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ABSTRACT: Masonry infill walls are commonly used in reinforced concrete (RC)
frame buildings for both architectural and environmental reasons. Although many
consider RC systems to be non-structural, their interaction with surrounding frames
can have a significant impact on their lateral stiffness, strength, and seismic performance.
This can lead to stiffness issues and soft-story failures during earthquakes. This study
looks at the structural function of masonry infills. It compares the experimental load-
displacement backbone curve of an infilled RC frame with numerical predictions from
four well-known Equivalent Diagonal Strut (EDS) models: Holmes, Mainstone, Liau
and Kwan, and Paulay and Priestley. We looked at how well the models performed for
both serviceability (initial stiffness) and ultimate limit states (peak lateral strength). The
findings demonstrate a definite trade-off in predictive accuracy. With a mean stiffness
ratio of 1.38, the Mainstone model yielded the most accurate estimate of elastic stiffness.
The Holmes and Liau and Kwan models, on the other hand, significantly overestimated
stiffness (ratio = 1.92). All models were conservative (ratios < 1.0) for peak strength.
Holmes and Liau and Kwan produced the closest predictions (ratio = 0.84), while
Mainstone was the most conservative (ratio = 0.80). These results indicate that the best
choice of EDS model depends on the design goal: Mainstone is better for serviceability
assessments, while Holmes and Liau and Kwan provide more realistic predictions for
ultimate lateral capacity.

Keywords: EDS material model, Infill walls, Seismic response, Initial stiffness,
Lateral strength

1. INTRODUCTION

Around the world, reinforced concrete (RC) structures frequently use brick
masonry. In addition to acting as architectural partitions, red-brick infill panels of-
fer acoustic and thermal insulation. These panels encounter in-plane forces from the
surrounding frame when exposed to seismic forces [1, 2]. Over many years, various
experimental and numerical studies have shown that masonry infills can significantly
increase the global stiffness and strength of steel and RC frames. They can also alter
drift patterns and the overall distribution of damage [3, 4, S]. However, in design prac-
tice, the structural role of infill walls is often ignored. They are treated as non-structural
elements S, 6, 7].

Recent research indicates that this simplification of modelling could lead to an
incorrect assessment of seismic behaviour. The placement and distribution of infill
walls can significantly affect lateral response. Sometimes, they create vertical irreg-
ularities that change torsional behaviour and promote soft-story mechanisms. This
increases the risk of collapse [7, 8]. These findings highlight the need for improved
representation of masonry infills in structural analysis, especially for buildings that
may experience strong ground motions.

Several factors influence the mechanical contribution of brick infill panels.
These include the size and arrangement of openings, the quality of the frame-wall
connection, and the material properties of the bricks and mortar. Experimental
results consistently show that openings reduce the stiffness and strength of infills.
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Their effect is closely related to the geometry and placement of the
openings [9, 10, 11]. The connection between the frame and the
masonry is also important. A strong bond improves load transfer
compared to weak or unbonded connections [11, 12]. Further-
more, the strength and flexibility of the units and mortar dictate
the main failure modes, while the wall aspect ratio and vertical
loading conditions affect the overall response of the system [10,
11,12, 13].

To understand these complex mechanisms, researchers have
developed various modelling strategies. Advanced finite element
(FE) micro-models directly replicate mortar joints, interfaces, and
masonry units. This makes it possible to accurately replicate bond-
slip, cracking, and crushing behaviour under cyclic loading [4,
11, 14]. Simplified macro-models use combined shell-spring rep-
resentations, nonlinear springs, or equivalent diagonal struts for
larger studies. These options allow for better computation. They
work well in probabilistic or parametric analyses [14, 15]. Recent
FE studies show that predicted stiffness, drift demands, and dam-
age progression are strongly influenced by the opening representa-
tion, interface modelling, and specific cyclic constitutive laws [8,
15, 16].

