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The inclusion of additive manufacturing (AM) in the construction industry has opened new perspectives on the
production of structural members. By coupling AM technologies with topology optimization (TO), significant
reductions in material usage and weight can be achieved. Although TO has been applied to optimize simply
supported beams, additional factors such as stress concentrations, buckling, and low-cycle fatigue from seismic
loads require further investigation. This study presents a numerical approach for optimizing shear links subjected
to monotonic and cyclic loading. The numerical models for conventional shear links were validated against
experimental work, including cyclic loading tests on individual shear links and scaled eccentrically braced frames
(EBF). The implementation of TO led to a 12 % volume reduction in the first optimized link. The optimized link
demonstrated superior performance, exhibiting higher shear strength and energy dissipation capacity under both
monotonic and cyclic loading. Another study examined EBFs with vertical links, achieving 12 % and 30 %
reduction in material volume. The optimized links showed improvements that reached 25 % compared to the
conventional link in terms of strength and energy dissipation with 12 % volume reduction, while 30 % volume

reduction showed slightly less improvement over EBFs with conventional shear links.

1. Introduction

With the emergence of additive manufacturing (AM) in the con-
struction industry p[1], manufacturing of topologically optimized
structural members has become attainable. Topology optimization (TO)
can reduce the weight of structural members while effectively achieving
the serviceability and strength demand. Reduction in material usage can
significantly influence the greenhouse gas emissions and energy con-
sumptions P[2]. The use of AM technology such as WAAM (Wire Arc
Additive Manufacturing) coupled with TO for minimum weight can
significantly benefit the environment p[3]. The implementation of
optimization algorithms can be used either to enhance the performance
of structural systems [4-6] or members [7,8] in terms of strength and
stiffness. Recently, several studies have focused on implementing TO on
steel sections fabricated using WAAM. A novel approach has recently
been introduced by Bruggi et al. P[9] to incorporate the manufacturing
constraints and the printing direction into TO algorithms for planar el-
ements. This approach has been extended by Bruggi et al. p[10] for
I-shaped beams manufactured using WAAM method. Parts fabricated
using WAAM can have an anisotropic behavior that is affected by the
printing direction [11-13]. The extent of the anisotropic behavior is

variable depending on the feedstock wire material as shown by Kessler
and Sherman p[14]. Bruggi et al. p[10] compared the WAAM produced
numerical models with conventional isotropic stainless steel (grade 304
L) beam models. Their study concluded that TO’ed beam elements with
inclined build direction performed best, where up to 25 % weight
reduction were achieved compared to conventional stainless steel.
Furthermore, Mishra et al. P[15] introduced a dynamic optimization
algorithm where the printing direction changes at different locations
depending on the load path. It was found that deposition directions
aligned approximately at + 45° with the load-path result in significantly
higher stiffness (up to 1.53 times) compared to the conventional
approach where the deposition directions is set at a certain angle
through the printing process.

The research findings from Bruggi et al. p[10] were adopted by Laghi
et al. p[16] for the optimization of simply supported beams of IPE sec-
tions while constraining the deformation to a maximum of L/250. The
material properties considered for the flanges corresponded to the 45°
printing direction, while 0° printing direction material properties were
used for the web. The results of the study presented in p[16] concluded
that TO beams were in compliance with the serviceability limits, while
the study relied on numerical analysis only, the stress concentrations
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Table 1

Q345GJ material properties P[26].
Parameter ¢° (MPa) C;(MPa) Y1 C2(MPa) Y2 C3(MPa) 73 C4(MPa) Y4
Q345GJ 350 20 000 1000 10 000 100 600 20 350 10

and local buckling of compressed parts of the section should be further
investigated.

One of the main drawbacks of using WAAM in the construction in-
dustry is mass production p[17]. While TO’ed parts fabricated using
WAAM technology may offer reduction in material usage and overall
weight of the system P[3], conventional techniques are still superior in
terms of speed of manufacturing and production p[17]. An alternative to
the optimization of simple beams used to support floor decks, which are
required in large numbers and fast delivery, the optimization of steel
members for dissipative zones or seismic fuses such as shear links in
eccentrically braced steel frames (EBF) becomes a more attractive option
to study.

