of masonry and the boundary conditions between frames and infills of the test
specimens take into account a large set of situations, reflecting the great variability in the ma-
terials and in the construction techniques adopted in different countries. Moreover, the type
of tests and the related results are not uniform; in some cases monotonic experiments are per-
formed, whereas in other cases cyclic tests are carried out. As expected, the presence of dif-
ferent types of infill-frame systems results in a large scatter of the data. However, the
comparison between experimental results and predictions show that, on the average, the infill
strength can be adequately estimated by resorting to the strut model whereas major uncer-
tainties are found for the stiffness prediction.
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1 INTRODUCTION

Damage observed after moderate and strong earthquakes highlighted the influence of in-
fills on the seismic response of frame structures. Regularly distributed infills may signifi-
cantly contribute to withstand seismic actions, reducing the deformation demand and
enhancing the energy dissipation capacity [1,2]. On the contrary, irregular arrangement of in-
fills may be strongly detrimental, producing unfavourable distribution of plastic hinges, high
demand of inelastic deformations and brittle failures. Therefore, the presence of infills should
be considered in the design of new buildings and in the seismic assessment of existing ones.
For this reason, in the last decades, the issue concerning the modelling of infills has gained a
growing attention and different methods have been proposed and developed [3,4]. Such meth-
ods may be divided roughly into two categories according to whether they are based on mi-
cro-modelling or on macro-modelling approaches.

The former is based on a finite element representation of the frame and the infill. The re-
sponse of the frame, the infill and their interface are described by means of proper constitutive
relations. To reproduce the shear sliding of masonry mortar, several plasticity-based continu-
ous interface models have been developed [5]. In general, this approaches are quite complex
due to the large amount of information required [6]. On the contrary, macro-models, even
though unable to capture local phenomena, are characterized by an advantageous simplicity.
The equivalent diagonal no tension strut is one of the most used macro-model, being often
adopted for in-plane seismic assessment of frame structures. This model was initially based
on the observation that the compressive path in the masonry panel, due to horizontal loads,
develops mainly along its diagonal. Therefore, a way of representing the stiffening and
strengthening effect of the masonry infill is replacing the panel with an equivalent no tension
strut acting along the compressive path [7,8]. The strut model may also be used, with oppor-
tune modifications, for perforated infills [9]. The width of the strut depends on different fea-
tures, such as the extension of the region of interaction between masonry and frame. The
ultimate strength of the infills depends also on the failure mechanism, which is somewhat dif-
ficult to predict being affected by many factors, such as the material properties, the dimen-
sions of the system and the vertical stress in the panel. Multiple strut configurations have also
been proposed with the aim of capturing the interaction between the infill panel and the frame
(e.g. [10,11]). The multiple strut approach allows to account for the shear transmission in
critical regions but the calibration of the required parameters is somewhat complex. The use
of these methods is recommended for building not designed for seismic loads, having insuffi-
cient shear reinforcement and strong infills.

In this study, a comparison between different single strut models is performed, based on
162 experimental tests available in the literature. The database includes both reinforced con-
crete and steel frames, as well as confined masonry structures. The mechanical characteristics
of masonry and the boundary conditions between frames and infills of the test specimens take
into account a large set of situations, reflecting the great variability in the materials and in the
construction techniques adopted in different countries. In the following sections, the selected
models and the considered experimental tests are briefly presented. Afterword, the compari-
son between experimental and predicted values is reported in terms of lateral stiffness and
strength of the masonry infill.

2 STRUT MODELS

Various relationships have been proposed to calculate the lateral strength and stiffness of
the equivalent strut. The former is strictly related to the infill failure mode, which depends on
several parameters, such as the aspect and slenderness ratios, the mechanical characteristics of
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masonry, the stiffness and strength of the surrounding frame. As observed by Haldar et al.
[12], four main failure modes have been identified: i) shear failure due to bed-joint sliding; ii)
cracking due to diagonal tension; iii) diagonal compression failure and iv) corner crushing of
the infill. The predicted failure mode, the related strength and the stiffness change noticeably
from one model to another [13].

In this study, five strut models have been taken into account (Table 1). Most of them takes
into account different failure modes and are derived through comparisons with experimental
results.

