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Abstract: The rehabilitation of steel structures with Fibre Reinforced Polymers (FRP’s) may appear
less effective because they can be bolted or welded with steel plates that display the same mechanical
properties. However, this technique has some unwanted consequences such as additional dead
weight and an increased risk of corrosion. The aim of the proposed study, therefore, is to present
a technique for modelling steel connections strengthened with FRP’s. Two types of composites:
Carbon Fibre Reinforced Polymer (CFRP) and Glass Fibre Reinforced Polymer (GFRP) are considered.
They are used to strengthen welded steel connections. The main objective consists in evaluating
the effect of the reinforcement on the load-carrying capacity of these connections under monotonic
and cyclic loadings. The steel is considered to behave in a linear elastic perfectly plastic fashion
with isotropic strain hardening, and the FRP’s are assumed to behave linearly up to failure. The
behaviour of the adhesive is modelled with the Cohesive Zone Model (CZM) available in Abaqus.
Lastly, a parametric study is carried out to investigate the eventuality of strengthening connections
made with I-sections, which are very common in practice.
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Academic Editors: Humberto Varum The use of structural steel is not only cost-effective but also long lasting. Structural
and Bo Yang steel offers additional advantages such as robustness, fast construction times, ductility,

and ease of recycling. However, it has the disadvantage of being susceptible to corrosion.
Besides, steel structures are often subjected to complex stresses such as those induced by
overloads, fluctuations in temperature of the surrounding environment, fire, and the effects
of cyclic loads whose consequences can be disastrous particularly in seismic areas [1].
Therefore, to increase the service life of these structures, it is advisable to put in place
adequate repair and reinforcement techniques [1,2].
In the case of metallic structures, the advantage of reinforcement by fibre reinforced
composites may seem less obvious because they can be bolted or welded to similar rein-
forcing materials with the same mechanical properties. This method, however, does have
unwanted consequences such as additional dead weight and increased risk of corrosion.
The use of welding is not encouraged either because of the phenomenon of fatigue particu-
larly in the presence of cyclic loading. The alternative, therefore, is to use fibre reinforced
This article is an open access article  POlymers (FRP’s), a technique that has already proven its effectiveness in restoring the load
distributed under the terms and  carrying ability of reinforced concrete and timber structures [3,4]. Other advantages of
conditions of the Creative Commons  using FRP’s include the ability of such laminates to follow curved surfaces, particularly
Attribution (CC BY) license (https://  wWhen the wet lay-up process is used, the reduced disturbance to services and traffic, and
creativecommons.org/ licenses/by / the complete absence of residual stresses such as those induced by welding steel plates.
40/). This makes them particularly attractive for retrofitting historic metallic structures, because

Received: 27 August 2022
Accepted: 2 November 2022
Published: 11 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

Buildings 2022, 12, 1962. https:/ /doi.org/10.3390/buildings12111962 https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings12111962
https://doi.org/10.3390/buildings12111962
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings12111962
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12111962?type=check_update&version=2

Buildings 2022, 12, 1962

2 of 14

they overcome the non-weldability of certain metals, they do not require the modification
of the initial architectural design of the structure, and/or add dead weight to the initial
configuration [5-9].

Nowadays, many authors agree on the effectiveness of bonding FRP composites to
rehabilitate metallic structures [10,11]. An excellent review on this topic citing 163 references
is published in [12]. However, there are still some unanswered questions regarding the
durability of the structural bond under service conditions. Indeed, the values of the
reduction coefficients proposed in the design codes to account for the environmental
degradation of bonded composites are generally not well argued or backed up by research
data. Moreover, the codes often justify these values by referring to the degradation of
the reinforcing material rather than to the evolution of the bonded interface. Debonding
failures are the most challenging issues because the adhesive constitutes the weakest link.
In terms of theoretical modelling, a key issue is the strong interaction between debonding
and crack propagation in cyclic loading as reported in [12]. Another issue is the accurate
prediction of the progressive failure of composite laminates. This has been the subject of
several studies [13-17] because of its crucial importance for the development and design
of composite structures. Bui TQ and Hu X (2021) in [13] presents a critical analysis of
recent developments and applications of regularized phase-field models for failure cases in
laminates and composite structures. The phase field model described in [13] considers the
cohesive zone model, material plasticity, damage initiation criterion and energy decay. And
it is formulated at different microscopic, mesoscopic and macroscopic scales. The approach
used in this study is different because it is formulated from the mechanics of continuous
media coupled with a cohesive model.