Shear links in EBF proved to be effective in energy dissipation
resulted from seismic excitation since the introduction of EBF in the
1970s p[18,19]. More recently, researchers have focused on studying
and improving the energy dissipative capacity of links in EBF. Two
recent studies investigated the flange contribution in the shear capacity
of links [20,21]. Lazaro and Chacon p[22] explored the use of austenitic
stainless steel as an alternative material for the shear links, while steel
grade S355 was used for the rest of the EBF framing members. Austenitic
stainless steel, when subject to low cycle fatigue, provides considerable
ductility and strain hardening [23,24], which is required for energy
dissipative zones i.e., shear links. Lazaro and Chacon p[22] were
investigating the cyclic parameters influence on the behavior of EBF and
the overstrength of the shear links. They extended their work and
implemented their model for shear links on a five storey, single span EBF
system adopted from P[25]. A similar approach to the one adopted by
P[22] was also presented by Lian and Su p[26] where steel grade Q345
was used for the links and high strength steel, grade Q455, was used for
the other framing members in the EBF. Vertical shear links were pro-
posed in the study as the behavior of test specimens were investigated
against static pushover and dynamic shake table tests. The load carrying
capacity of the frame of the EBF was still functioning even after the
damage of vertical shear links. The seismic performance of the tested
EBF system proposed by p[26] was not superior when compared to
conventional EBF systems manufactured using consistent material
grade, however, in terms of overall weight of structural members, the
proposed approach was better.

Liu et al. p[27] proposed the use of Q345GJ steel for shear links.
Q345GJ is the recommended material for design of steel structures in

seismic zone as per the Chinese High-rise Steel Structure Specification.
Consequently, 12 shear links with varying dimensions and stiffeners,
while preserving a constant length were tested under cyclic loading in
the study by p[27]. The failure mode in all stiffened specimens was
fracture in the web at the intersection with stiffeners along the welds
while fracture between flange and endplate was observed for one
specimen. The study p[27] concluded that Q345GJ is ideal for shear
links due to its ductility and capacity for low-cycle fatigue.

Ramonell and Chacon p[28] introduced topology optimized hori-
zontal EBF links. Their study included a wide range of European HEB
steel sections while also varying the links’ length. Nevertheless, in
practical applications, shorter links are preferred for their higher
deformation capacity and larger stiffness unless special architectural
constraints exist p[29,30]. Ramonell and Chacon p[28] showed that
shear optimized links provided higher strength but lower ductility
compared to regular sections, while longer (flexural) optimized links
were superior in both the ductility and strength compared to their
conventional counterparts. Consequently, TO’ed shear links did not
provide significant energy dissipation capacity based on their findings
while optimized flexural links were ideal for the study as strength,
ductility and energy dissipation were all enhanced.

In continuation of the recent research efforts to optimize steel
members for best performance while minimizing weight, this paper in-
vestigates the behavior of topology optimized shear links subjected to
monotonic and cyclic reversible loading. Topology optimization algo-
rithm is implemented to improve the performance of shear links in EBF
while reducing the total volume of steel materials used. One of the main
aims of this research is to provide solutions to reduce consumption of
raw materials while leveraging the flexibility in design and erection of
parts using AM, however, this study does not include the calculation of
carbon footprint for the additive manufacturing versus conventional
subtractive manufacturing. The shear links are optimized for maximum
stiffness and maximum energy dissipation and compared to conven-
tional steel sections. The optimization procedure is undertaken using
Abaqus Topology Optimization Module (ATOM) p[31]. Using numerical
models, the study then explores the implementation of the proposed TO
shear links in single-storey EBF subjected to monotonic and cyclic
displacement at storey level in order to investigate the nonlinear
behavior of the whole EBF system. The TO’ed shear links should also
provide adequate ductility for systems in seismic zones.
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Fig. 1. Geometric properties of RSL-1 adopted from p[27].
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Fig. 2. Standard cyclic loading protocol provided by p[27].
2. Material properties

In this research, shear links adopted from Liu et al. p[27] are
modelled and validated against the experimental results provided by the
same source. The validation process is followed by a topology optimi-
zation process of shear links while the performance of the optimized part
is compared against the conventional link under cyclic loading. After-
wards, in order to assess the performance of the optimized part in EBF
systems, numerical validation of SDOF system adopted from p[26] is
carried out then the optimized parts are implemented for the EBF
system.

Liu et al. p[27] investigated the performance of shear links having a
constant length (400 mm) while varying the cross-sectional properties
and stiffeners’ location. The reason this paper adopts the experimental
work of P[27] is that the cyclic behavior of the material Q345GJ was
thoroughly and carefully studied to develop the constitutive model of
Q345GJ steel. Their investigation concluded that Q345GJ steel provided
good low-cycle fatigue capacity ideal for shear links and structural
members prone to seismic loads. A summary of the parameters of the
constitutive model is provided in Table 1, where 6° represents the
isotropic hardening yielding stress, y; represents the i™" kinematic
hardening speed and Ci/y; represents the maximum value for the ith
kinematic hardening p[32].

