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Abstract: Although the influence of infill masonry on horizontal load structure behavior is
well-documented, current standards and regulations have yet to fully incorporate or explicitly
define the load-bearing capacity of this complex system. Canadian and American standards
present more comprehensive and specific methodologies for calculating the load-bearing
capacity of infill masonry and frame systems. In contrast, European standards tend to focus
on offering general guidelines for the design of these systems without delving into the
detailed calculation procedures. However, extensive data and experimental studies on this
topic are available in the literature. The primary aim of this paper was to compile a database
of experiments involving frames with different types of infill masonry. Subsequently, the
empirical results obtained through the application of analytical expressions from various
standards are compared to the experimental data included in the compiled database. The
obtained load-bearing values were compared to different standards and work conducted
by various researchers found in the literature in order to assess their reliability. Based on
the obtained results, important conclusions were drawn, specifically to the most accurate
equivalent diagonal model used and the analytical expressions to be used in the assessment
of the masonry-infilled steel frame behavior. The equivalent diagonal model, utilized in all
analytical expressions, can provide highly accurate estimations of load-bearing capacities
that closely align with the experimental results. Regardless of the type of infill element, the
analytical expressions consistently overestimated the load-bearing capacity. In the presence
of longitudinal force, analytical expressions tend to be conservative, providing significantly
lower load-bearing values compared with experimental results, which ensures a safety margin.
The database can be utilized to develop numerical models, which can subsequently serve as
the foundation for probabilistic methods used in conducting reliability assessments.

Keywords: infilled steel frames; load bearing capacity; classification; modes of failure;
experiments; analytical predictions

1. Introduction

Numerous experimental studies have demonstrated that infill walls, despite being
non-load-bearing elements, exert a substantial influence on the overall behavior of frame
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structures, contributing to greater initial rigidity at the initial load stage. Infill masonry also
has a detrimental effect on the frame structure when subjected to stronger horizontal loads,
such as those generated by significant earthquakes.

Steel structures, particularly multi-story frames, are widely used in modern construc-
tion due to their high strength-to-weight ratio, flexibility, and ease of assembly. However,
when subjected to seismic forces, these structures can exhibit poor performance, particu-
larly in regions with significant earthquake activity. The 1994 Northridge Earthquake in
California and the 2011 Great East Japan Earthquake are two prominent examples where
steel structures, especially multi-story frames with infill walls, experienced significant
damage, raising concerns about the vulnerability of such designs under extreme seismic
events [1-5].

Despite advancements in seismic design, several issues in current design codes remain
unresolved when it comes to accounting for the effects of infill walls in steel structures.
Additionally, the interactions between the infill walls and steel frames are often oversimpli-
fied in current analysis methods, leading to inadequate design and potential failure during
seismic events. The lack of specific detailing requirements for connections and the absence
of comprehensive energy dissipation strategies contribute to the insufficient performance
of steel frames with infill walls during earthquakes.

The relevance of this work lies in addressing these gaps in current design practices and
codes. Given the increasing use of steel-framed buildings with infill walls in seismically
active regions, it is crucial to better understand the seismic behavior of such structures and
to develop improved design methodologies. Through this research, we sought to provide a
more comprehensive framework for designing steel multi-story frames with infill walls that
can perform reliably during future seismic events, thus improving the safety and resilience
of buildings in earthquake-prone regions.

Damage to infill walls can present considerable risks to human safety and result in
significant economic losses, as evidenced by prior seismic events. Despite their crucial role
in both the overall and localized response of reinforced concrete or steel buildings during
earthquakes, infill walls are generally regarded as non-structural [6].

In the current design of such structures, in most cases, only the weight of the infill
walls is taken into account, and other strength parameters are ignored. Such walls do not
directly contribute to the structural integrity of the structure; in other words, they are non-
bearing walls. The purpose of infill walls is generally to provide privacy, insulation, visual
separation, and protection. The structural behavior of such frames depends significantly on
the dynamic properties of the relevant infill walls loaded laterally and vertically, including
their rigidity, bearing capacity, period, and damping level. Infill walls constructed using
different types of materials can be designed to make the building more resistant to external
effects such as earthquakes [7-14].

Most steel multi-story frames in Europe, designed before modern seismic stan-
dards, perform poorly under earthquake loads due to low lateral resistance and energy
dissipation [15-22]. Additionally, rigid, brittle masonry infill walls impact their lateral re-
sponse and damage distribution [23]. Damages in infill walls following earthquakes reveal
the necessity of examining these non-bearing elements.

Recent research has addressed this topic from multiple perspectives. While much of
the focus has been on reinforced concrete buildings, significant attention has also been
given to infilled masonry in steel structures.

In their paper [6], De Risi et al. compiled an extensive and homogeneous database
of experimental tests on RC frames infilled with hollow clay-masonry infills—common
in Italian and Mediterranean RC building stock. The study analyzed the experimental
responses of these infills under lateral loads and compared them to various existing nu-
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merical models from the literature. The authors proposed a practical quadri-linear curve
for modeling infill panels, which achieved accurate predictions with errors below 3%.
Lognormal fragility functions were applied to empirical data, yielding results consistent
with the existing literature. The study also found that higher masonry compressive strength
increases displacement capacity. Additionally, a preliminary analysis suggests that the
presence of openings in hollow clay brick panels has minimal impact on drift capacity for
Medium-Severe and Collapse Damage States.

Di Sarno et al. [23] evaluated the limitations of the European standards through a code-
based assessment using pushover analysis on a steel moment frame case study. The authors
analyzed three common single strut models used to simulate the presence of masonry infills
in RC structures and, in addition, conducted pseudo-dynamic tests on a large-scale 3D steel
frame with masonry infills. The numerical analysis revealed that masonry infills reduced
displacement capacities by approximately 40% compared with bare frames. Experimental
findings showed that damage to infill walls began with local top-corner cracks, followed
by diagonal tension cracking, sliding shear, and diagonal compression. Additionally, the
fundamental period of the test model nearly tripled after initial cracks appeared.

In the study [24], the authors adopted an alternative approach by examining the effects
of a vertically applied load, focusing on horizontal displacement, failure modes, stress
distribution, and load redistribution in a center-column pushdown scenario. They also
investigated the influence of material properties and opening dimensions in partial infill
walls. The results showed that masonry infill walls enhance vertical load capacity and
stiffness but reduce ductility and may alter failure modes. Mortar joints and opening
dimensions significantly affected progressive collapse performance.

The authors of [25] studied the application of FRP (Fiber-Reinforced Polymers) com-
posites to strengthen unreinforced masonry structures. A database of 120 FRP-reinforced
wall samples was compiled from the literature, presenting and detailing various approaches
for calculating the bearing capacity of FRP-reinforced masonry. The experimental findings,
compiled into a database, were compared to results from literature formulas and building
codes, and the model’s limitations were then discussed. Five theoretical models were used
to estimate the shear strength and FRP contributions based on the literature, as well as
American and Chinese standards [26,27]. The comparison of experimental and theoretical
results showed that the FRP contribution from experimental to theoretical was closely
aligned with the presented standards and literature, with the Chinese standards being the
only ones to overestimate the FRP contribution.

Several databases of infilled frames are already available in the literature (De Luca et al.,
Huang and Burton) [28,29]. The database compiled by De Luca et al. [28] was developed
to derive empirical expressions based on which the behavior of the infill elements will
be assumed. More precisely, it was used for the creation of the so-called backbone curve.
A similar approach was used by Huang and Burton [29], who used their database to
define a damage classification for frame structures with infill walls, and to estimate the
collapse mechanisms. While most databases deal with either concrete frames with infill
elements or a combination of steel and concrete, which are nevertheless mainly dominated
by concrete frames, the aim of this paper was to create a database only for steel frames.
The next step, after compiling the database, was to utilize existing analytical expressions
derived from various standards and research studies to evaluate how accurately these
expressions assess the load-bearing capacity and rigidity of the building system, as well
as to identify any deviations from the expected results. Given the importance of the input
parameters for analytical expressions, the database had to be significantly refined. It now
only includes experiments where specific data on the material and geometric characteristics
of the infill masonry and frames are provided. In addition to the numerical comparison



Buildings 2025, 15, 190

40f 31

between analytically derived values and experimental results, it is essential to conduct a
detailed evaluation of the failure modes. Several authors (El-Dekhakhni, Mohebkhah and
Sarhosis, Asteris et al., Farshidnia) [30-33] have proposed failure modes for infill masonry;
however, it is necessary to select only those that can be assessed using the chosen analytical
expressions. In Figure 1, five modes of failure defined according to El-Dakhakhni [30] are
shown: corner crushing (CC), sliding shear (SS), diagonal compression (DC), diagonal
cracking (DK), and frame failure (FF).

(d) DK mode (e) FF mode

Figure 1. Modes of failure according to El-Dakhakhni (2003) (adapted from [30]): (a) corner crushing
(CQ), (b) sliding shear (SS), (c) diagonal compression (DC), (d) diagonal cracking (DK), and (e) frame
failure (FF).

The CC mode is characterized as a breakdown in the corners of the wall panel and as
a diagonal cracking between opposite corners. The SS mode is mainly characteristic of infill
elements with weaker mortar and strong frames. The DC mode consists of a failure in the
center of the wall panel, which is a characteristic of very slender infill elements, which are
rare. This mode of failure is characteristic of weak frames with strong infill wall elements.
The diagonal cracking failure mode, DK, should not be regarded as a failure mode, as the
infill can continue to bear additional load even after cracking. The last failure mode, FF,
occurs when frame failure manifests as the formation of plastic hinges in the columns or at
the connections between the columns and beams. This mode of failure is characteristic of
weak frames or frames with weaker connections and strong infill wall elements. In most of
the frames examined through the load cycle test, almost every mode of failure occurs at
different intensities. By examining the failure modes, a critical assessment of the validity of
the analytical expressions can be conducted to determine whether the minimum values
associated with the load-bearing capacity align with the failure mode of the analyzed frame
with infill masonry.

