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Developments on code-compliant Topology Optimisation methodologies for the steel construction industry have
recently been proposed. Also, it has been found that topologically optimised steel bolted connection parts —
which behave non-linearly to a very significant degree of damage — do not waive physically non-linear analyses
to assess an ultimate capacity that can be lower than what is predicted by the optimisation procedure linear
analyses. These two circumstances brought urgency to the experimental testing of such optimised parts. The
herein depicted experimental programme assessed topologically optimised and previously numerically analysed

bolted parts of a well-known steel connection. The results allowed redefining the material trilinear model to be
used in further numerical analysis and, very significantly, validated the numerical simulations results as well as
the application of Eurocode formulae for connections component resistance. The difference between the previous
numerically predicted ultimate resistance and the experimentally defined did not exceed 2.6 %.

1. Introduction

Over the past thirty-five years, Topology Optimisation (TO) has
benefited from the development of homogenisation methods [1-3] to
enter an industry-prone modern age [4-7] which, ultimately, is para-
mount to foster the employment of sensible advances in the structural
steel manufacturing processes optimisation [8-11]. Nevertheless,
large-scale applications to the construction and civil engineering sectors
are yet to be seen.

One of the main hindrances frequently pointed out for such an
outcome is the lack of a code-compliant methodology that could merge
the advanced calculations and cutting-edge software needed for TO with
the very strict regulations that apply to construction [12]. Hence, recent
research was promoted to address this issue, resulting in the develop-
ment of a methodology [13-15].

Moreover, the same research also found that topologically optimised
parts under an elastic domain tend to behave differently under the non-
linear (post-elastic) regimen that shall be covered in the design and
analysis of structural steel connections [14].

Under these circumstances, it became evident that the road towards
practical applications of TO for the steel construction industry should
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include experimental testing, both static and dynamic, after the setting
of a methodology and its validation with numerical analyses [16].

To meet such a stringent need regarding static experimental testing,
an experimental programme was designed to physically test the pro-
totypes designed with the recently proposed methodology based on
current procedures for assessing the non-linear behaviour of steel parts
[17]. The object of the optimisation procedure was the well-known
Sheikh-Ibrahim’s [18] connection, whose (non-optimised) behaviour
has been thoroughly studied in the past.

Optimised tension cover-plates have consequently been produced
through subtractive manufacturing and, along with material coupons to
assess the prototypes’ steel properties, tension tested. Endeavoured
methodology can be briefly synthesised in a three-stage experimental
protocol, with base material testing, sacrificial plates testing for layout
assessment and, ultimately, prototypes testing.

The current document is, therefore, aimed at extensively depicting
the experimental methods and their results, assessing the previous nu-
merical findings [14], allowing correlations and conclusions to be
accomplished, and enabling fellow researchers to use this work with full
reproducibility.

The novelty brought by this document can be summarised in the
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Fig. 1. Flange connection layout (dimensions in mm).

presentation of a rare topologically optimised connection plate testing to

Table 1, . . . ultimate capacity, the validation of Eurocode design calculations with
Non-optimised plate failure modes and capacity parameters. . . .. . .
experimental values in optimised plates, extending the scope of appli-
Component  Characteristic Design value Notes cation of such formulae and the proposition of a useful trilinear material
value model for non-linear analyses.
Fpra 0.004620 f, [kN] 0.003696 f,, [kN] Flange cover-plate
(with f, in kPa) (with f,, in kPa) bearing resistance, 2. Materials
according to Eurocode 3
[24] for Ultimate Limit : . ) .
States. 2.1. Sheikh-Ibrahim’s splice connection
Fy ra 1176 kN 941 kN Bolts shear resistance,
according to Eurocode 3 2.1.1. Geometry
éf:t]esfor Ultimate Limit The work of Sheikh-Ibrahim at the University of Texas at Austin, in
Nura 0.00176688 £, 0.00141350 £, Plate’s tensile resistance 1995 [18], provided a comprehensive understanding of splice connec-
[KN] (with £, in [kN] (with £, in (net sectional area), tions in steel girders and contributed to drafting design recommenda-
kPa) kPa) according to Eurocode 3 tions that became widely used by practitioners and researchers [19,20].
][?3{245] for Ultimate Therefore, the cases in this experimental programme were regarded
t States. - . -
it States as the ideal ground for employing a novel TO methodology. Sheikh-
Ibrahim’s Case 1 (out of 32) was considered and is illustrated in Fig. 1,
Table 2
Steel coupons and optimised prototypes parts list.
Part  Type Manuf.  Steel Supply fy (ASTM fu (ASTM fy fu Certif.
A572-50) A572-50) (Certif.) (Certif.)
100  Material Sample Valis Colakoglu lot 073335000 label 345 MPa 450 MPa 439 MPa 563 MPa 99.TS.03.22.
101 05685 Bl
102
103
104
T1 Optimised plate to 55 % vol.
T2 fract.