S, Mises

(Avg: 75%)
+6.709e+02
+6.150e+02
+5.592e+02
+5.033e+02
+4.474e+02
+3.916e+02
+3.357e+02
+2.798e+02
+2.240e+02
+1.681e+02
+1.123e+02
+5.641e+01
+5.483e-01

(a)

Fig. 3. Deformation at 28 mm lateral displacement (a) numerical (b) experimental pP[27].
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3. Numerical model
3.1. FE modelling and verification of shear links

A combined isotropic-kinematic hardening model is used for the
material model where the parameters obtained from Table 1 are
implemented. 8-node linear hexahedral elements (C3D8) were used with
amesh size of 5 x 5 mm. Tie constraints were used at the location of the
welds without detailed modelling of the weld behavior or fracture as the
main aim of the study is to obtain an optimized shape of the shear link
depending on the behavior of the steel section. Detailed numerical
modeling of the welds will add computational cost with little to no
benefit to the optimization study. The cyclic loading protocol applied to
the numerical model is corresponding to the standard load case provided
by p[27] and illustrated in Fig. 2.

The failure mode occurred in the experimental work of p[27] was
web fracture along the welds at the intersection of flanges and web
which occurred after the 26th cycle (36 mm lateral displacement).
Consequently, the numerical simulation only considered 26 cycles since
no weld fracture is accounted for in the model. This assumption limits
the comparisons made through cyclic testing in this study to the plastic
deformation of links, assuming that all links would withstand at least 26
cycles before fracture of welds take place. A comparison between the
deformed shape of the numerical versus the experimental work is pro-
vided in Fig. 3 at lateral displacement of 28 mm. Moreover, the shear
force versus lateral drift (%) for the numerical model is provided in
Fig. 4. The cyclic envelope (skeleton curve) of the hysteresis loops is
plotted against the numerical model and it can be noticed that the nu-
merical model is in good agreement with the data obtained from
experimental testing with minor deviations as the numerical model
recorded 2.5 % higher maximum shear force.

3.2. FE modelling and verification of EBF

Su and Lian p[26] tested single-storey and 3-storey EBF systems for
their study. This research focuses on the single-storey setup for the
validation of the numerical model. The section properties are presented
in Fig. 5, while the material properties can be shown in Table 2. Bilinear
material models were adopted based on the data provided by p[26] and
presented in Table 2. The EBF was modelled twice, the first model is
illustrated in Fig. 6 where 8-node linear hexahedral elements (C3D8)
were used for link, beam and columns, while 10-node quadratic tetra-
hedron elements (C3D10) were used for the bracing due to the chal-
lenging geometries at the connection with the columns and the link.

(b)
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Fig. 4. Hysteresis loops from the numerical model (this study) vs. cyclic envelope (experimental) p[27].
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Fig. 5. Frame setup adopted from p[26].

Table 2

Material Properties for structural members in the EBF p[26].
Structural member Links Braces Beams Columns
Steel grade designation Q345 Q460 Q460 Q460
fy web 427.4 496.9 496.9 496.9
fy flange 383.33 468.77 468.77 468.77
fuweb 571.1 658.57 658.57 658.57
fu flange 554.4 627.97 627.97 627.97
Web elongation % 26.53 29.73 29.73 29.73
Flange elongation % 31.01 35.88 35.88 35.88

After a mesh sensitivity analysis, finer mesh size was used for the link as
noticed in Fig. 6(c), where a mesh size of 10 x 10 mm was used. The
mesh size for columns and bracing were 20 x 20 mm. Contact between
all sections with each other at their ends was modelled using tie
constraint such that no detailed modelling of weld behavior is imple-
mented in the model.

In order to reduce the computational cost, another model was
developed for the same problem while replacing bracings modelled
using C3D10 elements with beam elements (B32), as kinematic coupling
between the brace ends and the surfaces of the plates of the connection
are applied, constraining translational DOFs, illustrated in Fig. 7. Static
pushover load is applied, and the results are compared to the
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Fig. 6. (a) FE model of the single storey EBF (b) beam-column connection (c) shear link connection.

Fig. 7. Simplified FE model for the EBF.

