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Abstract: Strengthening can increase or recover the bearing capacity of steel constructions of buildings
and structures in operation. Besides well-known strengthening techniques, including an increase in
the sectional area by means of attaching steel plates, angles, channels, pipes etc. to a strengthened
element, other methods, that involve the use of carbon fiber-reinforced composite materials, have
strong prospects. So far, the structural behaviour of steel constructions, strengthened with carbon
fiber-reinforced composite materials, is understudied, and this fact restrains the practical application
of this strengthening method. The article presents the results of complex experimental, theoretical
and numerical studies of the features of the operation of steel-stretched elements reinforced with
glued carbon fiber. The emphasis is on the load-bearing capacity of the reinforced element, and not
on the mechanism of destruction of the glue. This is due to the use of an adhesive joint performed
using the glue and gluing technology recommended by the manufacturer of carbon fiber. It has been
experimentally established that, in this case, the stresses in carbon fiber cannot exceed a certain value.
Theoretical dependences for the calculation of CFRP-reinforced steel stretched elements are proposed.
The scientific novelty of this research project is a set of basic principles and methods, developed
to identify the bearing capacity of steel rods, strengthened with carbon fiber-reinforced composite
materials, taking into account the joint strength performance of a steel rod and adhesively bonded
carbon-fiber-reinforced composite material, as well as the new findings thus obtained, such as the
theoretical dependencies needed to identify the bearing capacity of steel rods strengthened with
carbon-fiber-reinforced composite materials; experimental data on the joint strength performance of
carbon-fiber-reinforced composite lamellas attached to a steel rod by an adhesive; experimental data
on the performance and the bearing capacity of steel rods strengthened with carbon-fiber-reinforced
composite lamellas; development of finite element models of steel rods strengthened with carbon-
fiber-reinforced composite materials, and computational studies of steel rods strengthened with

carbon fiber-reinforced composite materials.

Keywords: finite element model; bearing capacity; carbon fiber; composite materials; CFRP; steel
rod reinforcement

1. Introduction

In addition to traditional materials (timber, concrete, steel), polymeric and carbon-
fiber-reinforced composite elements are widely used to make building structures [1,2].
Polymeric composite materials are successfully applied to strengthen reinforced concrete
and timber structures. The low modulus of elasticity of polymeric composite materials
does not allow them to effectively strengthen steel structures. Unlike polymeric composite
materials, carbon-fiber-reinforced plastic (CFRP), produced in the form of straps, meshes or
lamellas, has the modulus of elasticity comparable to that of steel, and its strength exceeds
that of steel multifold. The joint structural performance of carbon-fiber-reinforced plastic
and steel elements will substantially increase the bearing capacity of a steel structure in
tension. Given that the strength of CFRP is high, it can substantially improve the bearing
capacity of steel rods, if used as reinforcement.
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Composite materials, used to strengthen steel structures, have been studied by a num-
ber of authors. In [1,2] the authors address problems of the joint structural performance
of fiber-reinforced composite materials and a steel structure. In these works, attention
is focused on the need to carefully prepare the surface for the reliable adhesive bonding
of steel and composite materials. The fatigue strength of this joint and the influence of
adhesively bonded composites on the local stability of a steel element are considered. The
behaviour of a steel beam reinforced with carbon-fiber-reinforced plastic is studied, and
the findings enable the authors to develop numerical models used to evaluate the bearing
capacity of strengthened beams [3]. The tension, arising in CFRP strips near the holes of
beam webs, was studied in [4]. The authors suggest that the joint structural performance of
adhesively bonded CFRP strips was efficient, and the bearing capacity of castellated beams
was higher.

The effect of polymeric materials, strengthened with carbon-reinforced fiber, adhe-
sively bonded to the surface of steel plates, on the plate cracking was studied in [5,6]. The
authors experimentally found that cracking was down when CFRP with a high modulus of
elasticity was used.