Reference RW Ra® Rac”) Rec?
Decanini and Fantin [14] Y Y Y Y
Paulay and Priestley [15]

Priestley and Calvi [16] Y Y Y 8
Saneinejad and Hobbs [17] Y Y Y Y
FEMA 306 [18] Y Y x Y
Panagiotakos and Fardis [19] Shear strength

(1) Failure due to bed-joint sliding; (2) Cracking due to diagonal tension; (3) Failure due to
diagonal compression; (4) Failure due to corner crushing

Table 1: Failure modes taken into account in the considered strut models.

Predictive equations for the strength are listed in Table 2, respectively. In the Table 2, the
strut axial strength, R, is reported. The lateral strength, H, is then given by the following equa-
tion:

H = R cos(6) @

In the model by Decanini and Fantin [14] four failure modes are considered (equation 2 to
5). In Table 2, R, is the strength in the bed-joint sliding failure mode; R, is the strength in
the diagonal tension failure mode; R, is the strength in the diagonal compression failure
mode and R, is the strength in the corner compression failure mode; d is the length of the
strut; t is the masonry thickness; @ is the strut angle of inclination; f,, is the masonry com-
pressive strength; 7, is the basic shear strength of bed joints; t,,, is the shear strength evalu-
ated through diagonal compression tests; o, is the vertical stress; w is the width of the
equivalent strut; A; is a non-dimensional parameter and k; and k, are equation coefficients
(see Table 3).

According to Paulay and Priestley [15] the strut force to initiate sliding in infill panels, R,
depends on the shear friction stress and on the aspect ratio of the panel, the coefficient of fric-
tion is assumed equal to 0.3 (equation 6). The diagonal compression strength (equation 7) is
function of the vertical contact length, z, between infill and column. In Priestley and Calvi [16]
the diagonal tension cracking failure is also considered. This failure mode does not produce
itself the infill collapse, however the in-plane damage due to cracking contributes to the out-
of-plane expulsion of the panel. The diagonal force, which induces diagonal tension cracking,
is evaluated using the relationship for tensile stress in a disk loaded along a diameter (equa-
tion 8).
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Reference Strut Axial Strength
Ry = [(1.2 sen 6 + 0.45 cos )7y + 0.3 0,] td 2)
Ry = (0.6 T,n0 + 03 0y) td @A)
Decanini and Fantin [14 1.16 tan 6
1l Rie =~ fy td @
h
1.12sen 6 cos 0 ,
cc = 1088 fmtd ()
h
T
RR=——"___td (6)
1-0.3(h/D)
Paulay and Priestley [15] 2 . m 7
Priestley and Calvi [16] Rie =g 2tfnsecd  z=35- 0
T[ ’
Rdt = E td ftm (8)
Y To td
R, = min 1-045tan 6’ 9)
0.83y td (0.83 in MPa)
o R4 = 2V2t hy,f, cos @ (10)
Saneinejad and Hobbs [17] d mfe cOS
2
_ 0.5 hm t fa _ 12 leff (ll)
Ree =——22=  fu= 039, [1 —~ <m
R =(1—ac)achtac+ a, Lt (12)
c« cos 6
R =(T0 +yay)lt (13)
s cos 8
FEMA 306 [18] Ry = 2VZth [ cos 0 (14)
' 15
Rcc =wt fm90 ( )
Panagiotakos and Fardis [19] = 13 7ol (16)
cos 6

Table 2: Predictive equations for the strut axial strength.

In the analytical method developed by Saneinejad and Hobbs [17] all failure modes are
considered. In equations 9 to 12 (Table 2), y is the load factor and 6" is depicted in Figure 1.
Diagonal cracking of the infill is regarded as a serviceability limit state; however, it may be
related to a collapse limit state because presence of diagonal cracking in both diagonals acce-
lerates the out-of-plane failure of the infill. For the cracking load, equation 10 is suggested,
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where f, is the tensile strength of infill material. The diagonal compression strength is given
by equation 11, where £, is the permissible stress, which takes into account the out-of-plane
buckling and [ is the effective length of the strut (Figure 1). From the above formula it re-
sults that the permissible stress is negative when the thickness of the infill is smaller than 2.5%
of the effective length. Finally, in equation 12, a. h and «;, [ are the contact lengths between
infill and columns and infill and beam, respectively, o; and z, are the column-infill and beam-
infill contact stresses.