Non-structural infill walls are not included in the load-bearing system of a structure
and are constructed only to separate interior spaces. In the current design of such struc-
tures, in most cases, only the weight of the infill walls is taken into account, and other
strength parameters are ignored. Structural damages occurring in non-structural infill
walls, especially after earthquakes, reveal that infill walls should not be taken into account
only as weight in structural analyses. The effect of infill walls on the load-bearing capacity
is of great importance, especially in terms of the stability, safety, and economic efficiency of
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the structure. In the design phase of the structure, the correct evaluation and construction
of the load-bearing capacity of infill walls are important in order to reveal the behavior
of structures, especially under earthquake effects, more realistically. Within the scope of
this study, many publications examining the contribution of infill walls to the load-bearing
capacity of steel structures were taken into consideration. For this purpose, it was aimed
to create a database by compiling these studies. This database created from experimental
results was compared to the empirical results obtained by applying analytical expressions
from individual standards. It is thought that this study will contribute to the development
of building codes in order to reveal the effects of non-bearing infill walls on the structural
system. In addition, this study will make significant contributions to the academy by
compiling and using the results predicted by many different researchers.

2. Database of the Masonry-Infilled Steel Frame Structures

A key aspect of the database is the compilation of relevant parameters within a specific
research area. Consequently, when the preparation of the database began, an initial version
was created to collect as much data as possible. After determining the final set of relevant
parameters using selected analytical expressions, the database was refined to include only
experiments with complete input and output data.

The final database comprises 59 samples, all steel frames with various infill elements,
as noted in the introduction. Of the 59 experimental datasets, only two represent two-story
frames, while the remainder are single-story frames. Additionally, 54 datasets correspond
to frames with rigid connections, and five pertain to frames with pin joints. The basic
parameters that were collected include frame and infill geometry and material properties,
with outputs covering initial stiffness, secant stiffness, cracking force, and maximum force.

Types of infill were various, from solid brick to concrete blocks (a description of each
type of infill is presented in Table 1). A significant number of concrete blocks were in-
cluded, whereas aerated concrete blocks (denoted as AAC in the database) were minimally
represented. The solid wall elements (68%) prevailed predominantly, with the solid brick
wall element being the most prevalent, while the representation of hollow blocks was 32%.
In addition to this, the classification also considered the vertical compressive strength of
the wall element. The infill elements with a compressive strength greater than or equal to
10 MPa were grouped as “strong”, while those with a lower value of 10 MPa were grouped
as “weak”. Given the dominance of solid wall elements, a higher percentage of “strong”
infill (67%) was anticipated and observed in the whole database. In addition to the various
properties of the infill material, a key characteristic of the steel frame examined in this
study was the aspect ratio (height/width). Frames with a ratio of 0.5 prevailed, while a
smaller number of frames had a ratio higher than 1.0.

The selection of parameters for infill walls was fundamentally guided by their role
in contributing to the load-bearing capacity of masonry structures. The type of material
used in infill walls is critical, as it determines the basic mechanical properties, such as
compressive and shear strengths, which directly influence the wall’s ability to carry axial
and lateral loads. High-strength materials like concrete blocks or bricks are preferred in
load-bearing applications, while lighter materials like aerated concrete are used when
weight reduction is prioritized, albeit with a compromise in load capacity. The compressive
strength of the mortar also plays a crucial role in ensuring effective bonding between
masonry units and maintaining structural integrity under load. Furthermore, the interaction
between the infill elements and the structural frame determines how forces are distributed.
Rigid connections enhance load-sharing but can lead to stress concentrations, while partially
detached connections allow for differential movement, especially in seismic zones.
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Table 1. Steel frame database—geometric and material characteristics of steel frame.

H L And, Andy, Wil.e Es
# References Label (m) (m) (em?) (cm?) (mm®) (GPa)
1 Markulak et al. (2013) [34] C-1 1.613 2.176 606.2 606.2 119,500 210
2 C-2 1.613 2.176 606.2 606.2 119,500 210
3 C-3 1.613 2.176 606.2 606.2 119,500 210
4 AAC-1 1.613 2.176 606.2 606.2 119,500 210
5 AAC-2 1.613 2.176 606.2 606.2 119,500 210
6 AAC-3 1.613 2.176 606.2 606.2 119,500 210
7 CA-1 1.613 2.176 606.2 606.2 119,500 210
8 CA-2 1.613 2.176 606.2 606.2 119,500 210
9 CA-3 1.613 2.176 606.2 606.2 119,500 210

where: C—hollow clay blocks; AAC—autoclaved aerated blocks.

10 Markulak et al. (2020) [35] PF-M-1 1.613 2.176 13.670 13.670 111,200 210
11 PE-M-2 1.613 2.176 13.670 13.670 111,200 210
12 RE-M-1 1.613 2.176 606.2 606.2 119,500 210
13 RE-M-2 1.613 2.176 606.2 606.2 119,500 210
14 RE-MF-1 1.613 2.176 606.2 606.2 119,500 210
15 RE-MF-1 1.613 2.176 606.2 606.2 119,500 210

where: PF-M—Pinned steel frame infilled with masonry units of Type A; RF-M—Rigid steel frame infilled with masonry units of Type A;
RF-MF—Steel frame infilled with masonry units of Type A and Type B.

16  Liu and Soon (2012) [36] N-0 1.239 1.407 476 476 103,000 199.5
17 F-0 1.239 1.407 476 476 103,000 199.5
18 CF-1 1.239 1.407 476 476 103,000 199.5
19 CE-2 1.239 1.407 476 476 103,000 199.5
20 CF-3 1.239 1.407 476 476 103,000 199.5
21 P-0 1.239 1.407 476 476 103,000 199.5
22 CP-1 1.239 1.407 476 476 103,000 199.5
23 CP-2 1.239 1.407 476 476 103,000 199.5
24 CP-3 1.239 1.407 476 476 103,000 199.5
where: C—combined load; N—ungrouted infill, F—fully grouted infill; P—partially grouted infill
25  Tsantilis and Triantafillou (2018) [37] S0 0.905 1.667 1.317 1.317 16,640 210
26 S2 0.905 1.667 1.317 1.317 16,640 210
27 S4 0.905 1.667 1.317 1.317 16,640 210
where: SO—infilled frame; S2—cellular material 2mm at vertical slits; S4—cellular material 4 mm perimets.
28  Liu and Manesh (2013) [38] PINA 1.239 1.136 476 476 103,000 199.5
29 FINA 1.239 1.136 476 476 103,000 199.5
30 N3NA 1.239 1.136 476 476 103,000 199.5
31 P3NA 1.239 1.136 476 476 103,000 199.5
32 F3NA 1.239 1.136 476 476 103,000 199.5
33 P3NI 1.239 1.136 476 476 103,000 199.5
34 F3NI 1.239 1.136 476 476 103,000 199.5
35 P6NA 1.239 1.814 476 476 103,000 199.5
where: P—partially grouted; F—fully grouted; N—non-grouted; A—major column orientation in frame; [—minor column orientation in frame.
36 H.Moghaddam (2004) [39] S1 1.300 1.500 328 328 6,360 210
37 S2 1.300 1.500 328 328 6,360 210
38 S3 1.300 1.500 328 328 6,360 210
where: S1—solid brick, intact condition; S2—solid brick repaired (corner strengthened); S3—perforated brick intact condition.
39  Dawe and Seah (1989) [40] WA4 2.697 3.600 8.730 4.540 770,000 210
40 wWcC7 2.697 3.600 8.730 4.540 770,000 210

where: WA4—mortar between column flange and panel, but without bed-join reinforcement; WC7—mortar packed between column flanges and
panel, without mortar between panel and column flanges, with no joint reinforcement.

41 Mohammadi and Emami (2019) [41] M-RC-1B 1.500 2.250 2.510 606.2 324,900 185
42 M-PC-1B 1.500 2.250 2.510 606.2 324,900 185
43 M-RC-2B 1.500 2.250 2.510 606.2 324,900 185
44 M-PC-2B 1.500 2.250 2.510 606.2 324,900 185

where: M—masonry unit; R—rigid; P -pinned; 1—one way; 2—two bay.
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Table 1. Cont.

H L Andc Andb Wplc ES
# References Label (m) (m) (em?) (cm?) (mm?) (GPa)
45 Ravichandran (2009) [42] AAC 3.139 6.100 36.691 40.934 139,000 210

where: AAC—Autoclaved aerated concrete

46 Mohammadi et al. (2011) [43] SP1 2.070 3.000 541.20 541.20 88,340 210
47 CL-SP1 2.070 3.000 541.20 541.20 88,340 210
48 SP-2 2.070 3.000 541.20 541.20 88,340 210
49 CF-SP2 2.070 3.000 541.20 541.20 88,340 210
50 CP3 2.070 3.000 541.20 541.20 88,340 210
51 SF-SP3 2.070 3.000 541.20 541.20 88,340 210

where: SP1—three-layer infill, composed of 25 mm concrete, 100 mm brick, 25 mm concrete; CL-SP1—corner less; SP2—three-layer infill, two
100 mm masonry wall with 75 mm RC wall at the middle; CF-SP2—column fuse; CP3—three-layer infill, two 100mm masonry wall with
50 mm RC wall at the middle; SF-SP3—sliding fuse in the infill.