The authors of [7-10] conducted experimental and theoretical studies of the effect
of carbon fiber strengthening on the performance of beams. The authors of [7] suggest
applying CFRP as a means of strengthening a beam web to rise its shear bearing capacity by
ensuring the joint tensile strength of CFRP and the beam web along the tensile diagonal line.
Works [8-10] study the stages of strengthening as a means of rising structural strength, as
well as the effect of strengthening on the bearing capacity and rigidity in case of (1) localized
loading, (2) a variable length of the strengthening strip, taking into account the strain of
carbon fiber-reinforced plastic and the adhesive.

The local stability of thin-walled steel profiles can be substantially increased by bond-
ing CFRP to the profile surface [11,12].

CFRP can effectively strengthen tensile steel rods [13-15]. In [13] much attention is
paid to the adhesive bonding of CFRP to steel. The behaviour of this layer determines the
tensile behavior of carbon fiber-reinforced plastic. In [15] the method of analytical and
finite-element modeling of tensile elements, strengthened using carbon fiber-reinforced
plastic, is presented. The study of multilayered (cascade) strengthening of tensile elements,
using composite materials, is presented in [16].

The effect of different adhesive-bonded joints on the performance of strengthened
structures was studied in [17,18]. The dependence of the strength of adhesive bonding
on the roughness of the surface to which the composite material is bonded was studied
in [19]. It was found that the condition of the surface had little influence on the strength of
adhesive bonding.

The analysis of the stress-strain state of CFRP-strengthened steel structures can be
rationally performed using the finite element method [20-22]. In the numerical analysis of
strengthened steel structures, much attention is paid to the simulation of an adhesive joint
by means of which CFRP and a steel element interact.

Certain experience was accumulated and a method of experimental studies of steel
structures, strengthened by carbon-fiber-reinforced composite plastic materials, was devel-
oped. Tests, involving strengthened specimens and structures, allowed obtaining objective
data on their actual performance [6,10,23].

Recommendations on the analysis of steel elements, strengthened by carbon-fiber-
reinforced plastic materials, were developed. CNR-DT 202/2005 “Guidelines for the Design
and Construction of Externally Bonded FRP Systems for Strengthening Existing Structures”
have a method for the structural analysis of elements in bending and in tension.

Hence, certain findings were obtained as a result of experimental, theoretical, and
numerical studies of steel structures strengthened by CFRP. The finite element method is
efficiently used to simulate strengthened structures. This method takes into account the
interaction between a steel rod and CFRP materials, including the adhesive layer. Further
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theoretical, numerical, and experimental studies will allow the development of a method
for the structural analysis of steel structures strengthened by CFRP.

2. Materials and Methods

The bearing capacity of tensile steel rods can be improved by fixing additional elements
made of carbon composite materials. The easiest way to fix strengthening elements is to
use adhesive bonding. Strengthening elements must overlap the weakened steel rod
and extend beyond the weakened area. Reinforcement is performed symmetrically to
eliminate eccentricities and prevent bending moments in the cross-section. To assess the
bearing capacity of a strengthened rod, it is necessary to experimentally determine the
strength of the carbon-fiber-reinforced composite material, and the length of adhesive
bonding that ensures the structural performance of CFRP. It is necessary to theoretically
substantiate the resulting strength of the element and conduct tests to identify its bearing
capacity. Numerical computations should be performed using the finite element method
and simulation of a steel rod, CFRP, and the adhesive layer.

2.1. Experimental Studies

Let us focus on the rod made of steel with the yield strength of 312.5 MPa and the
ultimate strength of 445.8 MPa. The rod was strengthened by CFRP lamellas FibArm
Lamella-12/5 that were 1.2 mm thick. According to the manufacturer, the strength of
lamellas was 2800 MPa; their modulus of elasticity was 1.65 x 10°> MPa. A lamella was
fixed to the steel rod by the two-component epoxy adhesive FibArm Resin Laminate+ with
a shear strength of 15 MPa.

Before studying the strengthening of steel rods, the strength and rigidity of the lamellas were
evaluated. For this purpose, six 25 mm wide specimens of lamellas were tensile tested (Figure 1).

Figure 1. Specimens of lamellas for tensile testing.