Three potential in-plane failure modes are considered in FEMA 306 [18]. The Mohr-
Coulomb failure criteria is used to assess the sliding-shear capacity of the infill, the corres-
ponding strut resistance may be calculated by means of equation 13, where 7, may be taken as
1/40 times the compressive strength and x is the coefficient of friction along the bed joints.
The diagonal tension strength in [18] is the same as suggested by Saneinejad and Hobbs,
where f, may be taken as 1/20 of the compressive strength in the horizontal direction, £,,q,.
For corner compression failure, a modified version of the method proposed by Stafford-Smith
and Carter [20] is suggested (equation 15).

Finally, Panagiotakos and Fardis [19] suggest calculate the infill ultimate strength by equa-
tion 16, where 7, is the masonry cracking strength as determined from diagonal compression
tests.

]l | I | _

_
R
_
R
_

(@) (b) (©

Figure 1: Equivalent strut model: a) in-plane geometrical features; b) equivalent strut; c) Saneinejad and Hobbs
geometrical parameters [17].

The axial stiffness of the strut, k, is generally calculated as a function of the strut width, w,
according to the following equation:

(17)

where E, is the modulus of elasticity of masonry, t is the panel thickness and d is the strut
length. The lateral stiffness, kn, can be calculated as:

k,, = E’”% cos?(6) (18)

Equations proposed to estimate w are reported in Table 3. The parameter 4, used in some
of these expressions, is a non-dimensional parameter introduced by Stafford-Smith [7] to take
into account the influence of the relative stiffness of the frame and the infill:

__ 4 |Ep tsen 20
Ay = ’—4E1hm h (19)
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where: E is the modulus of elasticity of the frame material and | is the moment of inertia of
columns (see above for definitions of other parameters).

Reference Equivalent strut width

for 1, < 3.14

- : kq for 3.14 < A, <7.85
Decanini and Fantin [14] w = <Z+ k2>d (20) k, = 0.707 ky = 0.01
for 7.85 < A,
Paulay and Priestley [15] _d (21)
Priestley and Calvi [16] W=7
((1 — ac)ach%+ abl;—i
Saneinejad and Hobbs W = min 4 cos 6 (22)
[17] I h, L
k fe
"~ cos 6
FEMA 306 [18] w = 0.175 (4,)"%*d (23)

Table 3: Predictive equations for the strut width.

The expression by Decanini and Fantin [14] provides the secant stiffness of the strut. The
equation suggested by Paulay and Priestley [15], which gives a conservative value of the
width, is recommended for a lateral force level of 50% of the ultimate capacity. The value
suggested by Saneinejad and Hobbs [17] is related to the attainment of the resisting loads R
and Rqc. The formula reported in FEMA 306 [18], which was initially proposed by Mainstone
[21], was found suitable for the estimation of the infill secant stiffness if the masonry elastic
modulus in the horizontal direction is used [19].

3 DATABASE USED IN THE STUDY

Experimental results available in the literature are used in this study to assess the selected
strut models. The whole dataset, composed of 162 test specimens (Table 4), includes different
types of frame-infill systems. With regard to reinforced concrete frames, both infilled frames
and confined masonry structures are considered. In the infilled frames the masonry panel is
built after the frame, whereas in confined masonry the panel is built earlier. The difference
between confined masonry and infilled frame systems is twofold: i) in confined masonry, a
stronger adherence between masonry and RC columns and beams develops compared to that
present in infilled frames; ii) in confined masonry buildings the column and beam cross sec-
tions are generally smaller than in infilled frame buildings.

Concerning the walls, in 60% of the test specimens the masonry is made up of hollow units
(vertical or horizontal hollows), in the other 40% the masonry is made up of solid bricks or
blocks. The aspect and the slenderness ratios of the infills vary noticeably: the former is in the
range 0.48-2.95, the latter varies between 5.33 and 25.78. However, in 80% of the specimens
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the aspect and slenderness ratios are less than 1 and 15, respectively. This values can be con-
sidered representative of sizes present in common existing infilled framed buildings. Horizon-
tal loads are applied monotonically or cyclically in 34 and 128 experimental tests,
respectively. Cyclic loads are generally applied statically with force-controlled or, more often,
displacement-controlled procedures. Pseudo-dynamic and dynamic tests are performed in 12
experimental tests.