T3



astm:A572
astm:A572
astm:345
astm:450
astm:Optimised
astm:to
astm:vol
astm:fract
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Fig. 2. Steel coupons front and back. a) Part 100, b) Part 101, c) Part 102, d)
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Fig. 3. Optimised prototypes. a) Part T1, b) Part T2 and c) Part T3.

where two W24 x 7 x 55 segments in A36 steel [21] are joined with
cover-plates (one in each flange and two in the web). As a result, A572
Grade 50 steel [22] flanges’ cover-plates resist with simple shear. The
flange cover-plates are 812.8 mm long, 205 mm wide and 12.7 mm
thick. Since the manufacturing process was carried out in Europe, the
plate thickness was adjusted to 12 mm.

The originally A325 steel twenty 19.1 mm diameter bolts were
replaced with M20 (8.8) ones, complying with EN 14399 for the HR-tZn
system. Bolt holes were adjusted to the European standards normal ones
of 22 mm, and spaced of 63.5 mm in the longitudinal direction and 95
mm in the transversal one.

2.1.2. Original plate resistance

To set a baseline scenario for the non-optimised plate’s expected
failure modes, the European standards for steel construction were
considered [23-25]. Component resistance, as per Eurocodes and
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Fig. 4. Sacrificial test plate.

proportionally to material strength, is enlisted in Table 1.

2.2. Topology Optimisation

The connections’ tension plate was topologically optimised using a
density-based approach, the Solid Isotropic Microstructure with Penal-
isation (SIMP) method [4] and a penalty factor of 3.

To such an end, a parametric study was pursued, with a proposed
methodology described in Ref. [14], generating optimised topologies
with volume fractions changing every 10 % from the original layout and,
ultimately, every 5 % as solutions converged for optimality, to which
physically non-linear analyses succeeded in finding each solution’s exact
ultimate capacity. Optimisation steps can also be found in Ref. [14].

The chosen topology has corresponded to the least volume fraction
that has shown the ability to ensure the original connection’s ultimate

capacity.
2.3. Material model

The optimisation procedure was bound to consider the case study’s
flange plates material, which was, reportedly, Grade 50 steel according
to the ASTM A572/A572 M standard [22]. This steel grade’s mechanical
properties are defined by a minimum yield strength of 345 MPa, a
minimal ultimate strength of 450 MPa and a minimum elongation of
0.21 in a 50 mm gauge and 0.18 in a 200 mm gauge.

However, further parameters were needed to accomplish the non-
linear analyses, such as information on the steel hardening phase and
a realistic threshold for the ultimate elongation. Therefore, published
literature was investigated, including Sheikh-Ibrahim’s [18],
Sheikh-Ibrahim and Frank’s [19], Barbosa and Ruggieri’s [26], Richter’s
[20] and Rex and Easterling’s [27] publications, resulting in the ability
to synthesise a realistic and code-supported trilinear model with hard-
ening. Such a model is defined by an elastic stage with Eg = 199.9 GPa, a
plastic one with E = E(/339 and a hardening one with E = E(/1000 (as
shown in Fig. 15).