Two steel plates were bonded to the ends of the specimens to prevent damage or
slippage in the clamps of the testing machine. The velocity of clamps under tension varied
from 0.5 to 1 mm/s, and all specimens were brought to failure in the process of testing.

As a result of the experiment, the authors identified the length of the adhesive joint,
that ensured the consolidated strength performance of lamellas and the steel rod without
debonding. Special specimens (Figure 2) were applied to test the strength of the adhesive bond.
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Figure 2. Adhesive bond testing.

The specimens were two 12 mm thick, 55 mm wide steel plates made of S245 steel.
There was a 2 mm gap between the plates, and CFRP lamellas were bonded to them on
both sides. Each specimen had a unique length of adhesive bond . In total, eight adhesive
bond strength tests were conducted for four adhesive bond length values of 170, 200, 280,
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310 mm. If the length of the adhesive bond area was minimal, adhesive bond strength was
to withstand normal stresses in the lamellas reaching 2125 MPa. As for other lengths of
the adhesive bond, lamellas, rather than adhesive layers, were to fail. Strength tests of the
adhesive bond were used to identify normal stresses oy arising in a lamella to trigger the
failure of the adhesive layer. Notations and parameters, used in the course of adhesive
strength testing, are shown in Table 1.

Table 1. Parameters used in the course of adhesive strength testing.

Specimen Type Length of Adhesive Bond Area I, mm
380-1, 380-2 170
435-1,435-2 200
595-1, 595-2 280
660-1, 660-2 310

In Table 1, the sample type is indicated by two numbers—the first number is the length
of the CFRP, the second number is the sample number.

The next stage of experimental studies was the tensile testing of parameters, used in
the course of adhesive strength testing of specimens, that were made of sheet steel and had
an intricate shape (Figure 3).
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testing machine
S : ] *
Adhesive CFRP

Figure 3. Tested specimens made of CFRP.

The shape of the specimen was intricate in order to make its midsection fail. CFRP was
bonded to the steel element along the entire length of a CFRP strip that extended beyond
the less strong area, so that the strengths of these areas could ensure the strength of the
adhesive joint when ultimate stresses arose in the lamella. It was assumed that the adhesive
bond of lamellas along the entire length would make it possible to take maximal advantage
of the CFRP strength. The cross-sectional area of the less strong part of the steel specimen
was 4.8 cm?; the total area of the CFRP lamellas was 0.6 cm?; the length of the CFRP lamella
was 605 mm. CFRP lamellas were bonded using two-component adhesive FibArm Resin
Laminate+. Then, four specimens were tensile tested.

Specimen clamping areas were free of lamellas to prevent the CFPR damage when
the specimen was subjected to loading. The specimens were clamped by the jaws of the
testing machine so that the axes of the specimen and the testing machine coincided. In the
course of testing, clamps of the testing machine moved at a speed of 2 mm/s, and the tensile
force was registered by the sensors. In addition, strain gauges were attached to the two
specimens to measure strain more accurately. Two sensors were mounted on the lamellas of
one specimen along its axis. The same sensors were mounted on the lamellas of the other
specimen, and two additional sensors were mounted on the side faces of the steel specimen.

To clarify the parameters before the testing of strengthened specimens, non-strengthened
specimens were tested to determine the mechanical characteristics of steel specimens and
identify the effect of strengthening on the bearing capacity. The general view of tested
specimens is shown in Figure 4.
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Figure 4. Strengthened specimens.

2.2. Theoretical Evaluation of Strength of a Strengthened Tensile Element

The following assumptions precede the theoretical evaluation of strength of a CFRP-
strengthened tensile steel element:

— Strain values of steel and CFRP coincide due to the small thickness of the adhesive
layer before the failure of the adhesive joint;

—  The modulus of elasticity of CFRP before failure E is close to the modulus of elasticity
of steel Eg;

—  The value of normal stresses in CFRP does not exceed experimental values of oy in
CFRP, determined by the strength of the adhesive bond;

—  To take into account the thicknesses of the CFRPD, the coefficient of operating conditions
Y = 1.2/t5 is used, where t is the thickness of lamellas in mm, the coefficient of
working conditions takes into account that the limiting stresses in carbon fiber of a
different thickness will differ from those experimentally determined for a 1.2 mm
thick lamella, this coefficient allows you to convert experimental limiting stresses into
limiting stresses in carbon fiber of a different thickness than in experiments.

