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FINITE ELEMENT ANALYSIS OF REPLACEABLE STEEL PERFORATED
PLATE FUSES IN TIMBER BRACED FRAMES

Yahia Ahmed', Hossein Daneshvar? , Ying He Chui®

ABSTRACT: Timber's inherent brittleness limits its use in seismic applications, particularly in tall buildings where
ductility is essential. Timber-braced frames (TBFs) provide a potential solution, but current design codes lack specific
guidance for their implementation. Unlike steel frames, timber bracing cannot rely on buckling to provide ductility,
requiring effective connections to yield at the ends of braces. Incorporating yielding fuses, such as perforated steel plates,
enhances ductility and localizes damage during seismic events. This study explores the utilization of perforated steel
plates as seismic fuses in TBFs, focusing on flexural yielding mechanisms, specifically, long oval-shaped perforations. A
numerical parametric study was conducted to evaluate various factors influencing the performance of these plates. The
main findings indicate that increasing the slot length enhances peak deformation but reduces the plate's load capacity.
However, increasing the number of link elements mitigates this loss. Combining the optimal slot length with an increased
number of links achieved a 50% increase in peak deformation without compromising load capacity. This fuse design
offers a promising strategy to improve the seismic resilience of timber-braced frames, as the steel plates can be replaced
after a major seismic event without causing damage to the timber structure.

KEYWORDS: Timber Braced Frames (TBF), Seismic Force Resisting System (SFRS), Structural Fuse, Steel Perforated

Plate, Finite Element Model (FEM).
1 INTRODUCTION

Despite the numerous advantages of timber, such as
sustainability and ease of construction, its application in
tall buildings remains limited due to its inherent
brittleness, making it challenging to be utilized in
applications that require ductile behavior. To address this
limitation, incorporating ductile elements made from
materials like steel is essential [1]. Timber-braced frames
(TBFs) represent a promising solution. According to the
National Building Code of Canada (NBCC) [2], using
mass timber structures is now permitted up to 12 stories,
with TBFs recognized as lateral load-resisting systems
(LLRS) possessing moderate or limited ductility. For
moderately ductile systems, the NBCC assigns a force
modification factor (Rgq) of 2.0 and an overstrength
modification factor (R,) of 1.5, while limited-ductility
TBFs are assigned values of 1.5 for both factors.

Despite this acknowledgment in the NBCC, the Canadian
Standard for Engineering Design in Wood (CSA 086-24)
[3] currently lacks specific design guidance for TBFs. In
contrast to steel-braced frames, which rely on buckling to
provide ductility in compression, timber bracing members
cannot depend on this mechanism due to the brittle nature
of wood and its limited deformation capacity. Therefore,
in TBFs, the connections at the ends of the braces play a

critical role in achieving the required system ductility. By
incorporating yielding fuses, ductility can be enhanced
while damage is localized to specific structural elements
during seismic events. Yielding fuses are particularly
advantageous due to their simplicity and ability to generate
broad hysteresis loops, facilitating high-energy dissipation

[4].

A common method to induce yielding in steel is through
perforations, a technique extensively studied in steel
frames [5-9]. In this study, the fuses consist of perforated
steel plates designed to form plastic hinges at the brace
ends. These hinges protect timber elements by absorbing
seismic forces and failing during seismic events, after
which the fuses can be replaced without causing any
damage to the timber elements. The application of
perforated plates in timber construction has also been
explored in previous research [10—13]. Daneshvar et al.
[14] conducted comprehensive tests on these plates,
followed by a parametric experimental study [15]
investigating various perforation configurations. Their
findings identified the elliptical perforation as the most
effective shape for achieving high ultimate deformation.
However, under cyclic loading conditions, a significant
reduction in ultimate deformation, and hence in energy
dissipation, was observed compared to monotonic tests.
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Another study [16] examined the failure mechanisms of
these plates, using an experimental setup depicted in
Figure 1 (a). Two primary yielding mechanisms—shear
and flexure—were identified. Among the tested
configurations, the long oval perforation, illustrated in
Figure 1 (b), demonstrated a flexural yielding mechanism
that provides the most promising performance. The
primary aim of this study is to understand the fuse
behavior better and potentially enhance the performance
of flexure-yielding perforated plates through numerical
investigations. This includes increasing the ultimate
deformation and ductility of the connections, thus
enhancing the seismic resilience of timber-braced frames.