S, Mises

(Avg: 75%)
+8.390e+02
+7.691e+02
+6.992e+02
+6.292e+02
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+3.496e+02
+2.797e+02
+2.097e+02
+1.398e+02
+6.992e+01
+8.262e-10

Fig. 8. Deformed shape of the shear link.

experimental output.

Deformations at different locations on the EBF are compared to the
FE model illustrated in Fig. 8 and Fig. 9. The base shear versus the frame
lateral displacement curves are provided in Fig. 10. Yielding in the FE
models was recorded at a value of 394 kN, which is 14 % higher than
yield force (346 kN) recorded from the experimental test. For the post-
yield behavior, the FE models were in good agreement with the exper-
iment whether in terms of the post-yielding stiffness or deformation. The
limitation of the FE models was the prediction of weld failure. Modelling

S, Mises

(Avg: 75%)
+8.111e+02
+7.435e+02
+6.75%e+02
+6.083e+02
+5.407e+02
+4.731e+02
+4.055e+02
+3.380e+02
+2.704e+02
+2.028e+02
+1.352e+02
+6.759e+01
+2.632e-09

Fig. 9. Buckling of column flange at base connection.
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Fig. 10. Results of experimental p[26] vs. numerical models of the one-storey
EBF system.

of welds was not explicitly included in the model, instead, tie constraints
were used. This explains the increasing trend in the curves of the FE
models while a sudden drop in load-bearing capacity can be noticed for
the experimental curve due to failure at welds. It can also be noticed that
the simplified FE model was capable of predicting the behavior of the
EBF almost as good as the full model while being significantly
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computationally more efficient. Therefore, modelling of the bracing as
beam elements (B32) is adopted for this research.

4. Optimization, results and analysis
4.1. Topology optimization algorithm

General (sensitivity-based) algorithm p[33] is used for the optimi-
zation process of the shear link using Abaqus Topology Optimization
Module (ATOM) where minimum compliance problem is formulated for
the optimization process of the link. The compliance problem stipulates
that maximum stiffness for the design domain can be achieved by
minimizing the work done by external loads. This is achieved by mini-
mizing the sum of strain energy of all discretized elements of the design
domain, as indicated in (Eq. 1):

N
m%n cc=UKU= ul ko(E.) u D)
e e=1

Where 1, is the displacement vector for individual element (e=1,2,3 ....
N), k is the stiffness matrix for element “e”, which is a function of
Young’s modulus for an element with intermediate density, described in

(Eq. 2):
E=)p"E, ()]

Where p is the element relative density factor, p is the penalty factor
that defines the effect of the density on the model stiffness, and Eg is the
Young’s modulus of the fully solid material. This approach of penalized,
proportional stiffness model has proven to be very efficient and popular
in optimization problems that yields designs consisting of regions of

(a)

Fig. 12. (a) Raw optimized shape versus (b) final simplified shape after post-processing.
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(c)

Fig. 11. Stages of optimization (a) source I-section (RSL-1) (b) optimization design space (c) optimized shape from ATOM.

material and no material, which is called the SIMP (Solid Isotropic
Material with Penalization) material interpolation scheme p[34]. The
SIMP method is adopted with penalty factor (p) equals to 3 P[35]. The
stiffness of the whole model is then defined by (Eq. 3):

K, =

N
e=1

[Pmin + (1 = Proin )% | Ke 3
Where K), is the modulated global stiffness, p,;, is the minimum relative
density (kept at 0.001), p, is the element relative density factor, K, is the
element stiffness matrix and N is the number of discretized elements in
the design domain. The design domain was created as a solid rectangular
beam with the same depth, width and length as the original I-section
(RSL-1). This design domain is subject to a volume constraint such that
the volume of the final shape does not exceed that of RSL-1. Conse-
quently, this approach should maximize the stiffness of the link given
that the optimized link will have a volume equal to or less than the
original shear link. It is reasonable to consider linear analysis during the
optimization process since maximizing the stiffness of the link in the
elastic range would also increase the stiffness of the link when large
deformations are applied to it.