The final two conditions mean that no strengthening is effective for CFRP, when
stresses reach the value of orys. In case of such stresses, the adhesive bonding, used to
fix the strengthening element to the steel profile, is destroyed and strengthening becomes
ineffective. The longitudinal relative strain, corresponding to the failure of the adhesive
layer, is

e = opvy/Ey M

The strength of the adhesive joint is affected by both longitudinal and transverse
deformations in carbon fiber and steel. This is important when analyzing the mechanism
of the destruction of glue. When studying the load-bearing capacity of a CFRP-reinforced
stretched steel element, the mechanism of glue destruction was not studied due to the rec-
ommendations of the carbon fiber manufacturer on the use of an adhesive joint performed
using the glue and bonding technology recommended by the carbon fiber manufacturer.
This made it possible to ensure the standard quality and strength of the adhesive joint.
Tests of the adhesive joint showed its high strength, sufficient for practical use when rein-
forcing steel elements with carbon fiber and confirmed the validity of the manufacturer’s
recommendations on the choice of glue and the technology of the connection. It has been
experimentally established that, in this case, the normal stresses in carbon fiber cannot
exceed a certain value, the achievement of a longitudinal force corresponding to these
stresses in CFPR leads to the destruction of the adhesive and the exhaustion of the strength
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of the reinforced element. Thus, it is the longitudinal deformations and forces that are
important for assessing the bearing capacity of a stretched element.

When a strengthened steel element stretches, several stages of its behaviour can
be observed.

At the first stage, characterized by the elastic steel behaviour, normal stresses in steel
and CFRP are approximately equal due to the close values of the modulus of elasticity
of both materials. At the first stage, stresses o5, arising in steel, do not exceed the yield
strength equal to oy,

At the second stage, stresses, arising in the steel rod, reach the yield strength of steel
0y. As the load, applied to the rod, increases, and same about the strain, stresses change
little in steel. Normal stresses in CFRP continue to grow in proportion to the modulus of
elasticity up to the value equal to 0y s. When stresses reach 0¢7, the adhesive layer fails
and the same about the entire rod.

When the strengthened rod stretches, the stress-strain state of CFRP changes as follows:

- Atthe first stage, strains and stresses are distributed along CFRP same as in the steel
specimen;

- At the second stage, stresses rise sharply in CFRP in the area of plastic strains, arising
in the steel specimen;

- The brittle failure of the adhesive strengthening layer is observed when stresses 07y
are reached in CFRP.

Let us make a theoretical analysis of the ultimate load that a tensile steel rod, symmet-
rically strengthened by CFRP, can resist. One end of the rod was rigidly fixed; the other
free end was subjected to the longitudinal force (Figure 5).

Steel element

7 -

CFRP/

Figure 5. Strains in a stretched strengthened steel specimen.

The following notations are used: ! is the initial length of the rod, Al is the elongation
of the rod in tension.

Let us assume that strains in the adhesive layer are negligibly small; in this case strains in
steel and CFRP were the same before the failure of the adhesive. We also disregarded a change
in the cross-sectional area of the steel specimen after it reached the yield strength point.

At the loaded end, the total force in steel and carbon fiber was equal to the load applied
to the rod. The movements of the steel rod and carbon fiber at the loaded end of the rod
were equal.