52 Najarkolaie et al. (2017) [44] DL 2.226 2.219 2.510 606.00 324,900 199

53 CL 2.226 2.219 2.510 606.00 324,900 199
where: DL—specimen distributed loading; CL—specimen concentrated loading.

54  Moghadam et al. (2006) [45] MS 2.020 1.800 541.20 541.20 88,340 170

55 MM 2.070 3.000 541.20 541.20 88,340 170
where: M—masonry.

56  Tasnimi and Mohebkhah (2011) [46] SW 1.870 2.400 541.20 541.20 88,340 210
where: SW—solid infilled frame

57  Hashemi et al. (2018) [47] IFS 1.753 1.100 1.673 1.033 245,100 203

58 IFM 1.753 1.752 1.673 1.033 245,100 203

59 IFL 1.753 2.502 1.673 1.033 245,100 203

where: IFS—infilled frame with small aspect ratio; IFM—infilled frame with medium aspect ratio; IFL—infilled frame with large aspect ratio.

Table 1 contains the parameters of the steel frame, such as height (H), width (L), column
and beam moment of inertia (And.; And), the module of elasticity (Es), and plasticity (Wy; ).

Figure 2 illustrates the steel frame scheme with the infill material. When the modulus
of elasticity for steel was unspecified, a standard value of 210,000 MPa was used in the
calculations. The plastic modulus, calculated based on the geometry of the element profile,
was utilized to determine the load-bearing capacity of the frame.

|

Figure 2. Scheme of a steel frame with infill material.

Table 2 presents the values of the following parameters for each frame considered:
height (Hy), length (Ly), width (ty) of masonry, vertical compressive strength of the ma-
sonry unit (f,) and masonry (f¢), and modulus of elasticity of masonry (E;,). In the locations
of empty fields, the values were not defined. In the considered articles, where the mod-
ulus of elasticity of masonry made of solid elements was not stated, the term given in
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EN 1996-1-1 [48] was used, while for aerated concrete infill elements, the term state in
CSA-5304-14 [49] was used.
E; = 1000- f, (1)

E,aac = (6500-f)*°, (2)
where the following is true:

E,;—modulus of elasticity of masonry;
E,, aac—modulus of elasticity of aerated concrete infill;
fr—compressive strength of masonry.

Table 2. Steel frame database—geometric and material characteristics of infill masonry.

. Hy Ly tw fb fk En

# References Label Fill (m) (m) (mm) (MPa) (MPa) (MPa)
1 Markulak et al. (2013) [34] C-1 HC 1.556 2.062 120 13.05 1.9 4600
2 C-2 HC 1.556 2.062 120 13.05 2.0 4600
3 C-3 HC 1.556 2.062 120 13.05 1.9 4600
4 AAC-1 AAC 1.556 2.062 120 213 1.06 1174
5 AAC-2 AAC 1.556 2.062 120 2.13 0.97 1174
6 AAC-3 AAC 1.556 2.062 120 2.13 1.05 1174
7 CA-1 HC+AAC 1.556 2.062 120 2.12 1.9 4600
8 CA-2 HC+AAC 1.556 2.062 120 2.03 2.0 4600
9 CA-3 HC+AAC 1.556 2.062 120 1.6 1.9 4600
10  Markulak et al. (2020) [35] PF-M-1 RBA-EP 1.548 2.062 120 4.04 3.13 2746
11 PF-M-2 RBA-EP 1.548 2.062 120 4.04 3.13 2746
12 RE-M-1 RBA-EP 1.548 2.062 120 4.04 3.13 2746
13 RE-M-2 RBA-EP 1.548 2.062 120 4.04 3.13 2746
14 RFE-MF-1 RBA-EP 1.548 2.062 120 4.04 3.13 2746
15 RE-MF-1 RBA-EP 1.548 2.062 120 4.04 3.13 2746
16  Liu and Soon (2012) [36] N-0 CMB 1.080 1.351 64 20.5 10.5 9920
17 F-0 CMB 1.080 1.351 64 20.5 9.10 10,100
18 CF-1 CMB 1.080 1.351 64 20.5 9.10 12,800
19 CE-2 CMB 1.080 1.351 64 20.5 9.10 12,800
20 CE-3 CMB 1.080 1.351 64 20.5 9.10 12,800
21 P-0 CMB 1.080 1.351 64 20.5 9.40 12,800
22 CP-1 CMB 1.080 1.351 64 20.5 9.40 12,800
23 CP-2 CMB 1.080 1.351 64 20.5 9.40 12,800
24 CP-3 CMB 1.080 1.351 64 20.5 9.40 12,800
25  Tsantilis and Triantafillou (2018) [37] SO HC 1.662 0.815 58 14.26 4.19 3890
26 S2 HC 1.662 0.815 58 14.26 4.19 3890
27 S4 HC 1.662 0.815 58 14.26 4.19 3890
28  Liu and Manesh (2013) [38] PINA CMB 1.080 1.080 64 20.5 9.7 10,940
29 FINA CMB 1.080 1.080 64 20.5 9.7 10,940
30 N3NA CMB 1.080 1.080 64 20.5 9.7 10,940
31 P3NA CMB 1.080 1.080 64 20.5 9.7 10,940
32 F3NA CMB 1.080 1.080 64 20.5 9.7 10,940
33 P3NI CMB 1.080 1.080 64 20.5 9.7 10,940
34 F3NI CMB 1.080 1.080 64 20.5 9.7 10,940
35 P6NA CMB 1.080 1.080 64 20.5 9.7 10,940
36 H. Moghaddam (2004) [39] S1 SB 1.240 1.380 110 - 3.50 782
37 S2 HC 1.240 1.380 110 - 2.95 782
38 S3 HC 1.240 1.380 110 - 2.28 1350
39 Dawe and Seah (1989) [40] WA4 HCB 2.597 3.348 200 24.4 18.92 31,303
40 WwWC7 HCB 2.597 3.348 200 334 23.57 33,691
41 Mohammadi and Emami (2019) [41] M-RC-1B  SB 1.386 2.079 55 - 8.30 1892
42 M-PC-1B SB 1.386 2.079 55 - 8.30 1892
43 M-RC-2B  SB 1.386 2.079 55 - 8.30 1892
44 M-PC-2B SB 1.386 2.079 55 - 8.30 1892
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Table 2. Cont.
. H, Ly tw E.

# References Label Fill (m) (m) (mm) (l\/{ll”a) (Nﬁ"a) (MPa)
45  Ravichandran (2009) [42] RF-AAC AAC 3.131 5.736 203 - 4.90 2041
46 ~ Mohammadi et al. (2011) [43] SP1 SB 2.000 2.860 150 6.70 4.90 4900
47 CL-SP1 SB 2.000 2.860 150 6.70 4.90 4900
48 SP-2 SB 2.000 2.860 275 13.0 4.90 4900
49 CF-SP2 SB 2.000 2.860 275 17.40 4.90 4900
50 CP3 SB 2.000 2.860 250 6.20 4.90 4900
51 SF-SP3 SB 2.000 2.860 250 10 4.90 4900
52 Najarkolaie et al. (2017) [44] DL SB 2.079 1.386 55 - 7.50 1425
53 CL SB 2.079 1.386 55 - 7.50 1425
54 Moghadam et al. (2006) [45] MS SB 1.630 0.960 56 29.0 4.90 2321
55 MM SB 1.630 0.960 56 29.0 4.90 2321
56  Tasnimi and Mohebkhah (2011) [46] SW SB 1.800 2.260 110 12.60 7.40 -
57  Hashemi et al. (2018) [47] IFS CspP 0.950 1.620 140 28.20 4.13 16,700
58 IFM Csp 1.600 1.620 140 28.20 4.13 16,700
59 IFL CSsp 2.650 1.620 140 28.20 413 16,700

Given the diverse range of infill materials incorporated into frame structures, it is
expected that the modulus of elasticity values exhibit considerable variability. This broad
range can be attributed to the distinct mechanical properties of the infill materials, which
are influenced by their composition, production methods, and exposure to environmen-
tal conditions. Such variability highlights the complexity of accurately modeling and
predicting the behavior of infill materials in structural applications.

Regarding the horizontal load, cyclic (quasi-static) loading was predominantly applied,
while the lateral force was applied monotonically in only two samples. Of the 59 frames
tested, six were subjected to both horizontal and vertical forces.

Figure 3 presents histograms of failure mechanisms based on the type of wall element
(solid or hollow).

30
27

25
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©
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o 15
b 13
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€
z 48 8
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6
5 4 4
0
cc DK SS FF
M solid 27 22 8 7
hollow 6 13 4 4

CC - corner crushing; DK - diagonal cracking; SS - sliding shear; FF - frame failure

Figure 3. Failure mode relationships for hollow and solid infill masonry.