' EBC-LO-1

(a) (b)

Figure 1.(a) Experimental test setup [16], (b) Long oval specimen [16]

2 METHODOLOGY

A numerical model was developed using the finite element
(FE) software ABAQUS [17], employing three-
dimensional solid geometries for analysis. Eight-node
continuum linear hexahedral elements with reduced
integration (C3D8R) were utilized throughout the
simulations. To accurately capture the material behavior
of the steel plates, six tensile coupon tests were conducted
to determine their precise non-linear characteristics. Both
elastic and plastic properties were incorporated into the
model, simulating the steel plates with elastic-plastic
behavior. This included the combined hardening effects of
isotropic and kinematic hardening, along with cyclic
hardening characteristics.

The finite element models (FEM) were developed to
replicate the experimental boundary and loading
conditions, as depicted in Figure 2 (a). Both the
experimental tests and FE simulations followed the ASTM
E2126 Method C [18] cyclic loading protocol, to ensure
consistency and comparability of results.

A mesh independence study was conducted to identify the
optimal mesh configuration that balances accuracy and
computational efficiency. The findings revealed that a 2 x
2 mm mesh for the perforated region and a 5 x 5 mm mesh
for the rest of the plate provided optimum results. A
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sample of the meshing configuration is shown in Figure

2(b).

The FEM analysis employed a strain-based failure
criterion defined by the equivalent plastic strain (PEEQ).
This criterion was derived from the experimental results,
indicating that the target strain aligns with a PEEQ value
of 3.0, which was applied to simulate rupture initiation, as
demonstrated in Figure 2 (c). Following validation, a
comprehensive parametric study was conducted to further
enhance the performance of these fuses.

(©

Figure 2. (a) FEM boundary and loading conditions, (b) Mesh
configuration, (c) Strain-based failure criterion (PEEQ=3.0).

2.1 FEM VALIDATION

The validation of the FEM began with a comparison of its
hysteresis loops to the experimental results, as illustrated
in Figure 3 (a). Additionally, the backbone (or envelope)
curves from both the numerical and experimental analyses
were compared, revealing a positive deviation of
approximately 15% and a negative deviation of around 5%
in terms of energy dissipation. The equivalent energy
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elastic-plastic (EEEP) method [18] was applied to both was minimal, attributed to the limited post-peak response,
cases, demonstrating a difference in energy dissipation of  as discussed in [14]. The EEEP results for all the FEMs
less than 10%, which was considered acceptable. Based on  utilized in this study are provided in TABLE 2.

these findings, a validated FEM was established as a
reference model for the following parametric study, -7
focusing on varying a single parameter while keeping all 0
others constant to accurately evaluate each parameter’s
effect on the plate's performance.

-
o
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A parametric study was conducted to enhance
performance, with all FEM geometries presented in =200 —— Experimental result
TABLE 1 and Figure 3 (b). the upper part of the connection Rl oo
which was attached to the glulam member, was designed (a) B m e mation b oon

as a capacity-protected dowel connection to ensure that all

the deformation would occur within the perforation zone.