Nevertheless, as the chosen topology reached the manufacturing
stage, material models had to be adjusted to the real steel properties. The
first insight was provided by the supplier material sheets. For the ma-
terial batch of which the current plates were subtractively manufac-
tured, Colakoglu Metalurji ensured a yield strength of 439 MPa, an
ultimate strength of 563 MPa and an elongation of 0.271 in a 200 mm
gauge.

However, for a case-specific assessment, it has been considered that
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Fig. 5. Testing layout for the sacrificial test plate.

steel coupons gathered from the steel plate should be analysed. Those
results are presented in a following section and used to attain the
adjusted trilinear model with hardening, as depicted in Fig. 15.

2.4. Manufactured parts

2.4.1. Steel coupons

Five material samples were taken from the steel plate used to
materialise the optimised prototypes. These coupons, listed in Table 2
and shown in Fig. 2, were retrieved in a prismatic shape and subse-
quently prepared to match the gauges defined for material testing.

2.4.2. Optimised prototypes

In order to ensure statistical value to the conclusions that can be
drawn from the testing of the optimised solutions, three identical pro-
totypes have been manufactured. The prototype list and photographic
report are depicted in Table 2 and Fig. 3, respectively.

3. Experimental methods
3.1. Experimental protocol

The experimental protocol can be defined as a three-staged one,
including the prototypes material testing through steel coupons, the
layout testing with sacrificial plates and, finally, the prototypes testing.

Concerning the first stage, to ensure that the test results are admis-
sible both under European (EN 10025-2) and American (ASTM A572)
materials standards, the test section is defined as 12 mm x 6 mm, and
the test length is 50 mm. A “gauge” is necessary to limit the yielding
section. The minimal number of results to provide characteristic values
for the steel properties assessment has been valued in three. However,
five specimens were manufactured to ensure the test robustness and
tolerance to unforeseeable events, of which four coupons were prepared

and tested.

A test with a “sacrificial test plate” will follow to assess the testing
layout, measurement display and testing conditions, to ensure the
personnel training in the assembly sequence and testing recording, to
investigate possible errors in the setup and to ascertain the general
conditions for the subsequent prototypes testing. The “sacrificial test
plate” is depicted in Fig. 4, and the testing layout is shown in Fig. 5.

After implementing any adjustment regarded as necessary after
analysing the sacrificial plate testing data, the layout for the prototypes
is assembled, as illustrated in Fig. 6, and the tests were carried out.

3.2. Testing of steel coupons

Four “gauge” testing specimens were manufactured from the pris-
matic coupons. The procedure endeavoured to attain these specimens is
described in Fig. 7, and its goal was ensuring 50 mm long testing gauges
with a 12 mm x 6 mm section.

These specimens were tested until failure to determine the yielding
stress, the ultimate stress, and the ultimate strain of the material. All the
tests were performed in displacement-control mode using a monotonic
ramp with a displacement rate equal to 0.05 mm/min, per the literature
on steel bolted connections [28,29].

The testing equipment used for the tests was a universal testing
machine, “MTS 810 Material Test System, model 318.25”, having a load
capacity of 250 kN and clamping maximal pressure of 69 MPa. The
strain of the “gauge” specimens was measured not only through the
crosshead motion, assuming a uniform deformation along the 50 mm
length of the reduced section (“crosshead def’), but also through an in-
tegrated extensometer MTS 634.12F-24, S/N 10183942E with gauge
length equal to 25 mm (“extensometer def”). A schematic picture of the
testing machine is illustrated in Fig. 8.
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Fig. 9. Testing equipment used for the tests on the steel connection prototypes.

3.3. Testing of steel prototypes and sacrificial plates

The tests on the optimised tension plate prototypes were performed
in displacement control mode using a monotonic ramp with a
displacement rate equal to 1 mm/min, per the literature on steel bolted
connections [28,29].

The testing equipment used for the tests is a universal testing ma-
chine model “Galdabini Quasar 1200 S/N VB47”, having a nominal load
capacity of 1200 kN, total stroke of 1300 mm, and clamping maximum
force of 1800 kN. A schematic picture of the testing machine is illus-
trated in Fig. 9, and the assembly process is illustrated in Fig. 10.