In most cases, several damage mechanisms on one tested sample were observed, and
the database was thus adapted. According to Figure 3 histograms, the most common
failure mode for solid infill is the compression failure mode, characterized by crushing of
the infill at the corners (CC—failure). This failure mechanism is associated with higher
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compressive strength of the infill masonry and is consistent with the findings reported by
De Luca et al. [28] concerning the failure mode and the type of infill element. For hollow
blocks, diagonal cracking (DK) is the predominant failure mechanism, with numerous
cracks observed in the infill masonry. This eventually leads to block fallout or corner
crushing, which is the final stage of failure. In addition to the above failure mechanism,
failure in the mortar joints has been observed, which is characteristic of the masonry infill
with higher mortar compressive strength in relation to the vertical compressive strength of
the infill elements. Plasticization of the frame was recorded in only a few tested frames.
However, in some studies, experiments were conducted only up to the failure of the infill
elements or a specific displacement limit, making plasticization unattainable in certain cases.
Ultimately, it can be noted that this failure mechanism for steel frames is not represented
in this way. SS failure is less prevalent overall, with eight cases for full infill and four for
hollow infill. Lastly, FF failure is observed in seven full infill cases and four hollow infill
cases. These data suggest that full infill is more prone to failure across all mechanisms, with
CC and DK being the dominant types, while SS and FF failures are comparatively rare.

The main test results are initial stiffness (K};,;), secant stiffness (Ks), the value of the
force at the appearance of the first crack (F,), and the maximum force (Fyuqy) that the system
could withstand, and they are presented in Table 3.

Table 3. Experimental results.

Kiyi Ksec F qux
# References Label (N ;I';m) (KN/mm) (klzl) (1N)
1 Markulak et al. (2013) [34] C-1 32.07 - 59.0 139.0
2 C-2 27.89 - 70.0 139.0
3 C-3 34.00 - 51.0 128.0
4 AAC-1 26.93 - 54.0 152.0
5 AAC-2 15.07 - 51.0 139.0
6 AAC-3 17.50 - 49.0 146.0
7 CA-1 23.93 - 39.0 106.0
8 CA-2 23.26 - 40.0 93.0
9 CA-3 19.49 - 50.0 95.0
10 Markulak et al. (2020) [35] PF-M-1 7.90 - 24.80 60.0
11 PF-M-2 8.20 - 19.00 50.0
12 RF-M-1 14.40 - 69.50 130.0
13 RF-M-2 14.90 - 30.50 130.70
14 RF-MF-1 14.00 - 65.00 135.0
15 RFE-MF-1 14.30 - 68.50 137.0
16 Liu and Soon (2012) [36] N-0 - 18.70 62.00 77.0
17 F-0 - 26.90 128.0 132.0
18 CF-1 - 36.70 165.0 198.0
19 CF-2 - 32.0 150.0 169.0
20 CF-3 - 29.10 130.0 152.0
21 P-0 - 24.80 94.0 94.0
22 CP-1 - 26.30 80.0 126.0
23 CP-2 - 24.90 65.0 109.0
24 CP-3 - 25.60 75.0 89.0
25 Tsantilis and Triantafillou (2018) [37] SO - 11.98 - 107.54
26 S2 - 7.79 - 87.52
27 S4 - 6.66 - 98.0
28 Liu and Manesh (2013) [38] PINA 27.10 19.90 92.0 111.0
29 FINA 38.80 22.60 109.0 157.0
30 N3NA 24.30 18.70 62.0 77.0
31 P3NA 35.40 24.80 94.0 94.0
32 F3NA 17.90 13.10 63.0 79.0
33 P3NI 56.40 26.90 128.0 132.0
34 F3NI 21.40 18.40 46.0 128.0
35 P6NA 29.70 23.40 104.0 104.0
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Table 3. Cont.

Kini Ksec F, Frnax
# References Label (KN/mm) (KN/amum) (kKT) (KN)
36 H. Moghaddam (2004) [39] S1 22.10 - - 82.13
37 S3 31.65 - - 116.0
38 S5 42.85 - - 139.3
39 Dawe and Seah (1989) [40] WA4 63.0 - 211.0 4760
40 WC7 64.0 - 310.0 534.0
41 Mohammadi and Emami (2019) [41] M-RC-1B 10.64 - - 325.0
42 M-PC-1B 5.60 - - 290.0
43 M-RC-2B 17.20 - - 623.0
44 M-PC-2B 13.90 - - 288.0
45 Ravichandran (2009) [42] RF-AAC - - - 431.0
46 Mohammadi et al. (2011) [43] SP1 - - - -
47 CL-SP1 - - - -
48 SP-2 - - 304.0 412.0
49 CF-SP2 - - - -
50 CP3 - - 196.0 368.0
51 SF-SP3 - - 31.0 i,
52 Najarkolaie et al. (2017) [44] DL 13.40 - - 325.0
53 CL 10.60 - - 272.0
54 Moghadam et al. (2006) [45] MS 7.23 - - 21.85
55 MM 6.79 - - 147.16
56 Tasnimi and Mohebkhah (2011) [46] SW - - - 212.0
57 Hashemi et al. (2018) [47] IFS 20.10 - - 315.0
58 IFM 28.40 - - 394.0
59 IFL 31.90 - - 391.0

Figure 4 illustrates two loading schemes for the tested frames. The first scheme
involves cyclic loading without vertical load, characteristic of all studies except for those
numbered 18, 19, 20, 22, 23, and 24 in Table 1, where an additional vertical load was applied
to the beam. The second scheme in Figure 4 illustrates the application of vertical force, with
its positioning varying across different studies.

hydraulic cylinder
— hydraulic cylinder steel frame - hydraulic cylinder steel frame

REACTIVE FRAME { WALL
REACTIVE FRAME { WALL

Figure 4. Frames load scheme (left) load without vertical force, (right) load with vertical force.

An important aspect of this database is that the analytical expressions referenced in
subsequent sections do not account for vertical force. Therefore, experiments involving
additional vertical load are expected to deviate from the analytical results. These deviations
were analyzed to determine whether vertical force positively or negatively impacts the
load-bearing capacity and, specifically, whether it underestimates or overestimates the
capacity of a frame with infill masonry.

3. Database Analytical Terms/Expressions Used for Estimating the
Load-Bearing Capacity and Stiffness

Analytical expressions in various standards and codes provide guidelines for calcu-
lating the load-bearing capacity of masonry-infilled frames (Table 4). In this study, three
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different equations specified by regulations used in USA (FEMA-306) [50], Canada (CSA
5304-14) [49], and Europe (EN 1996, EN 1998) [48,51], as well as two different equations
(Paulay and Priestley [52] and Liauw and Kwan [53]) commonly found in the literature,
were taken into account in order to analytically calculate the load-bearing capacity of infill
walls. These expressions, based on the equivalent diagonal strut model, were used to
evaluate the system’s load-bearing capacity and deviations from actual behavior. Detailed
explanations and descriptions of the parameters found in Table 4 will be provided in the
subsequent sections.

Table 4. Suggested analytical terms for the load-bearing capacity of the masonry-infilled frames.

FEMA 306 [35]

Vi

_ 2
slide — Lf"fti”fEmG i

Sliding-shear capacity of the infill

Ve = atmff,’ncose

Compression resistance of the diagonal

— 2\/§'U'ur
Ver = (Ling y Fins Resistance to diagonal tensile cracking
hinf Linf
Ving = 0.3V Sheer resistance of infill masonry

EN 1996, EN 1998 [33,36]

Vw - fvtwLw

Sheer resistance of infill masonry

Ve kd = YRa2McRa/lc

Sheer force in the columns

CSA S304-14 [34]

P = (0.85)(4)mfrln> A,

Compression resistance of the diagonal

Vi = ¢m(vmbwdy + 0.25Pd) s

Resistance to diagonal tensile cracking

Vis = 0.16¢m\/ fmAuc + Ppmp(0.9V,stan(0)

Sheer resistance of infill masonry

Paulay and Priestley [37]

V _ fyOtwLw
s = Y/

_
1-7

Sheer resistance of infill masonry

R. = 5ztf', secd

Compression resistance of the diagonal

Liauw and Kwan [38]

Corner crushing with failure in columns and

2(M,i+M
Hy, 1 = octh- % infill /beam connections
Corner crushing with failure in beams and
H o, = ot 2(Myj+Myp) . 8 .
02 = tand o i infill/ column connections.
H 4M, | oth Diagonal crushing with failure in
e infill/beam connection
H 4M,,; o.th Diagonal crushing with failure in
ud = Tt e infill/column connections

4. Comparison of CSA S304-14 [49] Standard with Experimental Data

This section provides a detailed overview and analysis of the standard in question
and all experiments included in the database. This approach allows for a more precise
understanding of how analytical expressions assess load-bearing capacity and highlights
the behaviors of frames with infill walls that cannot be captured or defined by these
expressions. According to CSA S304-14 [49], there are three possible approaches to the
design of infill masonry in frame structures:

e Participating infill (diagonal strut approach). For frame structures with an infill wall that
lacks openings and where there is no direct connection between the frame and the wall,
the diagonal failure model is applied (Figure 5). However, if openings are present, it
must be demonstrated that diagonal failure remains a feasible failure mechanism.

o  Frame and infill composite action. When the infill shear wall is tied and bonded to the
frame to create a composite shear wall.

e Isolated infill masonry.
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Figure 5. Tested frame configurations ((left) without the action of vertical force—adapted from [36];
(right) with the action of vertical force—adapted from [38]).

In the following subsections, frames will be selected from groups of articles by the
same authors, accompanied by brief descriptions of the corresponding experiments (as
referenced, numbered, and labeled in Table 1). These selections aim to illustrate how
various factors related to the configuration of the frame with the infill wall influence
the final results, highlighting the limitation of analytical expressions in capturing certain
aspects. The parameters presented in the tables in this section are in accordance with the
CSA 5S304-14 standard [49] as previously defined.