In parallel with FE research, analytical and semi-empirical
methods have been improved to make infill modelling more prac-
tical for seismic design and assessment. Improvements to diago-
nal-strut and multi-spring formulations include partial interaction,
stiffness reduction, opening corrections, and adjustments based
on aspect ratios. These improvements better match laboratory data
while maintaining computational efficiency [4, 11, 17]. Simple
models have been effectively used in parametric studies that look
at variations in mortar strength, wall shape, and vertical loading.
They have also been used to assess retrofit methods such as con-
nection strengthening or local jacketing. However, each method
has its drawbacks. Micro-models require high computational re-
sources. Macro-models cannot fully capture localised cracking or
debonding. Continuum constitutive laws struggle with the natural
variability and directionality of masonry [9, 13, 17, 18, 19].

These limitations show the need for modelling methods that
balance accuracy and efficiency in describing the nonlinear be-
haviour of masonry infills during seismic loading. Although many
material models have been proposed, there remains uncertainty
about how they compare and how they affect overall response
predictions. This study compares different material models for ma-
sonry infills within RC frames. The goal is to clarify how various
models affect stiffness estimation and lateral load capacity during
cyclic loading. This will provide a solid basis for choosing appro-
priate modelling strategies to assess seismic risk and design retro-
fits for infilled RC frames.

2. METHODOLOGY

A quantitative research approach is used in this study, apply-
ing numerical structural analysis through computer-based mod-
elling. The investigation focuses on model verification to find the
mechanical properties of brick masonry, which will serve as input
parameters for SeismoStruct software. During the verification pro-
cess, simulation outputs are compared with previously published
experimental results to ensure consistency and accuracy. The ex-
perimental benchmark selected for this validation is based on the
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work of Pallarés et al. [20].

Several experimental programs have examined the behaviour
of masonry-infilled RC frames under cyclic loading. This includes
studies by Mehrabi et al. [21], Teguh [22] and Pallarés et al [20].
Although all three investigations evaluated the seismic response of
infilled RC systems, they differed in scale, purpose, and specimen
layout. Mehrabi et al. [21] conducted tests on 12 half-scale spec-
imens to compare the effects of infills on RC frames designed for
wind versus seismic demands. Teguh [22] studied non-engineered
construction practices. He focused on the differences in stiffness
and ductility between confined clay brick and confined concrete
block infills. Meanwhile,, Pallarés et al. [20] performed full-scale
tests on frames with typical double-wythe masonry fagades. Their
main goal was to calibrate an equivalent diagonal strut model for
seismic evaluation.

Pallarés et al [20] performed two full-scale tests on S x 3m RC
frames to investigate the effect of masonry fagade infills on build-
ing seismic behaviour. The test specimens incorporated a conven-
tional Mediterranean double-wythe masonry facade composed of
two leaves of hollow, perforated clay brick placed within the RC
frame. Under reversed cyclic horizontal displacements, the exper-
iments quantified the infill's contribution to lateral stiffness and
ultimate strength. Test data were then used to calibrate a simpli-
fied equivalent diagonal-strut macro-model, with the overarching
aim of developing a practical, quantitative procedure to account
for infill effects in routine seismic design; this calibrated model
was subsequently applied to the seismic assessment of a prototype
building damaged during the 2011 Lorca earthquake.

2.1. Validated material model. The Equivalent Diagonal
Strut (EDS) model is one of the most widely used methods for
representing the in-plane stiffness of masonry infill walls in RC
frame structures. This method shows the infill as one or more di-
agonal compression struts that span the beam and column inter-
face. The effective strut width and stiffness come from geometric
and material parameters like wall thickness, aspect ratio, and the
contact length between the frame and the infill [23, 24]. Recent
research has expanded these formulations to consider openings,
differences in masonry unit strength (such as strong versus weak
bricks), and the properties of the mortar and unit interface. These
factors significantly impact the strut's behaviour, predicted capac-
ity, and main failure modes [3, 8]. The EDS expressions adopted
in this study are summarised in Table 1, and the corresponding pa-
rameters are explained in Figure 1.

2.2. Modelling approach. Columns and beams were repre-
sented using the 3D force-based inelastic frame element (infrm-
FB in Figure 2) implemented in SeismoStruct. This force-based
beam-column element models space-frame members, including
both geometric and material nonlinearities. The section response
is obtained by integrating the nonlinear uniaxial behaviour of dis-
crete fibres into which the cross-section is subdivided, thereby
capturing the distribution of inelasticity both along the member
length and through the section depth.