The aim of this study, therefore, is to propose a numerical model to describe the static
and cyclic behaviour of steel connections produced by welding and strengthened with
composites. Indeed, failures of steel structures are primarily the result of a connection
failure. The main objective is to provide technical and numerical tools for practicing engi-
neers to dimension and design connections strengthened by composites under monotonic
and cyclic loading. A particular attention is given to the bonded interface. It is modelled
using the Cohesive Zone Model (CZM) available in Abaqus [18], which is a very popular
computational tool for modelling fracture in engineering materials. A comparison between
the rigidities under static and dynamic loading is presented and commented on. Finally,
a parametric study on the impact of the length of reinforcement on the bearing capacity of
a welded connection commonly used in practice is carried out and discussed.

2. Mechanical Characterisation and Material Properties
2.1. Constitutive Equations

The generalised Hooke’s law is written as

>

c=2:=2:(e—¢) ey
where 7, ¢, €%, ¢’ and £ stand respectively for the stress tensor, the total strain, the elastic
strain, the plastic strain; and the fourth order tensor of elastic properties.

Inversely, the strain tensor can be written in the isotropic case as follows:
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where 1 is the unit tensor of order 2, E the elastic modulus, and v is Poisson’s ratio.
The criterion for plastic flow is described by the loading function f as follows [19]:

f=\Je:Hic-R=0,~Rioy = \Je:H:¢ and R=Q(1-¢") (3
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where 0y is the equivalent stress; Q and b are hardening parameters; " is the equivalent plastic
strain; H is the Hill tensor of order 4 and function of six constants (F, G, H, L, M and N) [20].
In the isotropic case, expression (3) reduces to the von Mises criterion with [20]:
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To characterise the mechanical behaviour of steel, it is necessary to determine the
two elastic constants (E and v) and the three plastic constants (¢, Q and b).

2.2. Identification Procedure
The identification of the parameters of the model is detailed in what follows.
(a) Elastic properties
Since steel is considered isotropic, at least in its elastic part, the value of the elastic

modulus, E = 190 GPa, has been determined from a uniaxial tensile test. The value of
Poisson’s ratio is taken as equal to v = 0.3.

(b) Plastic properties

In the case of mono-axial loading, the hardening curve 0}, can be written in the form:

op =0y + Q(l — e_bgp) )

The parameters to determine are 0;; Q and b. Knowing the yield strength, one can fix
the value of 0y, and estimate the other two parameters (Q and b) using the method of least
squares to express 0, as a function €.

Three tensile tests reported in [2] were used to characterise the mechanical behaviour
of the steel. The stress-strain relationship, shown in Figure 1, is fitted to the experi-
mental results using least squares. From a plastic strain € = 0.2% corresponding to
0y, = 360 MPa the local stress-strain response becomes non-linear up to e = 6.12 % corre-
sponding to ¢, = 472 MPa. Beyond this limit, the solution remains stable and stationary
forming a plateau until a plastic deformation of approximately e’ = 20 % corresponding to
oy = 478 MPa.
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200
Model (5, =360MPa; Q=117MPa; b=63)

Stress [MPa]

0.00 0.05 0.10 0.15 0.20 0.25
Strain

Figure 1. Stress-strain curves for steel [2].
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2.3. Cohesive Zone Model CZM

The available Cohesive Zone Model CDM in Abaqus [18] has the shape of a bi-linear
curve as shown in Figure 2. First, it considers a linear elastic behaviour followed by
softening. The linear elastic behaviour is expressed in terms of an elastic constitutive matrix
that relates the normal (Té,n and shear Uéft stresses to the normal &} and shear /! separations

across the contact interface.
on | |Kn 01 [y
=10 ela) ©

K, and K; are respectively the normal and shear stiffness coefficients.