4.1. Experimental Database—Markulak et al. (2013) [34] and Markulak et al. (2020) [35]

All specimens associated with the experiments conducted by the authors of the afore-
mentioned articles were subjected to quasi-static loading without vertical load. Of the
15 frames studied, only two were pinned. The masonry is enclosed within the steel frame
but lacks any structural connection to it, leaving a gap at the interface between the wall
and the frame. Additionally, the wall contains no openings, leading to a diagonal failure
mechanism as outlined in CSA S304-14 [49]. The results obtained from these experiments
are summarized in Table 5.

Table 5. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14 as
applied in the studies (according with) [34,35].

3 VEr Py Vin Vis Vik Vit Vex,
# Label Tnill Type (&N) (kN) (kN) (kN) (kN) )
1 C-1 HC 99.68 29.97 13.10 27.63 127.31 0.92
2 c2 HC 99.68 31.55 13.4 28.35 128.03 0.92
3 C3 HC 99.68 29.97 13.10 27.63 127.31 0.99
4 AAC-1 AAC 99.68 16.72 9.78 20.64 116.40 0.77
5 AAC-2 AAC 99.68 15.30 9.36 19.74 114.98 0.83
6 AAC3 AAC 99.68 16.56 9.74 20.54 116.24 0.80
7 CA-1 HC+AAC 99.68 24.45 10.68 26.68 124.13 117
8 CA-2 HC+AAC 99.68 25.73 10.9 27.38 125.42 135
9 CA-3 HC+AAC 99.68 24.45 10.68 26.68 124.13 131
10 PE-M-1 RBA-EP 745.30 49.37 12,61 35.34 780.64 13.01
11 PE-M-2 RBA-EP 745.30 49.37 1261 35.34 780.64 15.61
12 RF-M-1 RBA-EP 99.71 49.37 1261 35.34 135.05 1.04
13 RF-M-2 RBA-EP 99.71 49.37 12,61 35.34 135.05 1.03
14 RE-MF-1 RBA-EP 99.71 49.37 1261 35.34 135.05 1.00
15 RF-MF-1 RBA-EP 99.71 49.37 1261 35.34 135.05 0.99

Frame markings listed in Table 5 are as follows: C—brick block, AAC—aerated con-
crete, CA—a combination of aerated concrete and brick block in the wall, PE—pinned frame,
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RF—frame with clamped joints, M and MF—self-compacting concrete wall element with
recycled brick aggregates and polystyrene. The analytical results obtained in accordance
with CSA-5304-14 show a strong correlation with the experimental findings, particularly
for hollow wall elements (samples 1, 2, 3, 12, 13, 14, and 15), where diagonal compression
was identified as the primary failure mode. Despite differences in compressive strength
and modulus of elasticity between wall elements C and M, the analytical model provided
accurate load-bearing capacity estimates. However, larger deviations were observed with
aerated concrete wall elements, which showed insignificant diagonal compression failure.
Nevertheless, the analytical predictions correctly reflected their low resistance, which was
attributed to their very low compressive strength.

The failure in these samples occurred in the mortar joints, as YTONG glue (with higher
compressive strength than aerated concrete) replaced the mortar, a factor not included in the
analytical model. For the combined filling frame (samples 7, 8, and 9), the analytical results
showed larger discrepancies compared with experimental data due to the experiment’s
configuration, which the model could not predict. The main issue is accounting for the
compressive strength of the combined blocks, as aerated concrete blocks near the column
fail quickly, while brick blocks remain largely intact.

Samples 10 and 11 exceeded the expected resistance due to an inaccurately defined
joint frame bearing capacity (Vp,), while the masonry resistances were consistent with
those of the other samples. In conclusion, the comparison of the tested frames with the
analytical results showed relatively good agreement, particularly for samples with diagonal
compression failure. However, larger discrepancies were observed for frames exhibiting
shear failure.

4.2. Experimental Database—Liu and Soon (2012) [36] and Liu and Manesh (2013) [38]

The configuration presented in studies [36] and [38] consists of frames subjected to
both cyclic and vertical longitudinal loading. The masonry consists of concrete blocks,
which are either partially, fully, or not filled with mortar, depending on the pattern. The
masonry is framed by a steel frame, ensuring there are no gaps between the frame and the
masonry. The experimental setup conducted in refs. [36,38] is presented in Figure 5.

The obtained results are presented in Table 6, which were very uneven. The experiment
uses the following symbols: C—combined load, N—no filling of concrete blocks, F—fully
filled cavities in blocks, P—partially filled cavities in blocks, and 1, 2, 3—indicate the
intensity of the longitudinal force (samples: 18, 19, 20, 22, 23, 24). For samples 28-35, the
numbers represent the height/length ratio. Additionally, NI refers to a column-oriented
along the weaker axis, and NA refers to a column-oriented along the stronger axis. For
samples subjected to combined load, a vertical force of predetermined intensity was first
applied, followed by a horizontal load until the experiment was stopped.

Many samples deviate from the analytically predicted load capacity, likely due to
the high compressive strength of the concrete blocks. In sample 16 (without longitudinal
force and additional mortar inside the block cavities), the discrepancy is over 100%. In
comparison, sample 17 (no longitudinal force, fully filled cavities) shows a smaller deviation.
Masonry fully filled with mortar in cavities has lower compressive strength (9.1 MPa) but a
higher modulus of elasticity (12,800 MPa). The CF-1,2,3 samples align well with analytical
results despite not accounting for longitudinal force or the influence of the filling of concrete
blocks. Samples with different height/length ratios deviate significantly, except for FINA
(length-to-height ratio 1), which matches the analytical results, though this is questionable
due to the unaccounted impact of cavity filling. Experimental results show that longitudinal
force increases the load-bearing capacity, making analytical expressions with longitudinal
force conservative.



Buildings 2025, 15, 190

15 of 31

Table 6. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14 as
applied in the studies (adapted from) [36,38].

3 Ver Py Vin Vis Vik Vur! Vexp
# Label = Infill Type 4\ &N) (kN) kN) (N) (%)
16 N-0 CMB 114.72 57.88 15.47 4555 160.27 208
17 F-0 CMB 114.72 50.16 14.71 4351 158.23 1.20
18 CF-1 CMB 114.72 5016 15.02 44.61 150.33 0.80
19 CE-2 CMB 114.72 50.16 15.34 4571 160.43 095
20 CF-3 CMB 114.72 50.16 15.65 4681 161.53 1.06
21 P-0 CMB 114.72 5181 1622 48.70 163.42 1.74
2 CP-1 CMB 114.72 5181 16.54 49.82 164.54 131
23 CP-2 CMB 114.72 5181 16.86 5094 165.66 1.52
24 CP-3 CMB 114.72 5181 17.18 52.06 166.54 1.87
28 PINA CMB 114.72 1274 14.98 56.72 157.46 1.42
29 FINA CMB 114.72 4274 15.24 57.84 157.46 1.00
30 N3NA CMB 114.72 53.47 19.39 59.70 168.19 218
31 P3NA CMB 114.72 53.47 19.71 60.34 168.19 1.79
3 F3NA CMB 11472 53.47 2004 6198 168.19 213
33 N CMB 114.72 53.47 2036 63.12 168.19 1.27
34 F3NI CMB 114.72 53.47 20.68 64.25 168.19 1.38
35 P6NA CMB 114.72 69.57 27.33 72.36 184.30 1.77

4.3. Experimental Database—Tsantilis and Triantafillou (2020) [37]

The experimental setup conducted in ref. [37] is presented in Figure 6.

995

266

1667

367

2300

Figure 6. Tested frame with infill masonry according to (adapted from) [37].

Sample S0, presented in Table 7, is similar to previous samples, with no gap between

the frame and masonry, while the other two samples (52 and 54) were made in such a way

that there is a layer of polyethylene rubber of different thicknesses being placed on the

contact between the masonry infill and the frame. In this configuration, the masonry is

partially isolated from the frame, allowing for some displacement. The frames are subjected

exclusively to horizontal forces, with brick blocks used as infill elements. The results are

summarized in Table 7, where discrepancies from experimentally obtained data are evident.

These discrepancies are expected, particularly for S2 and 54, due to variations in sample
configurations compared with the equivalent diagonal model defined in CSA 5304-14 [49].
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Table 7. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14 as
applied in the study (adapted from) [37].