The whole database is used to assess the capability of different strut models to estimate the
infill strength. As for the assessment of the infill stiffness, only the tests for which the hori-
zontal force versus horizontal displacement curves were available have been used. The re-
duced database includes 101 specimens.

Reference N. of test  Structure @
Benjamin and Williams, 1958, [22] 8 RC
Jorquera, 1964, [23] 17 CM
Leuchars and Scrivener, 1976, [24] 2 RC

Jurina, 1977, [25] 3 RC
Parducci et al., 1980 [26], 1982 [27] 6 RC

Liu et al., 1982, [28] 9 RC
Srinivasa Rao et al., 1982, [29] 3 RC (1), CM (2)
Gallegos and Casabonne, 1984, [30] 2 RC

Zarnic and Tomazevic, 1984 [31], 1986 [32] 11 RC
Decanini et al., 1985, [33] 3 CM
Michelini et al., 1986, [34,35] 9 CM
Valiasis and Stylianidis, 1989 [36] 16 RC

Pires, 1990, [37] 6 RC (3),CM (3)
Kato et al., 1992, [38] 4 CM
Meherabi et al., 1996, [39] 10 RC
Crisafulli, 1997, [11] 2 RC

Calvi e Bolognini, 2001, [40] 8 RC
Colangelo, 2005, [41] 11 RC
Hashemi and Mosalam, 2006, [42] 1 RC
Bergami, 2007, [43] 2 RC
Kakaletsis and Karayannis, 2008, [44] 2 RC
Stavridis, 2009, [45] 2 RC
Tasnimi and Mohebkhahb, 2011, [46] 1 Steel
Yuksel, 2011, [47] 2 RC
Sigmund and Penava, 2012, [48] 1 RC

Di Trapani, 2013, [49] and Cavaleri et al., 2005, [50] 12 RC
Markulak et al., 2013, [51] 6 Steel

Guidi et al., 2013, [52] 1 RC
Morandi et al., 2014, [53] 2 RC

) RC=Reinforced Concrete, CM=Confined Masonry

Table 4: Experimental tests used in the study.
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4 RESULTS AND DISCUSSION

Equations reported in Table 2 are used to predict the lateral strength of infills. The predic-
tions are then compared with the experimental values of lateral strength. The experimental
results always concern the infill-frame systems; therefore, a basic preliminary step was the
estimation of the contribution of infill to the total lateral resistance. This is made herein by
calculating the difference between the infilled frame and the bare frame. In those cases in
which the bare frames were not available, an approximated frame backbone curve has been
obtained using the model proposed by Haselton [54].

The ratio between predicted and experimental strength is calculated for the five strut mod-
els. The exponential of the logarithmic mean, e#=, and the logarithmic standard deviation, a;,,,
of this ratio are then estimated. The former represents the median values under the hypothesis
of a lognormal distribution, the latter approximates the coefficient of variation and gives a
measure of the dispersion. These values are reported in Table 5 for the whole database and for
data samples clustering different type of structures, i.e., infilled reinforced concrete frames,
confined masonry systems and infilled steel frames.

The model proposed and Priestley [15] and Priestley and Calvi [16] provides, on the aver-
age, a good estimate of the actual values. However, with the exception of the steel frames set,
a large dispersion is noted, being the logarithmic standard deviation between 0.453 and 0.534.
The models proposed by Decanini and Fantin [14] and by Panagiotakos and Fardis [19] give,
in general, the lowest dispersion for infilled RC frames and confined masonry, whereas the
Paulay and Priestley [15] and Priestley and Calvi [16] model furnishes the best results for
steel frames, in terms of both mean value and logarithmic standard deviation.

DF® PF® ppC® SHY  FEMAP
Whole database
ehin 0.848 1.350 1.071 0.624 0.698
O, 0.407 0.409 0.517 0.580 0.571
Infilled RC frames
ehin 0.871 1.389 1.010 0.652 0.708
O, 0.439 0.444 0.534 0.617 0.608
Confined masonries
ehin 0.808 1.277 1.284 0.567 0.709
O, 0.294 0.285 0.453 0.472 0.456
Infilled steel frames
etin 0.701 1.151 1.045 0.517 0.492
O, 0.252 0.253 0.177 0.268 0.281

WDecanini and Fantin [14], “Panagiotakos and Fardis [19], ®Paulay and Priestley [15] and
Priestley and Calvi [16], “’Saneinejad and Hobbs [17], ®FEMA 306 [18].