Capacity protected

1
The EEEP method was a key technique for evaluating the Sapaxity prolegiad =

results, estimating yield strength (Pyicq) and elastic shear
stiffness (K.) using Eq (1) and Eq (2), respectively:

2A
Pyield = (Auitimate — }(Aultimate)z - K_e)Ke () Number of Links

2
Slot Length

Slot Diameter

End Link

K, = 0.41;peak @) "\x s
e =
Where (A) represents energy dissipation, and Ae is the ;E‘:
deformation at 40% of the peak load. The ductility ratio 5 I .
(n) is the ratio of the peak deformation over the yield ELEVATION = SIDE VIEW

deformation, and the over-strength factor (Q) is (b)
determined by dividing the peak load by the yield load.

X X N Figure 3.(a) Hysteresis loops for the Validation study,(b) FEM geometry
The difference between ultimate and peak deformations

Table 1. FE Analysis Matrix.

Parameter Under Plate Link Element Geometry
FEM Label Investigation Thickness No. of Slot Dimension End Link width Intermediate Link
g . !
(mm) Links (mm X mm) (mm) width (mm)
EBC-LO-1 Reference specimen 125 6 10x 57 10 75
EBC-LO-2 Plate 6.35 6 10 x 57 10 75
EBC-LO-3 Thickness 19 6 10 x 57 10 75
EBC-LO4 ] 12.5 6 10 x 57 15 75
EBC-LO-5 E"‘,Vdi;‘l‘l‘k 12.5 6 10 x 57 75 7.5
EBC-LO-6 12.5 6 10 x 57 5 75
EBC-LO-7 Intermediate Link 12.5 6 10 x 57 10 10
EBC-LO-8 Width 12.5 6 10 x 57 10 5
EBC-LO-9 12.5 6 10X65 10 75
EBC-LO-10 12.5 6 10X75 10 75
EBC-LO-11 12.5 6 10X85 10 75
EBC-LO-12 Slot Length 12.5 6 10X100 10 75
EBC-LO-13 12.5 6 10X110 10 75
EBC-LO-14 12.5 6 10X120 10 7.5
EBC-LO-15 ] 12.5 6 7.5x57 10 7.5
EBC-LO-16 Slot diameter 12.5 6 12.5x57 10 75
(width)

EBC-LO-17 12.5 6 15x57 10 7.5
EBC-LO-18 Number of 12.5 3 10 x 57 10 7.5
EBC-LO-19 Links 12.5 4 10 x 57 10 75
EBC-LO-20 12.5 3 10X100 10 75
EBC-LO-21 Ew"l‘t’;l'gzdls‘c‘;‘e:’s‘;gl;h 12.5 9 10X100 10 75
EBC-LO-22 the number of links 12.5 10 10X100 10 7.5
EBC-LO-23 12.5 12 10X100 10 75
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Table 2. Summary of FEM results