The total longitudinal force is the sum of longitudinal forces in the steel rod and CFRP:

N = N; + Ny @)

where N is the total longitudinal force resisted by the rod, Ns = 0, As is the longitudinal force
resisted by the steel part of the rod, N¢ = 07y is the longitudinal force resisted by CFRP.
It follows from the equality of displacements of the steel part of the rod and CFRP that:

Nsl/(EsAs) :Nfl/(EfAf) (3)

where | is the length of the rod, A; is the cross-sectional area of steel, A Fis the area of CFRP.
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Based on (3), longitudinal forces Ns and Ny can be expressed as follows:

N(I(EsA
= M; @)
l(EfAf)
Nsl(EfAf)
Nf B I(EsAs> ©)
Having made several transformations, we obtained:
Ns = Nynk; (6)
where n = ES/Ef, k= As/Af
Then formula (2) could be written as follows:
NZNf(l‘i‘le) Z(Tf’yfAf(l-i-le) (8)
N = Ns(1+1/nk) = 0yAs(1 +1/nk) 9)

When making calculations using formula (8), we assumed that strains in the rod were
determined by strains in CFRP. The presence of the yield plateau of steel was not taken
into account here. It was assumed that stresses rose in steel up to its failure at the initial
modulus of elasticity of steel. This behaviour pattern generated an excessively high value
of the bearing capacity.

Formula (9) assumes that the strength of the strengthened rod is exhausted when
stresses, arising in steel, reach the yield point. In this case, stresses in CFRP did not reach
the limit value, and the longitudinal force value turned out to be underestimated.

The development of plastic strains was acceptable in steels whose yield point did
not exceed 440 MPa; therefore, the bearing capacity of CFPR-reinforced steel rods was
determined taking into account the behaviour of steel in the plastic range. Only when
plastic strains developed in steel could limit stresses arise in CFPR and the adhesive layer
could fail.

To clarify the value of the bearing capacity taking into account the development of
plastic strains in steel, we used the following diagram of the steel behaviour (see Figure 6).

0}

Figure 6. Steel behaviour diagram.

In the diagram, oy, is the proportional limit, oy, is the yield point, ¢y, is the strength
limit, ¢, is stress at the moment of the specimen rupture, ¢, is the relative strain of the
proportional limit, ¢, is the relative strain of the yield point, sy is the relative strain of the
beginning of the yield plateau, ¢y is the relative strain of the end of the yield plateau, ¢, is
the relative strain of the strength limit, ¢; is the relative strain of the specimen rupture. The
letters A-F indicate the characteristic fracture points on the graph.
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Let us identify the bearing capacity of a steel rod strengthened by CFRP taking into
account the above diagram.
Strains corresponding to the yield point are equal to:

Parameters of the diagram depend on the yield point and are as follows:
—  for steels with the yield point below 355 MPa:

0p = 0.80y; &p = 0.80y/Es; €5y = 1.70y / Es (11)
— for steels with the yield point from 355 MPa to 440 MPa:

0p = 0.90y; ¢p = 090y / Esest = 1.70y / Es; (12)

Let us assume that after reaching the proportional limit, the modulus of elasticity of
steel E; is constant and it is determined by the diagram of the steel behaviour in the AC
section of Figure 6:

Ei = (0sy — 0p)/ (esy — €p) (13)

Hence,

—  for steels with the yield point below 355 MPa:

E; = 0.2E;/0.9 = 0.222E; (14)
— for steels with the yield point from 355 MPa to 440 MPa:

E; =0.1E5;/0.9 = 0.111E; (15)
Therefore, formula (1) can be represented as follows:

where N;, = 0pAs is the portion of longitudinal force, arising in the steel rod and resisted
before the proportional limit is reached; Nyy, = AcAs = (e F- slg)EtAs is the portion
of longitudinal force resisted if the proportional limit is exceeded, Ny = 0777 Ay is the
longitudinal force resisted by CFRP.

Let us suppose that the ultimate elongation of the rod is determined by the ultimate
stresses in CFRP. In this case, strains will be calculated as follows:

Sf:(Tf’)/f/Ef (17)

Then the bearing capacity of the strengthened rod will be calculated as follows:
— for steels with the yield point below 355 MPa:

N = 0.80yAs +0.222(c¢/Ef — 0.80y / Es)Es As + 057 A (18)
Or:
N = 0.6220yAs + (0,222kn + 1)o7y ¢ Ay (19)
— for steels with the yield point from 355 MPa to 440 MPa:

N = 0.90’yAs + 0.111(0’f/Ef — 0.90’y/Es)EsAs —+ (Tf’)’fAf,‘

N = 080y A + (0.111kn + 1)opyfAf (20)
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Formulas (19) and (20) obtained using the normative diagram of steel work (Figure 6)
could be applied to make a theoretical evaluation of the strength of a tensile steel rod,
strengthened by CFRP.