A
Traction
(OO0 Lo
Mode (I) | Mode (II)
(K n’ K t ) i
(61,maxI 61[,max ) >
n Lt .
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Figure 2. Typical traction-separation response.

All the material properties (steel and cohesive) used in the simulations are summarised
in Table 1. The FRP materials are considered linear elastic, and the adhesive is considered
to have a maximum stress of 45 MPa, a maximum displacement of 0.01 mm, an initial
stiffness of 4500 N/mm?, and a thickness of 0.06 mm.

Table 1. Material properties.

Steel FRP Adhesive (*¥)
Elasticity Plasticity GFRP CFRP
oy = 360 MPa ; _ )
E =190 GPa;; Q = 117 MPa; (;T e 04311\5;'.
- 7 _ . _ _ max — Y- 7
v =03 b = 63; E =55 GPa E =75GPa K, — 4500 N/mm? ;

F=G=H=05;

L=M=N-=15
(*): Omax is the maximum adhesive strength; 4,4 is the maximum displacement; K;, is the initial stiffness; f is the
thickness of the adhesive.

t = 0.6 mm.

3. Finite Element Modelling

To develop a finite element model that can be used to run a parametric analysis, it must
be first validated using experimental data. The tests presented in [2] are simulated using
the same experimental conditions. The connection is formed of Square Hollow Sections
(SHS) of dimensions 100 x 100 x 3 mm assembled by welding and strengthened using FRP
as shown in Figure 3.
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(a) Tested specimen (b) Schematic diagram

Figure 3. Welded steel connections [2].

The finite element model is shown in Figure 4. The two square tubes were meshed
with 8000 linear solid elements with 8 nodes of the type C3D8. The FRP is meshed with
3100 quadrilateral 4-node shell elements type S4.

Strengthened area,

3100 four-nodes
—b'
SHS beam-column, [
8000 eight-nodes “
—>

2

A

3 1
Figure 4. Finite element model.

The behaviour of the adhesive is modelled by the cohesive model available in Abaqus [19].
The adhesive interaction between the steel and the FRP can be accounted for in two ways:
either using cohesive elements or through surface-based cohesive behaviour, or to specify
the cohesive behaviour between the interacting surfaces. These two methods lead to similar
results, but the surface-based cohesive behaviour is easier to use because it does not require
meshing the adhesive layer. Further details on the cohesive model are given in [3].

4. Validation
4.1. Under Monotonic Loading

Figure 5 compares the predicted values in terms of force-displacement to the experi-
mental ones. The predicted response is linear up to a vertical displacement u = 6.445 mm
corresponding to a force F = 6.705 kN. Beyond this limit, the response becomes non-linear up
to a displacement u = 30 mm (F = 17.537 kN). The force measured for the un-strengthened
connection at a vertical displacement of 30 mm is approximately equal to 18.148 kN, which
corresponds to an error of 3.4% between the predicted and measured values. Figure 5 also
shows that the reinforcement improves the mechanical strength of the connection. For
the same displacement u = 30 mm, the bearing capacities of the connections strengthened
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(Avg: 75%)
585.791
488.533
391.275
294.016
196.758

-289.534
- -386.792
-484.051
- -581.309

s, 533

with GFRP and CFRP are respectively equal to 20.843 kN and 23.048 kN, which constitute
improvements of respectively 14.85% and 27% compared to the un-strengthened control
connection, which again proves the advantage of reinforcing the steel connections with
FRP composites.
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—0o— Unreinforced SHS connections
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5 1 —4— CFRP strengthened SHS connections
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Vertical deflection u[mm]

Figure 5. Force displacement curves for the connection under static loading.