4.2. Topology optimization of shear links

Fig. 11 and Fig. 12 illustrate the workflow of the optimization pro-
cess of the shear link. This workflow is recommended by recent guides
on design for additive manufacturing (DfAM) p[36]. Fig. 11(a) provides
the geometry of RSL-1 shear link which is converted to a fully solid
section with the same dimensions as illustrated in Fig. 11(b). Fixed
boundary conditions are applied to the fully solid section at its tips at

Vol = 1452580 mm?®

(b)
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Fig. 13. Dimensions of the final simplified shape.
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Fig. 14. Load-displacement curves for monotonic displacement of RSL-1 and
optimized shear links.

one end while displacement is applied at the other end. For computa-
tional efficiency, linear elastic analysis was considered for the optimi-
zation process which yielded the optimized shape provided in Fig. 11(c)
after 26 design cycles. It can be noticed that the TO algorithm resulted in
an optimized shape that adapts to the shear stress by resisting its tension
and compression stress components.

The optimized shape is further processed to obtain a more simplified
shape that can be useful for 3D printing in future work, illustrated in

S, Mises

(Avg: 75%)
+8.148e+02
+7.469e+02
+6.790e+02
+6.112e+02
+5.433e+02
+4.754e+02
+4.076e+02
+3.397e+02
+2.718e+02
+2.040e+02
+1.361e+02
+6.823e+01
+3.614e-01
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Fig. 12 and Fig. 13. The final simplified shape is obtained by measuring
distances at different locations on the raw optimized shape. Fig. 12(b)
illustrates the final optimized shape after post-processing. The final
optimized shape had a 12 % reduction in volume compared to RSL-1.

To compare the performance of the optimized link versus RSL-1, both
links are subjected to monotonic pushover lateral movement and quasi-
static cyclic loading. Fig. 14 provides a plot of the load-displacement
curves for both links subject to monotonic displacement. The simula-
tion is stopped at 50 mm lateral displacement since the experimental
tests indicated that fracture of welds occurred for RSL-1 at displacement
equals 36 mm when subjected cyclic load. Fig. 14 shows that the opti-
mized link had a maximum shear resistance of 622 kN, which is 13.5 %
than RSL-1. If only 36 mm displacement is considered, the difference
increases to 20 % indicating that the optimization process achieved
higher shear resistance with less material (volume). The deformed shape
of the optimized link is provided in Fig. 15. It can be noticed that the
failure mode of the optimized link differs significantly from the con-
ventional shear link where shear buckling of the web takes place.

Fig. 16 provides the hysteresis loops for both RSL-1 and optimized
links, while Fig. 17 highlights their corresponding cyclic envelopes. The

Force (kN)
5

Lateral Drift (%)
= = =RSL-1 (numerical) Optimized Link

Fig. 16. Load-displacement curves for cyclic loading of RSL-1 and optimized
shear links.

Fig. 15. Deformed shape of the optimized link.
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Fig. 17. Cyclic envelope of different RSL links versus optimized shear link.
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Fig. 18. Cycles used for calculation of damping coefficient.

highest shear force recorded for the optimized shape is 601 kN, which is
20 % higher than RSL-1 (502 kN). Moreover, the intended use of shear
links in structures prone to seismic loading is to dissipate energy,
consequently, the energy dissipation capacity and the equivalent viscous
damping coefficients are calculated to compare the performance of both
links. The energy dissipated during cyclic loading is calculated as the
area under the cyclic envelope curve. It was found that the optimized
link provided 31 % increase in the energy dissipation capacity compared
to RSL-1 marking a significant seismic performance enhancement.

Another measure of the energy dissipative capacity is the equivalent
damping coefficient, h, defined by Eq. (3) and illustrated in Fig. 18
r[371:

Table 3
Summary of comparison between RSL-1 and optimized link.
RSL-1 Optimized Diff
Link (%)
Monotonic  Max. V (kN) (50 mm 548 622 13.4
disp)
Max. V (kN) (36 mm 514.8 621.816 20.8
disp)
Cyclic Max. V (kN) 502 601 19.9
Energy Dissipation (J) 27522 32659 31
Damping Coefficient 0.55 0.56 2.0
1.20 q
1.00 4 — ]
0.80
=
3
(%]
& 0.60
2
>
0.40
0.20
0.00
Optimized ~ RSL-1 RSL-4 RSL-6-1  RSL-6-2 RSL-6-3 RSL-10
Link

Fig. 19. Illustration of volume reduction of the optimized link compared to
RSL links.
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eton) curves.

1 Sapc + Sanc

e = —. (3
21 Spok + Spor

The term Sppc +Sapc resembles the energy dissipated during one
complete cycle, while Spor +Spor represents the total strain energy
assuming the link behaves elastically until reaching the target
displacement. The damping coefficient is calculated from the cycle that
resulted in the maximum recorded shear resistance (points B and D) as
illustrated in Fig. 18. It was found that the damping coefficient for both
links were almost identical. A summary of results obtained for the
comparison is provided in Table 3.