2.3. Numerical Studies

The analysis of CFRP-strengthened tensile steel rods was performed using the finite
element method and the Nasnran software.

The computational model of a strengthened tensile steel element was developed using
3D elements of the solid type, which had the shape of an 8-node hexahedron. Nodes of
finite elements were united at the interface between different materials (steel-adhesive,
adhesive-lamella).

Interaction between a steel rod and strengthening elements was simulated by adding
finite elements of the adhesive layer to the computational model. The characteristics of this
layer were clarified as a result of successive computations of models, having parameters of
the adhesive, and the outcomes of computations were compared with the experimental
data obtained in the course of studying the strength of the adhesive bond between CFRP
and the steel rod. This approach enabled the authors to set the parameters of the material
that simulated the adhesive layer, so that the computation results corresponded to the
test data. In the second case, the adhesive was not included in the computational model,
and it was taken into account due to the fact that CFRP had a strength of 686 MPa in the
finite—element model. This value corresponded to stresses in the lamella that caused the
adhesive layer to fail during the experiment. When these stress values were attained, CFRP
stopped resisting any loads, which were thereafter resisted by steel only.

The material was assumed to be isotropic in the finite-element model. Its properties
were the same in all directions. Characteristics of the isotropic material were set using the
following basic parameters: Young modulus, Poisson’s ratio, and the limit stress of the
material. The value of the shear modulus was calculated using the following formula:

E
C= 2+ @1
where E is the modulus of elasticity, MPa; v is the Poisson’s ratio.

To take into account the physical nonlinearity of the system, functional dependences
between stresses (|o|) and strains (¢) were set. They described the relationship between
strains and stresses. A general model of an elastic—plastic material, called Plastic, was used.
The properties of this nonlinear material include the stress—strain curve, the Yield Criterion,
the Yield Stress, and the Hardening Rule.

Initially, the modulus of elasticity of steel was constant, and the stress—strain rela-
tionship was linear. After the yield point was reached, two options of the steel behaviour
diagram were used. For the steel, used in the experiments (SteelE), a bilinear diagram
was used. For 5245 and 5440 steels, the generalized steel diagram was used (Figure 6).
Parameters of the generalized diagram, made for steels 5245 and 5440, are listed in Table 2.

Table 2. Parameters of the steel behaviour diagram.

Steel Grades
S245 S440
Points in the Diagram Stresses, MPa Strains, % Stresses, MPa Strains, %
B 245 0.001189 440 0.002135
D 245 0.019024 440 0.036310
E 370 0.104988 540 0.105896
F 330 0.181917 528 0.186172
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The CFRP lamella had an elastic modulus of 190,000 MPa at normal stresses not
exceeding 1480 MPa, a shear modulus of 79,166 MPa. The steel had an elastic modulus of
206,000 MPa, a shear modulus of 79,230 MPa. The adhesive had a modulus of elasticity of
200,000 MPa, a shear modulus of 76,923 MPa.

Figure 7 shows the dependence between the stresses and strains for the materials of a
strengthened steel element.

g, MPa

1600

1400

1200

Steel E
— 5245

S440
600 ——CFPR

800

|
1000 I
|
|

400

200

0

0 0.05 0.1 0.15 0.2 £

Figure 7. Strain-stress dependencies of the materials.

Numerical studies were made for two finite-element models. The first one simulated
the experimental specimens, used to evaluate the strength of the adhesive joint (Figure 2).
The second one was used to analyze the CFPR-strengthened steel element (Figure 3). To
reduce the calculation time, 1/8th of the experimental specimen was used in the computa-
tional model, given the symmetry of the specimen. Figure 8§ shows parts of experimental
specimens, used in the calculation, as well as their FEM models.