No. of
Parameter r Q cycles
FEMEAbel 1 estigation oy |0 | ey | P | ey | N (/| (N | completed
PEEQ3
EBCLO 1:;::;?: (-%.SZ) (-]1?&) <-]166.69) (-21173'.19) éggg:g) (22) (27'.57) (}:g) 32
EBC-LO2 Plate (-22'55) (-7625..26) (-99'.75) (-9727%) (653765'31) (2255'51) (é'.%) (i é) 16
pporLos | THne (-52'.15) (-32%99'.25) (-1 144.22) (-3?143 16.2) (‘3‘24712) (17 86) é:g) (} :g) 33
EBC-LOA4 (-11'%) (.21%%) (-11 ]1'.95) (-225128) é?ég) (]1 ]326) (gii) (} é) 29
EBC-LO-S El\lx(}igtil? § (-53{.61) (-112129) (-1155..26) (-225115) é?;% (23) (421:‘5‘) (11'.33) 3
EReLoe ('75:61) (-11?1) (-11678) (—2137%) (21?;;%) (2272.8) éé) (}:j) 35
EBCLOT | Intermediate (-31"15) (2122458.89) (lj'sg) (-32(3130) (gééé) (17 ;fS) (3.79) (11'3) 34
Epc-Log | LR (-Z{.lz) ( 113768. ) (-1155'.42) - 12 8307.5) (12810751.2) (12'.53) é:é) (% :g) 34
EBC-LOS (6 39) (-115281.15) (-1 15 5,74) (-21%.45) ??;‘363) (igig) éé) (11'3) 33
FBCLO-10 (-75'3) ({912) (-1176.12) - 11 2533) (3‘7‘3) (é?;'g) (éé) (11'3) 36
FRELOT 1 e Length (}63:4?) (1-?3'53) (-2223'.67) (-1 ’ 36.59) é‘z‘ggj‘) (1;21;) (;.g) (} :g) 38
EBC-LO-12 8 104.1 256 1325 1931 74 32 | 12 "
(-6.5) 10 | 248 | 96 | 15557 | (49 | 38) | (1.4
B (-%z) (-97%) (-2255.64) (}92;) (11962122) (% %:é) (33{.1'5) (% :fg 41
EBCLO-14 (};,53) (-8638) (-2255:57) (}gj) (146143%) (91.(;) (12'.%) (i :g) 43
EBC-LO-15 (-2.;) ( 113885. ) (]7171) (2-41“;'49) (2223‘:)‘.‘8) ?35 (é:?) (} :g) 33
EBC-LO-16 Slm(;ii?irtrllster (-%%) ( 114950.2) (-1177'.12) (2-‘1‘3'26) (22636579) (47%;) (2}51) (i :g) 3
R (—ZS) (1323) & 1117.9) (-21236) (%4612)(3)) (478517) (?Zg) (i :g) 32
FPCLOTS | Number of (gi) (21287878) (1-?57) (-22223) (32253‘:» (‘5‘2) (42123) (11'2) 33
EBC-LO-19 e (-Zé) ( 1114 88.2) (-11%.2;) (1?;9) (?ggg) 5313) (23'.34) (i :g) 34
EBC-LO-20 | pntarged slot (}gfzz) (-11%)1) (25253) - 112574.4) (2262%72) dZﬁ% é:g) (11'.32) 4
EBCLO21L | e (-;.3;) - 111136.5) (éﬁ) (]-?49165) éig) (1166'.63) (32471) (} é) 41
EBC-LO22 | i (}%) (1-??'94) (-2255) (-11370) éégj) (119?1) (5:‘7‘) (11'.32) 42
EBC-LO-23 e (};).91) (-118627'.62) (-2255.15) (-222067) 5?33) (3(5)) é:g) (11'.22) 41

3 PARAMETRIC STUDY RESULTS
3.1 PLATE THICKNESS

Firstly, a parametric study was conducted to evaluate the
impact of plate thickness on the peak deformation of the
perforated plate. EBC-LO-2, with a thickness of 6.35 mm,
and EBC-LO-3, with a thickness of 19 mm, were
compared to EBC-LO-1, which had a thickness of 12.5
mm, as illustrated in Figure 4 (a). EBC-LO-2 endured
only 16 cycles before experiencing global buckling,

whereas EBC-LO-3 completed 33 cycles without any
signs of buckling. It demonstrated superior energy
dissipation and reduced peak deformation, with its
ductility ratio decreasing by approximately 30% compared
to the reference FEM (EBC-LO-1). The primary
improvement observed was the increased peak load.
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capacity of the plate, which reached 436 kN, the highest
value among all FEMs.

3.2 END LINK WIDTH

As illustrated in Figure 2 (c), failure initiates with the
formation of plastic hinges at the end link locations. This
highlighted the importance of investigating the effect of
end link width. Four configurations—EBC-LO-1, 4, 5, and
6—were examined, with end link widths of 10 mm, 15
mm, 7.5 mm, and 5 mm, respectively, as shown by the
hysteresis loops in Figure 4 (b). Increasing the end link
width altered the failure mode from a single plastic hinge
at the end link to multiple hinges distributed throughout
the intermediate links. However, this approach resulted in
lower peak deformation, making it a less favorable
solution.