In addition to the integrated measurement of the machine frame
vertical motion (“crosshead”), the local deformation of the tested spec-
imens was computed with the aid of two linear variable displacement
transducers (LVDTs), model “Monitran MTN/IEUSAL050-10", having

stroke + 50 mm, placed according to a suitable configuration as shown
in Fig. 11 for the tensile tests. The latter displacement measurement is
labelled as “LVDT” and is the difference between the displacement
measured by LVDT1 and that measured by LVDT2. It is expected that the
displacement measurement obtained through the two LVDTs represents
the net displacement of the specimen, while that obtained via the
crosshead motion represents the gross displacement of the overall test
setup, which might be affected by minor slip phenomena at the wedges
and other slips caused by bolt-hole clearance.

The two LVDTs were placed on the two sides of the tested specimen
so that their spring-terminals point towards a cubic magnet fixed on the
auxiliary plates just beyond the prototype’s length. In this way, the
actual elongation of the prototype was measured as the difference be-
tween the two absolute values recorded by the two LVDTs, thus elimi-
nating in the measurement any slips occurring in the gripping area at the
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Fig. 11. Configuration of LVDTs used for the tensile tests.

wedges or any bolt-holt clearance occurring in the fixing M27 bolts.

The two LVDT measurements are obtained through an acquisition
unit model “NI cDAQ 9189, equipped with an appropriate connector
type “NI-9209” for measuring input voltage signals. A customised
“project” has been realised in the LabView programming environment to
convert, in real-time, the voltage signal into a displacement signal
(through a calibration constant provided by the LVDT manufacturer)
and to save all the recorded signal in a. txt file for postprocessing pur-
poses. All the measurements (those related to the crosshead motion as
well as those obtained through the LVDTs) are obtained at a sampling
frequency equal to 10 Hz.

4. Results and discussion
4.1. Tensile tests on steel coupons for material characterisation
The tensile test results on the steel coupons, in terms of stress-strain

curves for crosshead deformation and extensometer deformation, are
depicted in Fig. 12 for the material ASTM A572-50. It shall be noted that,

for coupon 2, the extensometer detached abruptly at failure, leading to
the abnormal phenomenon reported in Fig. 12. A comparison between
the four stress-strain curves obtained for the four specimens (crosshead
deformation) is illustrated in Fig. 13. The yielding and ultimate stress
obtained for the four specimens, the mean value, and the coefficient of
variation (CoV) are listed in Table 3.

Hence, the yield stress, which ASTM A572-50 inferiorly bounds in
345 MPa, has been described as 439 MPa in the material certificate and
experimentally defined as 364.9 MPa (CoV 0.9 %). Moreover, the ulti-
mate stress, inferiorly bounded by ASTM A572-50 in 450 MPa, has been
described as 563 MPa in the material certificate and experimentally
defined as 508.5 MPa (CoV 1.9 %).

With regard to the failure mode, the collapse of the steel coupons
occurred in the central part of the “gauge” specimen, preceded by an
evident steel necking phenomenon, as observed in the photographs re-
ported in Fig. 14.

Considering the experimental results, the material stress-strain dia-
gram was adjusted employing numerical methods [30-32]. Yield and
ultimate stress were defined to the observed values, Eg was kept at 199.9
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Fig. 12. Stress-strain curves of four ASTM A572-50 steel coupons.
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Fig. 13. Comparison of the four stress-strain curves of ASTM A572-50.

Table 3

Yielding and ultimate stress as well as ultimate strain, determined by tensile tests

on steel coupons.

Coupon ASTM A572-50
fy [MPa] fu [MPa] Eyexe [] Ey,crosshead [—]

100 363.8 503.8 0.147 0.162

101 369.7 501.2 0.091 0.163

102 363.8 522.4 0.163 0.171

103 362.4 506.4 0.157 0.171

mean 364.9 508.5 0.139 0.170

CoV (%) 0.88 1.87 23.62 2.97

Results in Engineering 21 (2024) 101732
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Fig. 14. Representative failure of steel coupons made of ASTM A572-50.