The longitudinal force in the specimens was set by displacing one of the ends of the
computational model, while the other end remained still. The calculation was performed using
the extended nonlinear transient solver of the Nastran software, that was titled “23...Advanced
Nonlinear Transient”. It takes into account geometrical and physical nonlinearities.

When the adhesive was added to the finite-element models, its strain and strength
characteristics were selected so that the numerical results corresponded to the data obtained
during the experimental studies of the adhesive layer and its strength.

Two options of adding the adhesive to the finite-element models were considered:

— The first option: the adhesive layer consisted of one row of finite elements with a
thickness of 0.1 mm;

— The second option: the adhesive layer had two rows of finite elements with a total
thickness of 0.4 mm.

The cross-sections of elements in the computational model were as follows: steel
plate—27.5 x 6 mm; two CFPR lamellas—12.5 x 1.2 mm. The length and width of all finite
elements were 2 to 5 mm. In terms of thickness, the steel element was divided into six rows
of elements; the CFPR lamella was simulated by one row. The mesh, selected to split the
specimen into finite elements, was checked during the tensile test calculations of steel rods,
which confirmed the reliability of numerical results and acceptable computing time.
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(d)

Figure 8. Parts of experimental specimens, used for calculation purposes, and their FEM models:

(a) The design area of the specimen for the adhesive layer testing; (b) the FEM model of the design
area of the specimen for the adhesive layer testing; (c) the design area of the strengthened specimen;
(d) the FEM model of the design area of the strengthened specimen.

3. Results
3.1. Results of Experimental Studies
The strength and the modulus of elasticity of CFPR were identified as a result of the

tensile testing of the lamella specimens. Figure 9 shows specimens after testing.
Table 3 shows the results of tensile testing of the lamella specimens.
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Figure 9. The failure of lamella specimens.

Table 3. Results of tensile testing of CFPR specimens.

Stress Arising at the Initial

Specimen Number Failure of the Fiber, MPa

Maximum Stress, Mpa

1 709 2112
2 1098 2066
3 1467 2934
4 2100 2477
5 759 2174
6 730 2203
Average value 1189 2328

In the course of tensile testing, it was found that initial signs of failure of individual
CFPR fibers appeared in the case of stresses whose values were, on average, twice as
small as the maximum stresses arising in the specimen. It was found that, at voltages
not exceeding 760 MPa, the “strain-stress” relationship was linear, and the modulus of
elasticity was 202,000 MPa. When the stress values were at maximum, the average modulus
of elasticity of the lamella was 170,000 MPa.

The discrepancies in the test results were due to the variation of the properties of
carbon fiber. During further calculations, the average indicators of carbon fiber were
determined, which were used in the methodology for determining the bearing capacity of
a steel stretched element reinforced with carbon fiber.

By testing different lengths of the adhesive joint of specimens, the authors identified
the load of failure and the dependence between the movements of testing machine’s clamps
and loading. Table 4 shows testing results in respect of the strength of the adhesive joint.

All specimens failed along the adhesive layer when the load value was close to that of
stress in the lamellas. The average stress, at which the adhesive joint failed, was 685.8 MPa.
It was found, experimentally, that no similar increase in the strength of the adhesive joint
was observed when the length of the adhesive joint was increased in specimens 435, 595,
660 by 18, 65, 82%, respectively. The departure of ultimate stresses from the average value
did not exceed 8%. Stresses, arising in the CFPR lamellas in case of failure, reached mere
28-32% of the CFPR strength. Hence, the adhesive joint made using the two-component
epoxy adhesive FibArm Resin Laminate+ allowed for normal stresses, equal to 685.8 MPa,
to arise in the 1.2 mm-thick CFPR lamella “FibArm Lamella-12/50. However, failure
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stresses did not exceed the ultimate stress in the CFPR lamella (760 MPa), at which it
behaved linearly with the modulus of elasticity which was close to the modulus of elasticity
of steel.

Table 4. The adhesive joint testing results.