Figure 6 shows the distribution of the normal stress ¢, and the von Mises stress at
a vertical displacement (u = 30 mm) for the non-strengthened connection under monotonic
loading. Figure 6a,b clearly show an area of stress concentration at the junction between
the profiles. A clear distinction between the compression and tensile zones can be seen on
Figure 6a. The maximum stresses are equal in magnitude but of different sign, which is
consistent with the tests, and they are approximately equal to o, = 585.8 MPa. Figure 6b
shows that the distribution of the equivalent stress forms a circle at the level of the junction,
hence the advantage of reinforcing the connection at this level.

S, Mises

(Avg: 75%)
526.056
482.383
438.710
395.038
351.365
+ 307.692
264.020
+- 220.347
176.674
133.001
89.329
45.656
1.983

e
e

(a) (b)

Figure 6. Contour plots for non-strengthened connection: (a) o, and (b) Von-Mises stress.
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Figure 7 shows the contour plots of the von Mises stress for the strengthened connec-
tion at a vertical displacement (u = 30 mm). It clearly displays an area of stress concentration
in the beam-to-column junction. The stress reached is approximately ¢;, = 828.1 MPa, which
exceeds that of steel. In this case, it is the reinforcing fibres that take up the tensile forces.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)

828.069

760.182

692.294

624.407

556.520

488.632

420.745

352.857

284.970

217.083

149.195

81.308
13.421

3 1

Figure 7. Contour plot of the Von-Mises for the CFRP strengthened connection.

The results of the simulation presented in Figure 8 also show the advantages of

reinforcing steel connections with FRP.
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Figure 8. Simulated force displacement curves for the connection under static loading.

The reinforcement also improves the rigidity of the connection as shown in Figures 8 and 9.
The initial stiffnesses of the strengthened and un-strengthened systems are constant up to
a vertical displacement of u = 6.445 mm, beyond which they begin to decrease gradually.
The calculated initial stiffness values are K = 1202.1 kN /m for the control, 1265.4 kN/m for
the GFRP strengthened connection, and 1298.2 kN/m the CFRP strengthened connection.
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Figure 9. Secant stiffnesses versus displacements for the connections under static loading.

4.2. Under Cyclic Loading

Figure 10, representing the evolutions of the force-displacement hysteresis loops as
a function of the number of loading cycles, give a first overview of the evolution of the
elastoplastic behaviour of the un-strengthened connection under cyclic loading. Figure 10a
compares the response under a single loading cycle to the static response. The first part
of the curve corresponding to the cyclic loading coincides with the monotonic response.
Unloading takes place in a parallel path to that of the initial stiffness of the connection. The
total response, force-displacement, displays an identical behaviour in tension and com-
pression. These first observations also confirm the isotropy of the elastoplastic behaviour
of the steel material during cyclic loading. Figure 10b shows two loading cycles. The
force-displacement curves display isotropic hardening as they have the same centre.

Based on these remarks, it can be stated that the first two cycles correspond to the
transient phase. Beyond two loading cycles, a certain stability of the response is observed,
where the envelope does not change in size as clearly shown in Figure 10c obtained
under seven cycles of loading. The same observations can be made in the case of the
strengthened connections.

20- J]

—-— Monotonic loading
— Cyclic loading

Load F[kN]
o

'
[$,]
1 n

-10 4
15

-20

—— ——
30 25 20 -15 10 -5 0 5 10 15 20 25 30
Vertical deflection u[mm]

(a) One cycle

Figure 10. Cont.
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(c) Seven cycles
Figure 10. Force displacement curves under cyclic loading.