GPa, and, for the hardening stage, E was limited to E¢/10000 to avoid
the non-negligible excess of the experimentally determined ultimate
stress. The plastic stage’s Young modulus was adjusted to E = Ey/192.
Fig. 15 shows both the original stress-strain diagram used in numerical
analyses [13,14], and the one adjusted after the experimental findings.
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Fig. 20. Failure of prototype T1 while being in the testing machine.

4.2. Tensile tests on sacrificial test plates for calibration of tension
laboratory setup

The purpose of this test is to assess if there is anything wrong with the
layout, geometry and other assumptions that may lead to unintended
behaviour; the base scenario for a non-optimised plate and its failure
mode characterisation; the measurement display (LVDT) behaviour,

10

installation, quantity and sufficiency; and the personnel training for
performing the following tests and recording.

The tests were performed by tightening the 4 + 4 M27 bolts (at the
terminal fixed plates) by applying the required preload torque of 64 kgf.
m (627.6 Nm) and by manually tightening with a spud wrench the 10 +
10 M20 bolts (of the sacrificial test plate) without any applied preload.

The test was not meant to cause any damage to the sacrificial test
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Fig. 22. Load-displacement graph of the prototype T2.

plate (as the same plate shall be re-used in future test setups). Based on
the expected ultimate load of the optimised plate, the test was stopped at
a load approximately equal to 250 kN, deemed sufficient for checking
the correct configuration for the testing setup and acquisition system.

The load-displacement graph of the sacrificial test plate under ten-
sion is reported in Fig. 16.

The crosshead motion (whose measure is integrated into the machine
setup) and the external LVDT measurements (obtained through the
external acquisition unit “NI ¢cDAQ 9189”) are relatively consistent.
When the sacrificial plate is pulled, the connection slips and the bolts
shank contacts with the holes’ borders. This behaviour is observed in the
load-displacement graph that exhibits some plateau branches in terms of
crosshead motion and LVDT measurements. This behaviour can be
prevented by pulling the specimen before the test until a slight load
increase (50-100 kN) is observed and then releasing the specimen until
the force measured by the load cell returns to zero. Some photographs of
the sacrificial plates during the tests are shown in Fig. 17.

4.3. Tensile tests on the optimised bolted connections’ prototypes

Three tensile tests were performed on three identical specimens. The

11

10 + 10 M20 bolts were tightened to reduce the bolt-hole clearance at
the beginning of the tests. Moreover, a preliminary pulling (while
keeping the specimen in the elastic stage) was applied until the load was
equal to 100 kN to ensure all the bolts’ shank contacts with the holes’
borders at the beginning of the test.

The results of the first prototype (T1) in terms of load-displacement
curves are reported in Fig. 18. The specimen failed at a load equal to
939.3 kN, corresponding to a displacement of 21.97 mm (measured
through the crosshead motion) and 18.83 mm (measured through the
LVDTs).

Some photographs of the tensile test on specimen T1 are reported in
Fig. 19, while the failure of the specimen is illustrated in Figs. 20 and 21.
In particular, the deformations are concentrated along the holes’ borders
(which tend to elongate along the loading direction) and are more
pronounced in the pairs of holes closer to the centre of the specimen,
which has the largest (stiffest) section. Plate material becomes upset and
piles up around the hole in the area of plate-bolt contact. The rupture
section intersects the holes’ row in the upper part of the specimen and
reaches the specimen edge only on one side (Fig. 21).

The results of the second prototype (T2) in terms of load-
displacement curves are reported in Fig. 22. The prototype failed at a
load equal to 933.1 kN, corresponding to a displacement equal to 21.52
mm (measured through the crosshead motion) and 15.91 mm (measured
through the LVDTs).

Some photographs of the tensile test on prototype T2 are reported in
Fig. 23, while the failure of the prototype is illustrated in Figs. 24 and 25.
In particular, the deformations are concentrated along the holes’ borders
(which tend to elongate along the loading direction) and are more
pronounced in the pairs of holes closer to the centre of the prototype,
which has the largest (stiffest) section. The rupture section intersects the
holes’ row in the lower part of the prototype and reaches the prototype
edge on both sides (Fig. 25), which is different from what was observed
in prototype T1. Unlike the prototype T1, the failure affects the entire
cross-section of the plate.