Figure 3 shows a material model for the infill wall in Seismo-
struct. The infill panel was represented using a four-node inelastic
masonry panel element. Six strut members idealise each panel:
two parallel axial struts along each diagonal to transmit compres-
sion/tension between opposite corners, and an additional shear
strut that transfers shear between the panel’s top and bottom. The
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Table 1. Equivalent strut width considered in this study. shear strut works only on the diagonal when in compression, so
its role depends on how the panel deforms. A masonry-strut hys-

el e WL teresis model controls axial struts, while the shear strut follows
w_l Holmes [25] a specific bilinear hysteretic law. To represent the actual contact
d 3 i shape with the surrounding frame, four internal nodes identify the
Z=0161,%, where 3, = h’:l%rhzg Mainstone [26] contact points based on member widths and heights. Additionally,

w 095 four auxiliary nodes represent the contact length along the frame
heosO ™) Liauw and Kwan [27] and infill interface. Internal actions are assembled and mapped to
w 1 the four exterior element nodes (defined in anti-clockwise order),
e Paulay and Priestley [23] which provide the connection to the frame.

3. RESULT AND DISCUSSION

Where:

w is width of equivalent strut This section compares the experimental load-displacement
d is diagonal infill panel length backbone curve obtained from the reversed cyclic tests of Pallarés
Ay is a dimensionless relative stiffness parameter etal. [20] with four finite-element models that adopt the equivalent
E, is the Elastic Modulus of the masonry diagonal-strut idealisation, using established prescriptions for the
t,is the thickness of the panel strut effective width w from Holmes [25], Mainstone [26], Liau
6 is the angle of the diagonal strut with respect to the beams and Kwan [27], and Paulay and Priestley [23]. The experimen-
E L is the bending stiffness of the columns, and tal backbone curve furnishes a concise measure of the monotonic
h is the height of the infill panel response of the infilled frame, capturing its stiffness and strength.

The observed behaviour may be decomposed into four progressive
phases. Stage I exhibits a high, approximately linear elastic stiffness
in which the frame and infill behave as a stiff composite system.
Stage II begins with a noticeable loss of stiffness as tensile cracking
starts in the infill. This usually occurs along the main diagonal or

near contact corners. In Stage III, the system reaches its highest ca-

pacity (P,..) as the diagonal compression mechanism in the infill

becomes fully activated. Large compressive forces are then trans-
ferred to the bounding frame. Stage IV covers the post-peak dete-

rioration, during which global load capacity falls off rapidly owing

to localised damage processes such as corner crushing of the infill,

sliding along mortar joints, and possible shear or flexural failures in

the surrounding RC members.

3.1. Load-displacement comparison: Experiment VS
FE model. The accuracy of the FE models is fundamentally de-
pendent on the formulation used to determine the equivalent
strut's effective width (w), which dictates the infill's stiffness con-
tribution. The four models, as shown in Figure 4, yield different

predictions for this width, resulting in significant differences in the

simulated backbone curves.
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Figure 2. Local axes and output notation for inelastic force-based frame element [29].
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Figure 4. Comparative analysis of the experimental results of Pallarés
of (a) Holmes, (b) Mainstone, (c) Liau and Kwan, and (d) Paulay and
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etal [20] with numerical predictions in this study using EDS Models
Priestley

The Holmes model, an early and simplified geometricapproach
(typically w = d/3), often overestimates the composite system's
initial stiffness and peak strength. This overestimation is attributed
to its inability to fully account for the RC frame's relative flexibility
and the resulting separation between the frame and infill elements
during loading.

On the other hand, the initial stiffness seen in the experimental
results is typically more accurately predicted by the Mainstone
model, which incorporates the non-dimensional parameter 2, (the
relative stiffness ratio between the frame and infill). By accounting
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for frame-infill interaction, the Mainstone formulation usually
provides a better representation of the structure's elastic behaviour
than simple geometric models. The models suggested by Liau
and Kwan are more complex. They account for different failure
modes and the infill panel's aspect ratio. Depending on the primary
failure mode observed in the experiment, such as diagonal tension
or corner crushing, a well-calibrated Liau and Kwan model can
accurately predict the ultimate peak strength.