5. Parametric Study

The previous simulations have shown that the numerical model can predict the
mechanical response of steel connections strengthened with FRPs under monotonic and
cyclic loading. In what follows, the model will be used to study the response of connections
made of different profiles. In Europe, and particularly in France, the use of I-shaped profiles
is very common in steel construction, hence the interest in studying their behaviour under
cycling loading.

The connection shown in Figure 11, consisting of welded I profile (IPE200), is analysed
using the same material properties as previously described. The finite element model
consists of 8000 solid elements type C3D8.
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2

A

3 1
Figure 11. Finite element model of a non-strengthened connection consisting of IPE 200.

Figure 12 shows the distribution of the von Mises stress corresponding at a vertical
displacement u = 20 mm. It clearly shows an area of stress concentration ¢, = 804.2 MPa
at the extreme fibres of the beam at the level of the weld fillets. In general, if the vertical
displacement is important, there can be a local buckling of the column web.

S, Mises
(Avg: 75%)
808.285
741.144
674.002
606.861
539.720
472.579
405.438
338.296
271.155
204.014
136.873
69.732
2.591

3
Figure 12. Contour plot of the von Mises stress under monotonic loading for the unstrength-

ened connection.

To avert any buckling; it is proposed to strengthen the connection as shown in Figure 13.
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(a) Schematic diagram (b) Lcprp = 100 mm
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Figure 13. Strengthening scheme for the connection.
The CFRP laminates are modelled with shell elements, type S4, of size 10 mm. The

results of the simulations in terms of the von Mises stress, corresponding to a vertical
displacement of the beam of approximately u = 20 mm, are shown on Figure 14.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
1122.665

(@) Lepgp = 100 mm

Figure 14. Cont.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

1052.849
965.291
877.733
790.175

(b) Lcpgp = 200 mm

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

(¢) Leprp = 300 mm

Figure 14. Contour plot of the von Mises stress as a function of the strengthening length Lcrgrp.

To further investigate the effect of the lengths of the reinforcement, the results of
three simulations with Lcpgp = 100, 200 and 300 mm, are compared with those of the un-
strengthened connection for a single loading cycle as shown in Figure 15. Quantitatively, all
the numerical models lead to the same answers: strengthening a connection with I-sections
is not as effective as strengthening a connection with square hollow sections (SHS).

—— Unreinforced IPE connections

) —0o— Strengthened connections (L...=100mm)
%0 T| —o—Strengthened connections (L ,=200mm)

200~ —A— Strengthened connections (L.,,=300mm)

150 :

Load F[kN]

-20 -15 -10 -5 0 5 10 15 20
Vertical deflection u[mm]

Figure 15. Force displacement curves for one loading cycle (Lcprp = 100 mm).



Buildings 2022, 12, 1962 13 of 14

6. Conclusions

The failure of a steel structure is primarily the result of a connection failure. A numerical
approach for the analysis of strengthened steel connections under monotonic and cycling
loading is therefore developed and presented. A beam column connection was chosen
for this purpose because it the most widely used type of connection. The behaviour of
the connection was simulated both under monotonic and cyclic loadings. The adhesive is
modelled using the cohesive zone model available in Abaqus. In general, a good agreement
was observed between the simulated load-displacement curves and the experimental results.
Furthermore, the capture of the loading-unloading paths contributed to the understanding
and explaining of the hysteresis phenomena observed during the cyclic behaviour. The
most significant points of this contribution can be summarised as follows:

1. Numerical modelling of the cyclic behaviour of FRP strengthened steel connections is
rarely presented in the literature compared to other civil engineering structures such
as reinforced concrete and timber structures.

2. The developed numerical procedure complements the experimental work of Tafsiroj-
jaman et al. [1];

3. The parametric analysis revealed that strengthening a connection with I-sections is not
as effective as strengthening a connection with square hollow sections (SHS). In the
latter, a simple bonding of a 0.6 mm thick CFRP laminate resulted in a considerable
increase in the capacity of the connection; that is: an improvement of 14.85% in
mechanical resistance using GFRP and 27% using CFRP.
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