Fig. 17 also provides the cyclic envelope curves for different I-shaped
RSL shear links extracted from p[27] having the same cross-sectional
dimensions and link length but with added stiffeners. These added
stiffeners resulted in additional material used, consequently, Fig. 19
presents the volume of links relative to RSL-1. RSL-6-2 had the best
performance in terms of shear resistance, energy dissipation and
ductility compared to other RSL links while increasing the volume of the
link by 10 %, as illustrated in Fig. 19 and Fig. 20. When RSL-6-2 is
compared to the optimized link, the latter exceeds the former by 12 % in
shear resistance with 20 % less material, however, RSL-6-2 had 6 %
higher energy dissipated during cyclic loading. Other than RSL-6-2, the
optimized link exceeded the RSL shear links in shear strength or energy
dissipated with less material.

(a)
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4.3. Implementation of optimized link in EBF

In order to assess the behavior of the optimized link in EBF systems,
the optimized shape for the link is implemented in the EBF frame as
shown in Fig. 21. Two optimized links were proposed having different
volume reductions, one with 12 % volume reduction as obtained from
the shear link study, then a more aggressive reduction in material was
pursued for the second link with 30 % reduction in volume. Moreover,
the original shear link had different material properties for the web and
flanges as indicated in Table 2 and since the optimized links have a solid
homogeneous shape, the links were modelled once using the material

Table 4
Naming convention for the FE models.
Link ID Description
Opt-12 %- The EBF model where optimized link of 12 % volume reduction is

w used, having the material model of the original shear link’s web

Opt-12 %- Optimized Link, 12 % volume reduction, Flange material model
F
Opt-30 %- Optimized Link, 30 % volume reduction, Web material model
w
Opt-30 %- Optimized Link, 30 % volume reduction, Flange material model
F
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Fig. 22. Base shear versus lateral displacement curves.
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Fig. 21. (a) Illustration of the EBF (b) shear link from p[26] (c) optimized link to replace the existing link.
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Table 5

Sequence of plastic deformations observed for EBF.
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Model ID Sequence of elements entering plastic stage
EBF with @ @ 3) @
conventional link A= 4.2 mm A= 6.9 mm A= 55.56 mm A=73.7 mm

P =185.1 kN P = 302.58 kN P = 660.5 kN P =672.6 kN
Yielding initiated @ Opt. Beam’s web @panel zone above link  Buckling Occurred at link Buckling Occurred at Column Base
link’s web started to yield Web and flange Fig. 9
Smises > 427 MPa Smises > 497 MPa Fig. 8

Opt-12 %-W @ @ 3) “@
A= 3.62 mm A=11.53 mm A= 31.1 mm A= 43.97 mm
P =188.2kN P =556.8 kN P =796.5 kN P =832.2kN
Yielding initiated @ Opt. Beam’s web @panel zone above link  Flange buckling Occurred at Column panel zone yielded and column flange
link started to yield Column Base buckled below the panel zone
Smises > 427 MPa Smises > 497 MPa

Opt-12 %-F (€D] @ 3 @
A=7.95 mm A=11.98 mm A= 23 mm A= 39 mm
P =396.5kN P =558.1 kN P =699.8 kN P=773.4kN
Yielding initiated @ Opt. Beam’s web @panel zone above link  Flange buckling Occurred at Column panel zone yielded and column flange
link started to yield Column Base buckled below the panel zone
Smises > 383 MPa Smises > 497 MPa

Opt-30 %-W @ (@3] 3
A=9.1 mm A= 33.6 mm A= 41.4 mm
P =431kN P =701.3kN P =719.4kN
Yielding initiated @ Opt. Flange buckling Occurred at Column Base Column panel zone yielded and column flange
link buckled below the panel zone
Smises > 427 MPa

Opt-30 %-F 1) (2) 3)
A=8.75mm A= 32.3 mm A= 39 mm
P = 407.8 kN P =658 kN P =675 kN

Yielding initiated @ Opt.

link
Smises > 427 MPa

Flange buckling Occurred at Column Base

Column panel zone yielded and column flange
buckled below the panel zone

*Smises 1S obtained at the

centroid of the C3D8 solid elements of the mentioned zone of each stage.
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Fig. 24. AISC 341-16 loading sequence p[22].

model used for the web of the original shear link and once using the
flange properties. The naming convention for the models are provided in
Table 4.