The results of the third specimen (T3) in terms of load-displacement
curves are reported in Fig. 26. The specimen failed at a load equal to
848.8 kN, corresponding to a displacement of 19.34 mm (measured
through the crosshead motion) and 15.74 mm (measured through the
LVDTs).
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Fig. 24. Failure of specimen T2 while being in the testing machine.

Some photographs of the tensile test on specimen T3 are reported in
Fig. 27, while the failure of the specimen is illustrated in Figs. 28 and 29.
In particular, the deformations are concentrated along the holes’ borders
(which tend to elongate along the loading direction) and are more
pronounced in the pairs of holes closer to the centre of the specimen,
which has the largest (stiffest) section. The rupture section intersects the
holes’ row in the upper part of the specimen and reaches the specimen
edge only on one side (Fig. 29), similar to what was observed in spec-
imen T1. As for the specimen T1, the rupture partially affects the cross-
section of the plate.

A summary of the test results on the three tested prototypes, T1, T2
and T3, is listed in Table 4 and in Fig. 30, in which a good repeatability
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of the test results among the three prototypes is observed (small
dispersion, especially in terms of maximum load).

Experimental results characterised the prototypes’ ultimate capacity
as 907.1 kN (CoV 5.6 %). These values compare with the adjusted ul-
timate capacity of the optimised plate. Hence, once the plate resistance
is adjusted to consider the thickness of 12.0 mm instead of 12.7 mm and
to the yield and ultimate stresses of 365 and 509 rather than the code-
based values of 345 and 450 MPa, respectively, the prototypes became
expected to reach a global ultimate characteristic resistance of 898 kN
considering the Eurocode-defined collapse mechanisms and 884 kN
considering the numerical analyses [14]. Hence, experimental results
match the Eurocode formulae computations for characteristic values,
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Fig. 25. Failure of specimen T2 extracted from the testing machine.
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Fig. 26. Load-displacement graph of the tensile plate T3.

after the aforementioned properties adjustment, suggesting that the
Eurocode safety margins will be valid also for the current topologically
optimised parts.

5. Conclusions

An experimental programme assessed the behaviour of topologically
optimised steel connection plates and provided helpful information on
the validity of previous numerical physically non-linear analyses per-
formed on those elements.

Tension tests were performed on steel coupons extracted from the
base material with which the optimised prototypes were manufactured.
The resulting experimental data allowed the synthesis of a new trilinear
material model, which can be of significant worth for future numerical
analyses in the optimised parts.

The experimentally determined ultimate capacity of the prototypes
remarkably resembled the predicted values. Not only did the experi-
mental ultimate capacity slightly exceed the numerical simulations re-
sults and the standard-defined characteristic values, which are regarded
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as crucial for attesting the TO procedure as safe-sided for engineering
design, but it surpassed those values by 2.6 % and 1.0 %, respectively,
validating the numerical results.

The fact that Eurocode formulae for computing the plate character-
istic ultimate resistance does not deviate from the experimental results
by more than 1.0 % is a critical conclusion since it supports the use of
Eurocode for topologically optimised solutions, provided that the
methodology proposed in Ref. [14] is followed and, thus, extending the
Eurocode scope of application.

Future developments of the current study include revising numerical
analyses considering the proposed steel trilinear model and the plate’s
adjusted thickness. Yet, releasing a detailed results article at this stage
allows the community to replicate or proceed with autonomous
research, making good use of a technically challenging and expensive
testing programme.
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Fig. 29. Failure of specimen T3 (tensile plate) extracted from the testing machine.

Table 4
Peak load and displacement for the three prototypes.

Prototype Peak load [kN] Displacement at peak load [mm]
crosshead LVDT
T1 939.3 21.97 18.83
T2 933.1 21.52 15.91
T3 848.8 19.34 15.74
Mean 907.1 20.94 16.83
CoV (%) 5.57 6.72 10.32
1000 T T
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Fig. 30. Comparative plot for the three prototypes.
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