Finally, the Paulay and Priestley model often assumes a
constant strut width (w = d/4). This model typically provides a

J.Appl.Mat. and Tech. 2026, 7(2), 58-65
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Table 2. Typical performance of equivalent diagonal strut to the strength characterictics of the infilled frame.

Model Effective Strut Width (w)  Stage I: Initial Stiffness Stage III: Peak Strength (P,.) General Commentary
Holmes [25] Simple Geometric (=d/3) Overestimates (Toostiff) Overestimates (Non-conserv-  Simple, tends to ignore
ative) frame flexibility.
Mainstone [26] Relative Stiffness (\;) Superior/Closest Match ~ Good/Accurate Prediction Best suited for predicting
elastic behavior.
Liau and Kwan [27] Failure Modes & Aspect Good/Accurate Predic- ~ Most Accurate Complex, accounts for di-
Ratio tion verse failure mechanisms.

Paulay & Priestley [23]  Fixed Fraction (=d/4)

(Too flexible)

Conservative Estimate

Conservative Estimate Simple, often adopted in

design codes for safety.

conservative estimate of strength compared to experimental results
and models like Mainstone. However, this conservatism is usually
viewed as a safe and preferred approach in design practices due to
its simplicity and built-in safety margin. To validate the numerical
models, a careful comparison was conducted across key response
metrics of the backbone curve:

3.1.1. Initial stiffness and peak strength. The analysis of
the initial slope (Stage I stiffness) and the maximum lateral load
(Stage I, P,..) highlights how well the equivalent strut models
work. Differences between the experimental and FE curves in Stage
I indicate problems with calculating the effective strut width (w)
at small displacements. As expected, models that depend on the
relative stiffness parameter 2, like Mainstone, usually match well
with the experimental initial stiffness. For P,,,, the most accurate
FE model is the one whose simulated peak load is nearest to the
experimental ultimate capacity (P,u/Fexperinent)- The Holmes mod-
el tends to overestimate P,,,. due to a considerable effective strut
width, while the Paulay and Priestley model slightly underestimates
it, reflecting the unique nature of these strut formulations.

3.1.2. Stiffness degradation and post-peak response. Sim-
ulating post-peak behaviour (Stage IV) is the biggest challenge for
macro-models. While the EDS models define initial elastic proper-
ties, the degradation rate is influenced by the plastic and damage pa-
rameters in the FE software's material model (e.g., Concrete Dam-
age Plasticity). A successful FE model needs a precise strut width,
as shown in Mainstone or Liau and Kwan. It also needs damage
parameters that reflect the strength loss observed in experiments.
If a simulated curve shows a sudden or gradual decrease in strength
compared to the experiment, it suggests that material properties,
like the ultimate strain capacity of the infill or frame elements, need
to be changed. The results emphasise the EDS formulation, which
offers the most dependable and realistic simulation of the entire
backbone curve of the RC infilled frame. This includes the initial
elastic behaviour and the final strength loss.

Table 2 summarises the typical performance of each equivalent
diagonal strut model when predicting the stiffness and strength
characteristics of the infilled RC frame, based on the influence of
their calculated effective strut width (w).

3.2. Mean load ratio comparison (P: / Pegperiment). To
quantitatively assess model accuracy in predicting ultimate strength
(Stage 111, P,,..), the mean load ratio (Prz / Prerimen) Was calculated
for each model. The results, presented in Figure S, show that all four
EDS models provide a conservative estimate of the experimental
peak strength. The ideal value for this ratio is 1.0. Since all calcu-
lated ratios are less than 1.0, the FE models consistently underesti-
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mate the measured experimental load-carrying capacity (PE,CPE,[WM).