3.3 INTERMEDIATE LINK WIDTH

EBC-LO-7 and EBC-LO-8, with intermediate link widths
of 10 mm and 5 mm respectively, were compared to EBC-
LO-1, which featured a width of 7.5 mm. The results, as
shown in Figure 4 (c), indicate that increasing the
intermediate link width leads to higher energy dissipation
and peak load capacity. However, it also results in a
reduction in peak deformation. Among the tested
configurations, EBC-LO-1 achieved the highest
deformation while maintaining a balanced performance in
terms of energy dissipation and peak load, making it the
most optimal choice, for this parameter.

3.4 SLOT DIAMETER

A comparison of behavior across varying slot diameters is
shown in Figure 4 (d). The results indicate that this
parameter has minimal influence on peak deformation or
energy dissipation, as the hysteresis loops remain nearly
identical. This suggests that the performance of the fuses
is largely independent of the slot diameter.

3.5SLOT LENGTH

One of the most impactful parameters in fuse performance
is slot length. A parametric study was conducted on
multiple FEMs with slot lengths ranging from 57 mm to
120 mm, as illustrated in Figure 4 (¢). The results show
that as the slot length increases, the hysteresis loops
become flatter, indicating higher peak deformation but
reduced peak load and energy dissipation. This suggests
that slot length is a promising parameter that warrants
further investigation and optimization for improved
performance.

3.6 NUMBER OF LINK ELEMENTS

Another crucial parameter is the number of link elements.
Figure 4 (f) compares the performance of configurations
with 4, 6, and 8 link elements, all having the same slot size.
The results reveal that increasing the number of links leads
to higher peak load and greater energy dissipation.
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However, the peak deformation remains relatively
consistent across the configurations, indicating that the
increase in the number of links does not significantly affect
the deformation capacity.

3.7 COMBINATION OF SLOT LENGTH AND
NUMBER OF LINK ELEMENTS

Building on the insights from the previous two parameters,
the authors of this study combined the effects of increased
slot length and an increased number of links. This
approach leverages the enhanced peak deformation
associated with longer slots and the broader hysteresis
loops and higher peak load achieved by increasing the
number of links. As demonstrated in Figure 4 (g), the
combined configuration, represented by EBC-LO-23,
achieved a 33% increase in peak deformation and a 32%
increase in energy dissipation compared to EBC-LO-1.
These results underscore the effectiveness of this
combined strategy in improving the overall performance.

4 PARAMETRIC STUDY DISCUSSION

After completing the FE analyses and obtaining all results
using the EEEP method, a post-processing analysis of the
outcomes was performed for each parameter. This study
aimed to identify which parameters significantly
influenced the load-deformation behavior. The findings
revealed the following key insights:

4.1 PLATE THICKNESS

This parameter was found to have a significant impact on
altering the failure mode of the fuses, as illustrated in
Figure 5 (a). The EBC-LO-2 model, with a plate thickness
of 6.35 mm, exhibited a failure mode shift from forming
plastic hinges at the end links to global plate buckling.
Although global buckling can contribute to energy
dissipation, it is difficult to predict and should therefore be
avoided.

On the other hand, the EBC-LO-3 model, with a plate
thickness of 19 mm, exhibited increased stiffness, leading
to a 16% reduction in peak deformation compared to the
reference model. Based on these observations, the authors
recommend using a plate thickness of 12.5 mm to achieve
the desired flexural yielding behavior. Further studies are
ongoing to explore the effects of additional plate
thicknesses on fuse response.