3 Ver Py Vin Vis Vik Vur! Vexp
# Label = Infill Type 4\ &N) (kN) kN) (N) (%)
25 S0 HC 42.06 25.75 14.37 33.76 67.80 0.63
26 52 HC 42.06 25.75 14.63 34.47 67.80 0.77
27 54 HC 42.06 25.75 14.89 35.18 67.80 0.69
4.4. Experimental Database—Moghadam (2004) [39] and Moghadam et al. (2006) [45]
The obtained analytical results of these studies are summarized in Table 8. Solid bricks
were used for samples 38, 54, and 55, while block bricks were used for the remaining two.
In samples 54 and 55, the gap between the masonry and the beam was filled with a layer
of concrete. As for comparing analytical and experimental values, similarities can be seen
only in samples 36 and 37, while the deviations for other samples are much larger. The
most noticeable similarity emerged once more in the sample where the failure along the
compressive diagonal was particularly significant.
Table 8. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14 as
applied in the studies (adapted from) [39,45].
3 Vir Py Vin Vis Vuk Vir! Vexp
# Label— Inill Type &N) &N) (N) (N) &N) (%)
36 S1 SB 65.54 19.71 13.09 45.06 85.24 1.04
37 S2 HC 65.54 28.55 12.20 42.08 94.09 0.81
38 S3 HC 65.54 22.06 10.88 37.62 87.60 0.63
54 MS SB 55.98 28.51 23.42 62.58 84.49 3.87
55 MM SB 54.63 28.51 23.69 63.39 83.14 0.56
4.5. Experimental Database—Mohammadi and Emami (2019) [41], Mohammadi et al. (2011) [43],
and Mohammadi et al. (2017) [44]
The experimental results presented in the aforementioned articles are summarized in
Table 9. The samples are categorized into three distinct groups: the first group includes
samples 41-44, the second group comprises samples 46-51, and the third group consists of
samples 52 and 53.
Table 9. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14,
as applied in the studies (adapted from) [41,43,44].
. Vir Py Vin Vis Vik Vuk! Vexp
# Label — InfllType o) (kN) kN) KN) (KN) %)
41 M-RC-1B SB 254.78 60.50 32.66 91.28 315.29 0.97
42 M-PC-1B SB 254.78 60.50 33.12 92.72 315.29 1.09
43 M-RC-2B SB 254.78 60.50 33.58 94.16 315.29 0.51
44 M-PC-2B SB 254.78 60.50 34.04 95.59 315.29 1.09
46 SP1 SB 47.80 134.01 36.95 107.03 154.82 -
47 CL-SP1 SB 47.80 134.01 37.44 108.59 156.39 -
48 Sp-2 SB 47.80 245.68 37.92 110.15 157.95 0.38
49 CE-SP2 SB 47.80 245.68 38.41 111.71 159.51 -
50 CP3 SB 47.80 223.35 38.90 113.28 161.07 0.44
51 SF-SP3 SB 47.80 223.35 39.38 114.84 162.64 -
52 DL SB 186.82 69.25 40.60 115.34 256.07 0.79
53 CL SB 186.82 69.25 41.09 116.88 256.07 0.94
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All frames were subjected to horizontal loading and filled with solid brick wall ele-
ments. The first group of experiments aimed to evaluate the effects of connections (fixed
or pinned) and the influence of multiple spans. Comparisons of the results for samples 41
and 43 reveal that the analytical expressions do not accurately estimate the load-bearing
capacity of multi-span frames, as observed in sample 43. However, for the same frame
configuration with a single span (sample 41), the results align within a 3% margin. Fur-
thermore, for pinned frames (samples 42 and 44), the concordance between analytical and
experimental results is relatively good. This is especially notable given the significant
discrepancies observed in previously tested pinned frames (Table 5) when compared to the
experimental results.

For the Group 2 samples, values for samples 46, 47, 49, and 51 were omitted due to the
absence of bearing capacity data. Significant discrepancies were observed for samples 48
and 50 when compared to the experimental results. In Group 3, the primary difference lies
in the method of force transfer to the frame. For sample 52, the horizontal force was applied
to the reactive beam, resulting in a continuous load transfer to the frame. In contrast, for
sample 53, the force was applied directly to the frame. These differing transfer methods
resulted in analytical estimates with a 6% deviation for sample 53 and a 21% deviation for
sample 52. These findings underscore the critical importance of force transfer mechanisms,
alongside span configuration and connection type (fixed or pinned), in accurately defining
load-bearing capacity through analytical models.

In Figure 7, the experimental setup conducted in ref. [41] is presented.
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Figure 7. Tested frame with infill masonry according to ref. [41].

4.6. Experimental Database—Ravichandran (2009) [42]

The experimental setup conducted in ref. [42] is presented in Figure 8.
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Table 10 shows the results from the work of Ravichandran (2009) [42]. The frame is
loaded cyclically and is filled with aerated concrete wall elements. All gaps between the
frame and the filling elements are filled with mortar.

Table 10. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14
as applied in the studies (adapted from) [42].

Label

Infill Type VER

Py Vin Vis Vuk Vur! Vexp
(kN) (kN) (kN) (kN) (kN) (%)

45

RF-AAC

AAC 61.05 298.72 66.25 169.10 230.15 0.53

During the experiment, cracking in the masonry developed gradually along the mortar
joints, culminating in the formation of a compression diagonal crack. However, the ultimate
failure was not caused by the masonry itself but rather by the plasticization of the steel
frame. As shown in Table 10, the analytical expression tends to underestimate the system’s
load-bearing capacity. The minimum load value is governed by the shear resistance, V.
Upon evaluating the load-bearing values, it is evident that the diagonal and shear capacities
substantially exceed the frame’s load-bearing capacity. This discrepancy may be attributed
to the large height-to-length ratio of the frame, which influences the diagonal length and,
consequently, reduces the frame’s load capacity.

4.7. Experimental Database—Tasnimi and Mohebkhah (2011) [46]

In the study conducted by Tasnimi and Mohebkhah (2011) [46], a steel frame filled with
solid brick wall elements (Figure 9) was subjected to cyclical loading. Table 11 shows the
results, comparing analytical calculations with experimental outcomes. A reasonably good
correlation was observed, with a deviation of 17%. The failure mechanism of this sample
involved the cracking of the wall element at the corners, occurring after the compressive
strength of the material was exceeded, followed by the formation of a compressive diagonal.
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Figure 9. Tested frame with infill masonry according to ref. [46].

Table 11. Calculation of load-bearing capacity of masonry-infilled frames according to CSA S304-14
as applied in the studies (adapted from) [46].

Label

Infill Type

VEr Py, Vin Vs Vauk Vi Vexp
(kN) (kN) (kN) (kN) (kN) (%)

56

SW

SB 59,52 117.28 42.26 135.87 363.52 0.83
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5. Comparison of Analytical Expressions and Experimental Data

The main purpose of this section is to examine the ratio of experimental to analytical re-
sults (presented as a percentage) to pinpoint deviations from established norms and assess
whether the analytical expressions overestimate or underestimate load-bearing capacity. A
ratio below 1.0 indicates underestimation, while a ratio above 1.0 suggests overestimation.
However, this metric alone does not fully reflect the structural reliability; rather, it evaluates
the analytical expression’s accuracy. The analysis offers a general comparison of experimen-
tal and analytical outcomes but acknowledges limitations, as analytical models exclude the
load-bearing effects of vertical longitudinal forces on columns. Results from experiments
involving non-cyclic and vertical loads should, therefore, be interpreted cautiously. The
following sections will present the results and examine the influence of key parameters,
including the type of infill element, the compressive strength of the infill, and the ratio of
frame height to width, on the system’s load capacity. These parameters are considered
because they are commonly included in load calculation equations and have a direct impact
on the results. The total load-bearing capacity of the system is defined as the sum of the
load-bearing capacities of the frame and the infill wall, as recommended in the studies by
Saneinejad (1990) [54] and Tasnimi and Mohebkhah (2011) [46].

Vik = ViR + Vinf,minr ®3)

where the following is true:

V.xk—the total load-bearing capacity of the system;
Vrr—frame bearing capacity;
Vinfmin—the minimum load-bearing capacity value of the infill masonry, depending on the norm.

The minimum value signifies the infill wall’s load-bearing capacity, reflecting early-
stage diagonal cracking rather than failure. The frame’s load-bearing capacity is calculated
using Salmon and Johnson’s (1996) [55] expression:

Vir = 4M,/h, 4)

where the following is true:

Vrr—frame bearing capacity;
My —plastic flexural resistance of column;
h—the height of the column.

Based on the expression for the load-bearing capacity of the frame, it is evident that
the load-bearing capacity depends on both the geometry of the frame and the material
properties of the columns, as consistently stated in the literature. This minimizes data
gaps, which are a common limitation in expressions used to calculate the load-bearing
capacity of masonry. The load-bearing capacity of the frame, as defined by the expression,
depends on its geometry and the material properties of the columns, minimizing data
gaps, unlike expressions for masonry load-bearing capacity. Previous studies do not define
an “acceptable” discrepancy between analytical and experimental results. In this paper,
a deviation of 10% from experimental results was considered acceptable for comparing
analytical expressions from various standards.

5.1. Calculation of the Load-Bearing Capacity of the Frame with Infill Elements According to
FEMA 306 [50]

FEMA 306 [50] identifies five types of failure for calculating the load-bearing capacity
of infill walls, with the final type accounting for the impact of reinforcement. However, since
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the database has been limited to experiments involving infill walls without reinforcement,
the influence of reinforcement will not be considered in the calculations.
Sliding-Shear failure.
Vitide = Lingtinf Ent?p 5)

The shear failure is determined based on Mohr—Coulomb’s failure criteria.

Due to not knowing the parameter 6, which is associated with inter-story displacement
and is not reported in all studies, the Mohr-Coulomb failure criteria were applied using
the following formula to calculate shear resistance along the mortar joint:

Viide = (T0+ 0ytang) Linsting (6)
In case of insufficient data, parameter Ty can be defined as follows:

0 = f e 90/20 @)

The angle of friction (tan¢) actually represents the coefficient of friction p (it can be
taken as 0.4).
Compression failure of the equivalent diagonal strut.

V. = atinff,/ncose (8)

Compressive capacity is defined as the shear force or horizontal component of the action
of the equivalent diagonal. The parameter o denotes the width of the equivalent diagonal.
Diagonal tension failure of the panel.

2\/2'0’(7
L; h;
inf inf
(hinf + Linf)
Diagonal tensile cracking is determined following the recommendations of Saneinejad

and Hobbs (1995) [56]. This term is also employed in FEMA 306 for the calculation of
diagonal cracking.