The Holmes and Liau and Kwan models both yield the highest
mean load ratios at 0.84. This indicates that these models predict
a peak strength approximately 16% lower than the experimental
result. While conservative, this level of prediction is the closest to
the experimental result among the four models, aligning with the
qualitative observation that Liau and Kwan are often accurate for
ultimate strength.

The Paulay and Priestley model follows closely with a ratio of
0.83, underestimating the strength by 17%. The Mainstone mod-
el, despite being the most accurate for initial stiffness (Figure S),
proves to be the most conservative for ultimate strength, yielding
the lowest mean load ratio of 0.80 (a 20% underestimation).

This quantitative analysis of peak strength shows that, for this
specific experimental setup, all tested EDS models give a safe, con-
servative estimate of ultimate lateral load capacity. The difference
in accuracy is small. The Holmes and Liau and Kwan models per-
form slightly better at predicting ultimate strength than the Main-
stone model. This trade-off between accurately predicting stiffness
(Mainstone) and ultimate strength (Holmes and Liau and Kwan)
is a common issue when choosing the best equivalent diagonal
strut formulation.

1.50

1.00

0.80

Load ratio (P gg/P g, eriment)
=]
s
=

0.00

Holmes Mainstone Liauw and Kwan Paulay and

Prietsley

Figure 5. Mean load ratio (Psz / Peerime) comparison for the four
EDS models.
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Table 3. Predicting the stiffness and strength characteristics of the infilled RC frame.

Model Effective Strut Width (w) Basis
Holmes [25] Simple Geometric

Mainstone [26] Relative Stiffness (\;)

Liau and Kwan [27] Failure Modes & Aspect Ratio
Paulay & Priestley [23] Fixed Fraction (=d/4)

Stiffness Ratio (Kes / Keperiment)
1.92 (Significant overestimation)
1.38 (Most accurate)

1.92 (Significant overestimation)

1.88 (High overestimation)

Load Ratio (P / Prperiment)
0.84 (Closest to experiment)
0.80 (Most conservative)

0.84 (Closest to experiment)
0.83 (Mid-Range conservative)

3.3. Stiffness ratio comparison (Kre / Kexperiment). To assess
model accuracy in predicting the initial elastic behaviour (Stage I
stiffness, K), the mean stiffness ratio (Kgp/Kgperimen) was calculated
for each model. The results in Figure 6 clearly show the differenc-
es in initial stiffness predictions among the four models. The ideal
value for this ratio is 1.0, which means a perfect match between the
FE model prediction (K;) and the Experimental result (I(Ex,,e,,»mm).

The Mainstone model has the lowest mean stiffness ratio at
1.38. While this is still an overestimation (the FE model is 38% stiff-
er than the experiment on average), it is much closer to the ideal 1.0
than the other formulations. This confirms the earlier observation:
the Mainstone formulation accurately reflects the relative stiffness
of the bounding RC frame and offers the best representation of the
structure's initial elastic behaviour.

In contrast, the Holmes and Liau and Kwan models both show
mean ratios of 1.92, indicating that these models overestimate
initial stiffness by 92%. This overestimation is a known issue
with the Holmes geometric model. Liau and Kwan suggest that
while the model may predict ultimate strength (P, ) accurately,
its formula for w might not perform well during the initial elastic
phase. The Paulay and Priestley model provides a slightly better, but
still greatly overestimated, ratio of 1.88. The quantitative evidence
from the stiffness-ratio comparison backs the conclusion that the
Mainstone model gives the most accurate and least conservative
prediction of the initial elastic stiffness. This is a crucial factor for
assessing serviceability limit states in structural design.

2.50

»
=3
S

1.92 1.92

=
n
S

Stiffness ratio (K pg/K pyperiment)
5
=l

hd
o
S

0.00

Holmes Mainstone Liauw and Kwan Paulay and

Prietsley

Figure 6. Stiffness ratio comparison for the four EDS models.