4.3.1. Monotonic quasi-static pushover analysis

A monotonic displacement is applied to the EBF and the base shear
versus lateral displacement is plotted and shown in Fig. 22. It is found
that Opt-12 %-W and Opt-12 %-F reached 26 % and 19 % higher base
shear compared to the conventional EBF, respectively. The increase in
base shear indicates an increase in the stiffness of the EBF. These dif-
ferences were originally the main drive to investigate the performance of

10

shear links with higher volume reduction. Opt-30 %-W and Opt-30 %-F
had a slightly higher baser shear reaching 8 % and 3 % higher base shear
over the conventional EBF, respectively.

An important aspect of quasi-static pushover analysis is observing
the behavior of the EBF at various locations, aside from the dissipative
shear links. It is crucial to ensure that these links yield before the col-
umns and beams do. In all models, the dissipative shear links yielded
first, which is an essential phenomenon to ensure ductility of the EBF
when subjected to seismic loads. Large plastic deformations and buck-
ling at column base took place at higher lateral displacement of the EBF
when conventional link was used, however, the maximum base shear
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Ytotar = A

As=Ytora X L

8 2

Fig. 25. Illustration of converting link rotation to lateral displacement.

withstood was the lowest compared to other optimized links systems.
The following Table 5 summarizes the observed stages of plasticity ob-
tained from the numerical models.

4.3.2. Quasi-static cyclic loading analysis

The performance of the links is then assessed under cyclic loading
where the loading protocol follows the AISC 341-16 loading sequence
p[38] illustrated in Fig. 24. Moreover, Fig. 25 expands on converting the
link rotation to storey displacements applied to the EBF. This approach
is adopted since the monotonic pushover test has shown that the stiff-
ness of the beam is high enough to assume the deformed shape provided
in Fig. 25.

Fig. 26 provides the hysteresis loops for EBF with the conventional
link versus all EBFs with optimized links, while Fig. 27 features their
respective cyclic envelopes. It can be noticed that Opt-12 %-W had the
highest stiffness with maximum base shear of 887 kN, 30 % higher than
the conventional EBF. Opt-12 %-F had slightly less stiffness with
maximum base shear equals 853.5 kN, 25 % higher than the conven-
tional EBF. Opt-30 %-W and Opt-30 %-F had almost the same maximum
base shear when to conventional EBF. Comparing the post-yield
behavior of the models, it can be noticed that the EBF with conven-
tional link exhibited cyclic strain hardening with increased resistance to
deformation. All Opt. models exhibited similar post-yield behavior
where cyclic strain hardening is followed by cyclic strain softening. Opt-
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30 %-W and Opt-30 %-F exhibited cyclic hardening behavior until
reaching a displacement of + 38 mm and + 37.6 mm, respectively, then
large plastic deformations and buckling of flanges at columns base are
initiated. Similarly, Opt-12 %-W and Opt-12 %-F exhibited cyclic
hardening behavior until reaching a displacement of + 48 mm and
+ 54.4 mm, respectively, where buckling of flanges at columns base
took place. The energy dissipation calculated from the cyclic envelope
curve indicates that the optimized links also outperformed the conven-
tional EBF. Opt-12 %-W achieved 26 % higher energy dissipation while
Opt-12 %-F was 12 % higher. Opt-30 %-W and Opt-30 %-F were also
close to the conventional EBF in terms of energy dissipation. Never-
theless, it can be noticed that the hysteresis loops obtained from the
cyclic loading of the conventional EBF had more plumpness when
compared to EBFs with optimized links indicating higher energy dissi-
pative capabilities. The damping coefficient calculated from Eq. (3) can
translate the plumpness of the curves numerically.

A summary of the results obtained from the monotonic and cyclic
tests is provided in Table 6 including the damping coefficients for all
models. The conventional link outperformed all optimized links in the
damping coefficient parameter, which translates to a ratio of D/Dc,y. less
than 1. This can be attributed to the deformation and failure mode of the
links. In the optimized shear links models of the EBF, the redistribution
of material from the TO procedure resulted in thicker web with reduced
surface area, as provided in Fig. 21(c)., mitigating the shear-buckling
mode that is common in conventional shear links. The load-bearing
behavior transitions from traditional shear mechanisms to more effi-
cient tension-compression mechanisms simulating a strut-and-tie
behavior, as illustrated in Fig. 23(b). Struts in the optimized links effi-
ciently channel compressive forces along straight-line paths and
reducing stress concentrations while ties, on the other hand, facilitate
the transfer of tensile forces. This reorganization of internal forces en-
hances the strength and stiffness for the links. Nevertheless, conven-
tional shear links showed efficient energy dissipation, represented in the
damping coefficient parameter, depending on shear buckling of the web
for energy dissipation, compared to the deformed shapes of optimized
links where sudden drop in strength after buckling of the links at regions
under compressive stress took place.