Vcr - (9)

General shear failure of the panel
Ving = 0.3Vii, (10)

where the following is true:

V'siige—initial sliding-shear capacity of the infill;

V.—the shear force (horizontal component of the diagonal strut capacity);
V—the cracking shear in the infill;

Vyr—final shear capacity as a result of cyclic loading effects;
Vni—available initial shear capacity that is consumed during the first half-cyclic (mono-
tonic) loading;

Lis—length of infill panel;

tiyr—thickness of infill panel and equivalent strut;

hi,/—height of infill panel;

a—equivalent strut width;

t—infill thickness;

E;,—Young’s modulus of the masonry;

f—angle whose tangent is the infill height-to-length aspect ratio;
u—coefficient of sliding friction along the bed joint;

¢—the angle of sliding friction of the masonry along a bed joint;
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To—cohesive capacity of the mortar beds;

oe—the cracking capacity of masonry;

f'me,90—expected strength of masonry in the horizontal direction, which may be set at 50%
of the expected stacked prism strength ;.

Shear failure of the infill masonry wall is based on the expressions of Paulay and
Priestley (1991) [52].

Based on the calculated results, a comparison of load-bearing capacities determined
using FEMA 306 [50] for the analyzed database was performed, emphasizing the percentage
of experiments with deviations above or below 10%. Although a larger proportion of
experiments exhibit deviations exceeding 10%, analysis of the complete database identifies
several samples with deviations close to this threshold. The most critical concern arises in
cases where deviations surpass 50%. Contributing factors to these discrepancies include
the impact of vertical forces, boundary conditions between steel and infill masonry, and the
initial stiffness of the system. The load-bearing capacity estimates vary depending on the
type of wall element (hollow or solid). For hollow wall elements, analytical expressions
tend to overestimate the system’s load-bearing capacity, whereas for solid wall elements,
the estimates align more closely with the actual values. Regarding the relationship between
the height-to-length ratio of the infill wall (H/L) and load-bearing capacity estimation,
analytical expressions tend to overestimate the load-bearing capacity for frames with an
H/L ratio of less than 1.0. In contrast, for frames with a H/L ratio greater than 1.0, these
expressions typically underestimate the load-bearing capacity. The relationship between the
vertical compressive strength of the infill elements and the load-bearing capacity obtained
from analytical expressions was also analyzed. Infill elements were categorized as “strong”
and “weak.” Regardless of their compressive strength, analytical expressions consistently
overestimate the load-bearing capacity of the infill wall.

5.2. Calculation of Load-Bearing Capacity of Frames with Infill Masonry According to CSA
5304-14 (R2019) [49]

CSA 304-14 (R2019) [49] standard states that, for infill masonry design, the method
of equivalent diagonal (Figure 10) should be used, with the main parameters being the
diagonal width and the contact length between masonry and the frame.

IR l, il

|
|
|
P |
|
strut width }
W, A

Figure 10. Analytical model of replacement diagonal—(adapted from [49]).

The design of infill masonry should consider the following failure mechanisms.
Compressive failure of the equivalent diagonal strut.

Py = (0.85x¢mf’ ) Ae (11)
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In calculating the compressive failure of the equivalent diagonal, the CSA S304-14 [49]
standard uniquely incorporates masonry slenderness as a criterion, addressing failure
caused by bending. To prevent buckling, the compressive force in the equivalent diagonal
must remain below the critical buckling force. Given the varying height-to-width ratios of
masonry in the experimental dataset, the potential for buckling is explicitly considered in
this analysis.

Diagonal tensile resistance.

Ve = Qbm(vmbwdv + 0'25Pd)’7g (12)

Shear resistance of masonry.

Vis = 0.16¢m\/ frnAuc + Pmpt (0.9Vistan(6)), (13)

where the following is true:

P,—the factored axial load resistance;

V,—factored shear resistance;

Vin—shear strength attributed to the masonry;

Vys—shear resistance of masonry;

P —axial compressive load on the section under consideration, based on 0.9 times dead
load plus any factored axial load arising from bending in coupling beams where applicable;
x—factor used to account for the direction of compressive stress in a masonry member
relative to the direction used for the determination of f;

¢m—resistance factor for masonry;

' m—compressive strength of masonry normal to the bed joint at 28 days;

d—distance from extreme compression fiber to centroid of tension reinforcement;
A.—effective cross-sectional area of masonry;

A,c—uncracked area of the cross-section;

v;—factored shear resistance of masonry members provided by the masonry;
by,—overall web width, which does not include flanges or projections formed by intersect-
ing walls when calculating factored shear resistance of walls;

dy,—effective depth for shear calculations, taken as the greater of 0.94 or 0.72h;, but need
not be taken as less than 0.8, for walls;

lw—wall length;

hy—overall height of a beam;

yg—factor to account for partially grouted walls or columns or ungrouted walls and
columns when calculating the shear resistance;

u—the friction coefficient;

f—angle of diagonal strut measured from the horizontal.

The friction coefficient i can be taken as 1.0.

The following conclusions were drawn after calculating the load-bearing capacity of
masonry-infilled frames using CSA S304-14 [49].

A comparison of the estimated load-bearing capacity according to CSA S304-14 reveals
that 27% of the samples exhibit deviations below 10%, while 56% show deviations exceed-
ing 10%. Similar to the results obtained using FEMA 306 [49], some samples have values
close to the 10% threshold. Additionally, CSA S304-14 indicates that, regardless of the type
of infill element (hollow or solid), the load-bearing capacity determined using analytical
expressions tends to be overestimated. The relationship between the height-to-length ratio
of the frame and the load-bearing capacity obtained through analytical expressions was
analyzed. For frames with smaller height-to-width ratios, the analytically determined
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load-bearing capacity was overestimated compared with experimentally measured values.
Additionally, the influence of vertical compressive strength of infill elements, categorized as
“strong” or “weak,” on the analytically derived load capacities was examined. Regardless
of the compressive strength magnitude, analytical expressions consistently overestimated
the load-bearing capacity (about 63% for “strong” infills and 69% for “weak” infills).

5.3. Calculation of the Load-Bearing Capacity of the Frame with Infill Masonry According to
Paulay and Priestley (1991) [52]

Paulay and Priestley (1991) also represent the infill wall using the equivalent di-
agonal model. However, unlike the diagonal width defined in FEMA 306 [50] and
CSA 5304-14 [49], Paulay and Priestley (1991) defined the equivalent diagonal width in
analytical terms as 25% of the diagonal length. The following failure modes are defined
according to work conducted by Paulay and Priestley [52].

Compression on the failure of a diagonal strut.

R. = gztf’msece (14)

The parameter z represents the contact length between the wall and the column.
Shear resistance of masonry.

_ va tw Lw

‘/S I/[h/
-

(15)

where the following is true:

R.—the diagonal compression failure force;

z—vertical length between panel and column;

t—infill thickness;

f m—compression strength of the masonry;

f—the angle between the diagonal strut and the horizontal;
Vs—shear resistance of the masonry infill panel
foo—design shear strength of masonry;

ty—thickness of web of a flanged wall;

Ly—Ilength of the infill masonry wall (between the columns)
h—overall thickness of member;

L—interaxis length (between the columns axis)

p—the friction coefficient.

This failure mode of the infill wall is initiated by the formation of plastic hinges at the
mid-height of the column. Subsequently, as shear forces are fully transferred through the
wall, ultimate failure occurs. The coefficient of friction (u) is assumed to be 0.3.

The following conclusions were derived after completing the calculation of the load-
bearing capacity of masonry-infilled frames.

The deviations in load-bearing capacity calculated using analytical expressions, com-
pared with experimentally obtained values, were analyzed according to the method pro-
posed by Paulay and Priestley [52]. The results indicate that 22% of the samples exhibited
deviations of less than 10%, a percentage comparable to that observed with FEMA 306 [50],
which stands at 24%. For hollow infill elements, the proportion of tested samples with
overestimated load-bearing capacity was significantly higher, at 74%. In contrast, for solid
infill elements, this proportion was considerably lower, at 54%.

With respect to the height-to-length ratio of the infill wall and its relationship to the
estimated load-bearing capacity of the frame, the results indicate that frames with an
H/L ratio of less than 1.0 tend to have their load capacity overestimated by analytical
methods. Conversely, frames with a H/L ratio greater than 1.0 are typically underestimated.
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When estimating the load-bearing capacity of masonry-infilled frames based on the vertical
compressive strength of the infill elements, the elements were categorized as “strong”
and “weak” infills. Similar to previous analytical expressions, the load-bearing capacity
was overestimated in both cases, with overestimations occurring in approximately 65% of
“strong” infills and 71% of “weak” infills.

5.4. Calculation of the Load-Bearing Capacity of the Masonry-Infilled Frame According to EN
1996-1 and EN 1998-1 [48,51]

The analysis of frame structures incorporating infill masonry, as outlined in EN 1996
and EN 1998, is contingent upon the degree of interaction between the infill masonry and
the frame, specifically their interconnectedness. When the frame and the load-bearing
masonry are integrally connected to function as a composite unit, the structural analysis is
conducted in accordance with the principles governing composite structures. Conversely,
if the frame and the load-bearing masonry are fully separated, the analysis is performed
assuming the frame behaves as a bare steel structure. An intermediate scenario arises when
the infill masonry is in contact with the steel frame but lacks a mechanical connection; this
configuration necessitates a distinct approach to structural modeling and analysis.

The design value of the shear resistance:

VRd = fvtwLw (16)

From the above expression it can be concluded that the horizontal force is actually
equal to the shear strength of the masonry estimated from the shear strength of the hor-
izontal joint. The masonry shear strength can be characterized as shear strength at zero
compressive loads (fyxg)-

Shear force in the columns:

Ve Ed = YRa2Mera/ L, (17)

where the following is true:

Vzi—the design value of the shear resistance;

V. gs—the shear force in the columns;

M, rg—the flexural capacity of the column;

fo—is the design shear strength of masonry;

t.—is the thickness of the wall;

L,—is the length of the wall;

l—contact length, should be assumed to be equal to the full vertical width of the diagonal
strut of the infill;

Yrd—is the factor accounting for possible overstrength due to steel strain hardening.