Table 5: Predicted/experimental strength ratios: e = exponential of the logarithmic mean, o,,, = logarithmic
standard deviation.

The predicted lateral strengths are plotted in Figure 2 versus the experimental ones. Differ-
ent colours indicate different structural systems: blue markers are used for infilled reinforced
concrete frames, red markers for confined masonries and black markers for infilled steel
frames. Linear regression curves, related to the whole database, and coefficients of determina-
tion, R?, are also reported in the figure.
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Figure 2: Lateral strength of infill: predictions vs. experimental values. Blue markers: infilled reinforced con-

crete frames; red markers: confined masonry; black markers: infilled steel frame.

It is noted that: strength values predicted by Panagiotakos and Fardis [19] are higher than
the actual (experimental) ones; the model proposed by Paulay and Priestley [15] and Priestley
and Calvi [16] is almost unbiased; the other models tend, on the average, to underestimate the
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infill strength. The highest and the lowest coefficients of determination are obtained, consid-
ering the whole dataset, using the formulation proposed by the Decanini and Fantin [14] and
Saneinejad and Hobbs [17], respectively.

The comparison between predicted and experimental lateral stiffness is made considering
the reduced database. Formulas reported in Table 3 and equation 18 are used to calculate the
predicted values. The experimental stiffness is calculated as the elastic stiffness of an equiva-
lent bilinear system, obtained through the energy equivalence criterion up to the peak lateral
load (Hn). Figure 3 shows the comparison between predicted and experimental results. The
use of various formulas leads to different values of the equivalent width, and, therefore, of the
strut stiffness. For example, the equation in FEMA [18] gives a much more deformable strut
compared to the other models. Moreover, differences between predicted and experimental
values are significant, showing that none of the considered models is able to predict the infill
stiffness adequately. For the confined masonry frames, all of the models predict values of the
stiffness lower than the actual ones. The dispersion of the data is noticeable, coefficient of
variations varying between 1.7 and 2.0. These results show the great uncertainty in the as-
sessment of infills stiffness.
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Figure 3: Lateral stiffness of infill: prediction vs. experimental values. Blue markers: infilled reinforced concrete
frames; red markers: confined masonry; black markers: infilled steel frame.
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5 CONCLUSIONS

In this work, 162 experimental tests have been considered to evaluate the adequacy of
various strut models. The database includes different types of masonry walls, which are made
of hollow or solid bricks or blocks, and different types of frame-infill systems: 116 infilled
reinforced concrete frames, 39 confined masonry structures and 7 infilled steel frames.

The assessment of the contribution of infills to the lateral stiffness and strength of the ex-
perimental tests was a basic preliminary step. This assessment was made by calculating the
difference between the infilled frame and the bare frame. In those cases in which the bare
frame was not available, several assumptions, like for example that of rigid beams, have been
made to calculate the bare frame backbone curves. Stiffness and strength predictions have
been calculated considering five strut models. Such models require the knowledge of the
geometrical and mechanical characteristics of the frame and the infill. In some cases, the re-
quired parameters were not assessed experimentally, such as the masonry shear strength and
the horizontal compressive strength. When not available, these features have been calculated
here by means of empirical equations.

The comparison between predicted and actual lateral strengths shows that the models by
Paulay and Priestley [15], Priestley and Calvi [16] and Decanini and Fantin [14] give the best
predictions, with the former having the advantage of being almost unbiased and the latter giv-
ing the lowest dispersion. The strength predicted by Panagiotakos and Fardis [19] is, on the
average, higher than the actual one, while the other models ([17,18]) underestimate the infill
strength. Concerning the stiffness, none of the models reproduce satisfactorily the actual val-
ues. Differences between predicted and experimental values are significant, showing the in-
adequacy of all the considered equations. Given the large differences obtained using different
formulations, much attention should be paid in the model selection.

On the basis of the reported results, it can be concluded that the high variability of the ma-
terial and the large number of parameters involved, make the reliability of the modelling very
hard to obtain. However, the significant contribution of infill walls in the behaviour of infilled
frames requires the continuation of research in this area. Finally, other aspects not taken into
account in this study, such as the modelling of the hysteretic behaviour, need to be further in-
vestigated.
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