4.2 END LINK WIDTH

Figure 5 (b), illustrates the effect of increasing the end link
width on peak deformation. The results show that the
difference in deformation is minimal when increasing the
width from 5 mm to 10 mm. However, when the width
reaches 15 mm, the deformation decreases significantly by
approximately 30%. This reduction occurs because the
yielding behavior shifts, distributing deformation
throughout the intermediate links instead of concentrating
at the end links. Consequently, energy dissipation also

https://doi.org/10.52202/080513-0407



decreases by a similar ratio. Among the tested
configurations, the 10 mm end link width achieved the
highest ductility ratio, with a value of 7.7.
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Based on these findings, it is recommended to use an end
link width of 10 mm to enhance the fuse performance in
terms of peak deformation and energy dissipation.

~== Plate thickness = 6.35mm P 300 —— End link width = 10mm
—— Plate thickness = 12.5mm P I === End link width = 15mm
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Figure 4. Load-displacement hysteresis loops comparisons considering different parameters:(a) plate thickness, (b) end link width, (c) intermediate
link width, (d) slot diameter, (e) slot length, (f) number of links, (g) combination of slot length and number of links.
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4.3 INTERMEDIATE LINK WIDTH

The results for this parameter are presented in Figure 5
(c). The analysis indicates that this parameter has a
negligible influence on the deformation capacity of the
fuse. This outcome was expected, as most of the yielding
and deformation occurs at the end link, with minimal
contribution from the intermediate links in this failure
mode. However, the authors suggest that future studies
should focus on increasing the widths of the intermediate
links, particularly in cases with wider end links. This
adjustment could encourage all intermediate links to
contribute more effectively.

4.4 SLOT DIAMETER

The slot diameter is an important parameter for perforated
plates, as it influences stress concentration along the edges
of the links. However, as shown in Figure 5 (d), it has
minimal impact on the deformation capacity for this
particular perforated configuration. This is primarily
because the design of this configuration focuses on
achieving flexural yielding in the end link element. In
contrast, for other configurations where the fuses are
designed to yield in shear, the slot diameter would become
a critical parameter, significantly affecting the results.

4.5 SLOT LENGTH

The slot length (perforation length) is one of the most
effective parameters in this parametric study, as illustrated
in Figure 5 (). Increasing the slot length from 57 mm to
100 mm resulted in a 52% increase in peak deformation.
However, increasing the slot length beyond this point has
diminishing effects as deformation becomes concentrated
within the yielded zones of the link, and the plastic hinge
length is already fully developed. Once the link's yielding
capacity is maximized, further increases in slot length have
minimal influence on additional deformation.

4.6 NUMBER OF LINK ELEMENTS

As previously noted, extending the slot length to 100mm
was found to be effective. However, it resulted in a
significant reduction in the peak load, which nearly
halved. Consequently, the authors conducted an additional
analysis using the same slot size (10mm x 100mm), but
with an increased number of links, as shown in Figure 5
(f). The results demonstrated that increasing the number of
links from 5 to 12 led to a 37% increase in peak load.
Furthermore, it was confirmed that the peak deformation
remained consistent across all models, at approximately
25mm, since the slot length remained the same for all
models. This approach effectively enhances peak
deformation without compromising the plate load capacity
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S CONCLUSION

This study presents a numerical investigation into the
flexural yielding behavior of perforated plates with a long
oval shape, subjected to the ASTM E2126 Method C
cyclic loading protocol. Following model validation, an
extensive parametric analysis was performed, revealing
that plate thickness plays a crucial role in determining
failure modes. A thickness of 12.5 mm was found to
provide the desired flexural yielding behaviour within the
perforation zone.

To ensure the formation of a plastic hinge, the end link
width should not exceed 10 mm. Other parameters, such
as intermediate link width and slot diameter, were found
to have minimal impact on performance for this
configuration. Slot length emerged as the most effective
factor in enhancing peak deformation, with optimal results
observed at 100 mm. Additionally, increasing the number
of link elements improves both energy dissipation and
peak load capacity. By combining an optimal slot length
with an increased number of links, peak deformation can
be increased by 50% without any loss in load capacity.
Further investigations are underway to broaden the
numerical database and rigorously validate these findings
across a wider range of experiments.
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