The shear force in the aforementioned expression was determined following the
principles of bearing capacity calculation, specifically by considering the equilibrium of the
column under the moments generated at both ends of the tangential length, /..

From the aforementioned expressions, it can be concluded that the initial calculation
necessitates a shear resistance value. However, since the shear resistance value is not
provided in the articles utilized for the considered database, the calculation in accordance
with EN 1998 [51] was conducted exclusively for articles where this parameter was explicitly
specified. As per the guidelines of EN 1998, the contact length is assumed to be equal to
the total vertical width of the diagonal strut of the infill wall.

The assessment of the system based on EN 1996-1 [48] and EN 1998-1 [51] cannot be
considered fully representative when compared to other standards and studies presented
primarily due to the limited availability of data. This scarcity of data, particularly experi-
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mental results, arises from the absence of a crucial input parameter: shear resistance. A
comparison of the load-bearing capacity assessment of frames with infill masonry, as per
EN 1998, reveals a percentage of samples with deviations below 10%, accounting for 35%,
and a percentage of 65% for deviations above 10%. The evaluation of load capacity based
on the height-to-length (H/L) ratio of the frame indicates that, for both categories of H/L
ratios, the analytical expressions tend to overestimate the system’s load capacity. However,
the data corresponding to frames with an H/L ratio greater than 1.0 are not statistically
significant, as they are derived from only a single sample with such geometric charac-
teristics. The assessment of the dependence of the vertical compressive strength of the
infill element in relation to the load capacity according to EN 1998-1 reveals that, despite
the limited number of samples, the analytical expressions consistently overestimated the
load-bearing capacity. This overestimation was approximately 80% for “strong” infills and
92% for “weak” infills.

5.5. Calculation of the Load-Bearing Capacity of the Frame with Infill Masonry According to Liauw
and Kwan (1983) [53]

Liauw and Kwan [53] considered the minimum shear resistance value among various
types of fractures as the governing factor. Relations are presented for both single-story
and multi-story infilled frames. According to their study, four distinct failure modes were
identified, with the load-bearing capacity analyzed in relation to the height-to-length ratio
of the masonry for each case (single- or multi-story). In the following, the equations for
each of the four failure modes for single-story infilled frames will be presented. Liauw and
Kwan define the shear force values for cases where the height of the masonry exceeds or is
less than its length. The failure modes described by Liauw and Kwan are as follows:

Mode 1—corner crushing with failure in columns and infill/beam connections.

2(Mp; + Mpc)

H,1 = o.th-
u,1 c O_Cthz

+s(l —h/2), whenl > h (18)

2(Mp; + Mpc)

H, 1 = o.th-
u,l c U_Cthz

+sl/2,whenl < h (19)

Mode 2—corner crushing with failure in beams and infill/column connections.

2 (ij + Mpb)

1
u,2 m U'Cth o'cthz —|— Sh/z ,Z()hen l > h (20)
_ L octh 2(]v%'—i_l\%h)—|—s(h—l/2) whenl < h (21)
w2 g |°C octh? ’

Mode 3—diagonal crushing with failure in infill/beam connection.

4M,;
H,3 = ij + chh +s(h—1/2), whenl > h (22)
4M,;i
Hu,3 = TP] + UCTth +sh/2, whenl < h (23)

Mode 4—diagonal crushing with failure in infill/column connections.

Hu4 = 74ij + UCth
’ h 6tan26

+ sh/2tanf, whenl > h, (24)
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Hu4 = 74ij + UCth
’ h 6tan®6

where the following is true:

+s(h—1/2)/tand, whenl < h (25)

H,—collapse shear;

M;—plastic moment of the (the smallest value of Mpc and Mpy);
Mpc—plastic moment of the column;

Mp,—plastic moment of the beam;

o—crushing stress of the panel material;

s—shear strength of interface connection (force per unit length);
t—thickness of the infill wall;

h—story height;

[—span of the infilled frame;

f—angle between the diagonal of the infilled panel and the horizontal.

Corner crushing is independent of the height-to-width ratio, and in both cases, the
same expressions are utilized to describe this failure mode.

The calculation of load-bearing capacity, according to Liauw and Kwan [53], compared
with the methods proposed by other authors, exhibits the highest percentage of discrep-
ancies, with 93% of the capacities exceeding a 10% deviation threshold. However, other
estimates of bearing capacity coincide with other analytical expressions where the bearing
capacity is overestimated. For frames with smaller height-to-width ratios, the analytically
determined load-bearing capacity was found to be overestimated when compared with
experimentally measured values. What distinguishes Liauw and Kwan’s approach most no-
tably is their definition of load-bearing capacity as a function of the H/L ratio, as reflected in
their equations. However, ultimately, both cases result in an overestimation of load-bearing
capacity compared with the experimental results. Additionally, the impact of the vertical
compressive strength of infill elements, classified as either “strong” or “weak,” on the
analytically derived load capacities was analyzed. Regardless of the compressive strength
value, the analytical expressions consistently overestimated the load-bearing capacity, with
deviations of approximately 78% for “strong” infills and 71% for “weak” infills.

5.6. Conclusions on the Analytical Expressions and Experimental Data Comparison

To effectively illustrate the comparison between various analytical expressions, a
histogram is presented in Figure 11, depicting the percentages of cases where the deviation
is less than 10%. Based on this analysis, CSA S304-14 [49] demonstrates the highest
percentage of experiments with deviations below this threshold. However, despite showing
a considerable proportion of minor deviations, EN 1996 [48] and EN 1998 [51] were excluded
from the analysis due to the limited number of experiments included in their evaluation.
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Figure 11. Comparisons of results obtained by analytical expressions.
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Deviation

Deviation

Based on this analysis, the CSA S304-14 [49] standard yields the highest percentage of
experiments with deviations below 10%, accounting for 27% of the total tested samples. In
contrast, EN 1996 [48] and EN 1998 [51], although showing a significant proportion of small
deviations, were deemed less relevant due to the limited number of experiments considered.
Following CSA 5304-14 [49], FEMA 306 [50] produces results comparable to those of Paulay
and Priestley’s [52] expressions. The lowest percentage is observed in Liauw and Kwan’s [53]
approach, with only 7% of experiments exhibiting deviations below 10%.

A comprehensive analysis of the comparative outcomes illustrated in Figure 11 is
further illustrated in Figure 12. This figure provides calculations for each experiment
performed according to the referenced standards and displayed across individual deviation
ranges on a scale from 1% to 100%.
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Figure 12. Comparative results of experiments: (a) FEMA 306 [50]; (b) CSA S304-14 [49]; (c) Paulay
and Priestley (1991) [52]; (d) EN 1996 [48] and EN 1998 [51]; (e) Liauw and Kwan (1983) [53].
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This approach graphically illustrates the extent to which analytical results vary within
the boundaries defined by the same expressions and highlights the trends of deviations
within specific ranges. Experiments with deviations exceeding 100% were excluded from
the charts. In the ordinate axis of the charts, the percentage of deviations is displayed,
while the abscissa represents the sequence number of experiments as listed in Table 1.

6. Conclusions

This paper presented a database of steel frames with infill masonry aimed at estimating
the under horizontal loads simulating seismic conditions. Using input data from all
tested frames with infill walls, an attempt was made to analytically determine the load-
bearing capacity based on the formula from Table 4 and compare it to experimentally
obtained results.

The total load-bearing capacity was calculated as the sum of the frame’s and the infill
wall’s load-bearing capacities. These values were then compared to standards and studies
from various researchers found in the literature to assess their accuracy and reliability.
Based on the obtained results, the following conclusions can be drawn:

e  The equivalent diagonal model, utilized in all analytical expressions, can provide
highly accurate estimations of load-bearing capacities that closely align with the exper-
imental results. However, this accuracy is significantly influenced by the configuration
of both the frame and the infill wall, as well as their interaction and interconnection. It
is important to note that the behavior observed before failure cannot be captured by
the equivalent diagonal model, as the interaction between the frame and the infill wall
exhibits distinctly nonlinear characteristics, which the model does not account for.

e  The type of infill element, whether hollow or solid, as well as the size of the vertical
compressive strength, did not significantly impact the obtained results. Regardless
of the type of infill element, the analytical expressions consistently overestimated the
load-bearing capacity.

e  The influence of longitudinal force enhances the load-bearing capacity of the frame,
with the load-bearing capacity increasing as the longitudinal force increases. In
the presence of longitudinal force, analytical expressions tend to be conservative,
providing significantly lower load-bearing values compared with experimental results,
which ensures a safety margin.

e The manner in which the force is transferred to the frame—whether directly or
indirectly—significantly influences the analytical results. In the equivalent diago-
nal model, the force is applied directly to the node, the column and the beam, and
experiments with this type of load application yield more accurate results compared
with those where the load is applied indirectly.

e  Steel frames with an infill wall, where the failure mode occurred diagonally along
the compression diagonal and ultimately led to corner crushing, show better agree-
ment with analytical expressions. This is in contrast to cases where failure occurs
through shear failure in the mortar joints, which tend to exhibit discrepancies with the
analytical predictions.

e  The database can be utilized to develop numerical models, which can subsequently serve
as the foundation for probabilistic methods used in conducting reliability assessments.
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