=
=3
©
Q
ey
o 1%0
(%2}
©
@
Displacement (mm)
EBF Conv. Link ======-- Opt-30%-W = = =0Opt-30%-F — - — Opt-12%-W — —- - Opt-12%-F

Fig. 26. Load-displacement curves for cyclic loading of EBF with I-section and optimized shear links.
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Fig. 27. Cyclic envelope of EBF with I-section and optimized shear links.
Table 6
Summary of comparison between EBF with I-section and optimized links.
Loading Type Parameter EBF - Conv. Link Optl2 %-W Opt12 %-F Opt30 %-W Opt30 %-F
Monotonic V/Veonv. 1.00 1.26 1.19 1.08 1.03
Cyclic Max. V/Veony. 1.00 1.22 1.15 1.00 0.98
Min. V/Veony. 1.00 1.30 1.25 0.97 1.01
“E/Econv. 1.00 1.26 1.12 1.00 0.97
*“*D/Decov. 1.00 0.80 0.80 0.83 0.53

" E refers to energy dissipation, calculated from area under the cyclic envelope (skeleton) curve

" D refers to damping coefficient

(b)

Fig. 23. (a)Shear buckling in conventional link versus (b)Strut and tie behavior
of the optimized link.

5. Conclusions

Additive manufacturing (AM) has made it possible to manufacture
topologically optimized structural members in the construction industry
where AM technologies like WAAM coupled with TO can benefit the
environment by reducing material usage. This paper provided a nu-
merical approach for optimizing shear links subjected to monotonic and
cyclic loading. Nonetheless, it is essential to highlight that this study
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focuses on the behavior of the shear links prior damage and fracture at
welded joints. In addition, further analysis of optimized links with
different dimensions for the design space can be investigated. Future
research can also investigate the performance of optimized shear links in
multi-storey structures subjected to quasi-static and dynamic loadings.
The following points summarize the conclusions drawn from the opti-
mization study:

a) The first optimized link was compared to the shear link designated as
RSL-1 and achieved a volume reduction of 12 %. The optimized link
proved to be superior in almost every aspect when its performance is
compared to RSL-1.

b) The optimized link had shear strength that reached 20 % higher than
RSL-1 when subjected to monotonic loading, in addition, the
maximum shear force recorded for the optimized link under cyclic
loading also reached 20 % higher than the conventional link.
Moreover, the energy dissipation capacity of the optimized link
calculated using the cyclic envelope was 19 % higher than RSL-1
while the damping coefficient was almost the same for both links.

c) The optimized link is compared to other experimentally tested RSL
links. It was found that the optimized link also surpassed other RSL
links in shear resistance and energy dissipation.

d) In order to expand on the performance of TO’ed shear links, another
study that included testing of EBFs with vertical links was included.
Optimized links with 12 % and 30 % reduction in material are
investigated to assess the effect of reducing materials aggressively on
the behavior of the links.
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e) For Opt-12 % links, stiffness and energy dissipation were signifi-

—

g

cantly increased reaching 30 % and 25 % respectively, when
compared to EBF with conventional link. Nonetheless, the damping
coefficient calculated for conventional links were higher compared
to the optimized links, indicating that failure mechanisms of opti-
mized links influence greatly the damping coefficient parameter.
For Opt-30 % links, the differences in strength and energy dissipation
were much less when compared to the conventional link. The EBF
with optimized link had 8 % higher base shear compared to I-shaped
link, in addition, the performance was almost the same when cyclic
loading is applied. The difference in maximum base shear recorded
from the cyclic loading was less than 2 % while the energy dissi-
pated, calculated from the cyclic envelope, was less than 1 %. The
damping coefficient calculated for the I-shaped conventional link
was 15 % higher than the optimized link which was also visible in
the shape of the hysteresis loops.

Shear buckling of the web is expected for conventional I-shaped
shear links, which is not the case for the optimized links. The failure
mode for the optimized shapes is either buckling or tension failure at
the straight segments of the link.
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