63

The performance of the four strut models in this study matches
the general agreement found in structural engineering literature,
particularly in studies that involve quasi-static cyclic testing of
infilled frames (e.g., Mehrabi et al,, [21]). Usually, the Mainstone
model confirms its initial stiffness prediction. Its formula shows
the initial contact length and connects strut width to the relative
stiffness of the frame. On the other hand, the Holmes model often
overestimates strength and stiffness. This overestimation problem
is often present in simple geometric models that ignore the distance
between the frame and infill. Empirical relations based on failure
modes, such as those from Liau and Kwan, or models that consider
the flexibility of the frame such as Mainstone, are often found to
be more reliable for both elastic and ultimate strength conditions.
Assuming a constant d/4 width, many studies show that the
Paulay and Priestley model gives an average or conservative result
in various experiments. This supports its common use in seismic
assessment guidelines, such as FEMA 356/ASCE 41, as a safe
and simple method instead of providing an exact simulation of a
specific test specimen. Thus, the differences among the FE models
in this study fit well with the known strengths and weaknesses of
each equivalent strut formulation.

Table 3 summarises the stiffness and strength characteristics of
the infilled RC frame found in this study. The study's conclusion
that the Mainstone model provides the most accurate initial
stiffness prediction (K / Keaperiment = 1.38) is often supported in
the literature, which reports stiffness ratios of 1.20-1.50 for the
Mainstone model when analysing similar infilled RC frames. This
supports the idea that the Mainstone model is the best option
for serviceability limit state assessments because it includes the
relative stiffness of the surrounding RC frame through the Ah
parameter. On the other hand, the Holmes model significantly
overestimates initial stiffness. It has a ratio of 1.92. This highlights
warnings in the literature about simplified geometric methods that
ignore frame flexibility. As a result, it can lead to the assumption of
overly stiff, full-contact behaviour.

Regarding ultimate strength, the results align with the
literature, which finds that all tested models provide a safe,
conservative estimate of the experimental capacity. Specifically,
the Liau and Kwan model (ratio of 0.84) provides the closest
prediction to the ultimate experimental capacity, consistent with
the literature's recognition that its formulation, which considers
various failure modes, is often optimised for peak-load assessment.
Meanwhile, the Mainstone model's conservative prediction of
strength (ratio of 0.80) and the Paulay and Priestley model's
mid-range conservative result (ratio of 0.83) are both well within
the expected bounds established in the literature for the seismic
assessment of infilled frames.
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Models that are best for elastic stiffness (like Mainstone) are
often the most conservative for ultimate strength, while models
designed around the ultimate mechanism (like Liau & Kwan) offer
the highest-fidelity predictions for P,,. The literature confirms
that the Mainstone model (for stiffness) and the Liau and Kwan
model (for strength) are generally the most technically accurate,
although the Paulay and Priestley model remains popular due to
its simplicity and inherent safety margin.

4. CONCLUSION

The comparison of the four EDS models with the experimental
backbone curve reveals an important trade-off in predictive accu-
racy. This depends on the stage of the structural response being
modelled. In the early elastic phase, the Mainstone model provides
the best simulation of initial stiffness, achieving the lowest mean
stiffness ratio (Kpg / Keperiment = 1.38). This accuracy comes from
including the relative stiffness parameter (1), which captures the
frame-infill interaction well at low displacements. On the other
hand, the geometric-based Holmes model and the failure-mode-
based Liau and Kwan models both vastly overestimate the initial
stiffness, with ratios of 1.92. This overestimation results from
incorrectly estimating the effective strut width (w) in the elastic
range.

For the ultimate limit state, all four models yield conservative
estimates for the peak lateral load (P,,,,). The Holmes and Liau and
Kwan models provided the most accurate prediction of ultimate
strength (mean load ratio Pr; / Prypeimen = 0.84), underestimating
the experimental capacity by 16%. The Mainstone model, despite
its accuracy in stiffness prediction, proved to be the most conserva-
tive for strength, underestimating P, by 20% (ratio of 0.80).

Ultimately, the design goal determines which EDS model is
best. The Mainstone method is better for serviceability checks that
rely on accurate initial stiffness. On the other hand, the Holmes
formulations and the Liau-Kwan model usually yield slightly more
accurate results when the objective is to estimate ultimate lateral
capacity. The Paulay and Priestley model consistently gives safe,
mid-range estimates for both metrics, proving its usefulness in
simplified design code applications.
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