Type of Length of Adhesive Load of Lamella Strain in the Lamella Stress in the
Specimen Joint, mm/% Failure, KN Course of Failure, % Course of Failure, MPa
380-1 170/100 41.15 0.61 685.77
380-2 170/100 39.05 0.45 650.82
435-1 200/118 41.13 0.45 685.46
435-2 200/118 40.38 0.55 673.02
595-1 280/165 44.50 0.42 741.72
595-2 280/165 41.11 0.37 685.16
660-1 310/182 41.58 0.19 693.00
660-2 310/182 40.27 0.32 671.14

The elongation of specimens showed that, although the bearing capacity of tested
specimens was almost the same, their strain properties were different. It was, experimen-
tally, found that, the greater the length of the adhesive joint, the more rigid the structure.
Thus, specimens 380-1 and 380-2 had an average strain of 0.53%, specimens 435-1 and
435-2—0.50%, specimens 595-1 and 595-2—0.40%, specimens 660-1 and 660-2—0.26%.

Thus, it has been experimentally established that the strength of the adhesive joint
does not depend much on the length. This is due to the uneven distribution of stresses
in the glue. It is known that in connections parallel to the acting force, maximum stresses
occur at the beginning of the connection. Therefore, the destruction begins at the beginning
of the adhesive joint when certain stresses are reached in the carbon fiber, and then the
destruction will spread along the layer.

The testing of strengthened specimens showed a noticeable increase in the bearing
capacity due to a rise in the bearing capacity of the CFPR elements. Figure 10 shows the
displacement-load dependencies obtained as a result of testing the strengthened specimens.
For comparison purposes, the displacement-load relationship was also provided for the
specimen that had no strengthening.

250
200
150
100

Load, kN

50

0
0 5 10 15 20 25 30 35 40 45 50

Displasment, mm

——Specimen 1 Specimen 2
— Specimen 3 — Specimen 4
— Specimen without CFRP

Figure 10. Displacement-load dependencies for strengthened specimens.

The analysis of the experimental data shows that all strengthened specimens demon-
strated linear behaviour, if the load was below 170 kN. Here, the steel behaviour pattern
was elastic in a strengthened specimen. The linear strain, arising in strengthened specimens,
coincided with the linear portion of the steel behaviour diagram. The specimen that had no
strengthening demonstrated linearity at a load of 150.0 kN, and if the load exceeded this value,
plastic strain developed in steel specimens. Plastic strain developed in the steel of reinforced
specimens at a load of about 170 kN due to the fact that CFPR lamellas resisted part of the
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longitudinal force value. The value of the longitudinal force, resisted by CFPR lamellas if the
modulus of elasticity of lamellas was close to the modulus of elasticity of steel, which was
true if the stress in lamellas was below 760 MPa, could be determined by distributing the
experimental load in proportion to the areas of carbon fiber composite lamellas and the steel
rod. Then, the longitudinal force in CFPR lamellas were 150.0*0.6 /4.8 = 18.8 kN during the
development of plastic strains in steel, and the total longitudinal force was 168.8 kN, which
was close to that observed in the course of the experiment.

The value of tensile load kept going up until the adhesive joint failed in all specimens.
At the moment of failure, the specimen loading went down, since after the failure of
the strengthening element, the load was resisted by the steel rod only, and in the plastic
stage its bearing capacity was equal to approximately 150.0 kN. In the course of further
loading, the behaviour of the specimen was similar to the diagram of the steel behaviour.
The self-strengthening stage of steel followed the yield plateau. Self-strengthening was
accompanied by a rapid growth of strains, and the specimen failed, if the load value ranged
from 206 to 213 kN, which corresponded to stresses arising in steel that were equal to 381.4
and 394.4 MPa, respectively.

Table 5 shows the loads of failure, that cause the strengthening element to fail, and
stresses in the CFPR lamellas.

Table 5. The testing of CFPR specimens.

. . Failure Stresses in Load Following the Failure of Bearing Capacit
Specimen Number  Load of Failure, kN Lamellas, MPa StrengtheninggElements, kN Infreaspe ’
1 218.0 1133.3 159.0 37%
2 182.0 533.3 143.0 27%
3 203.0 883.3 135.0 50%
4 216.0 1100.0 154.0 40%
Average value 205.0 912.4 148.0 38%

The post-strengthening increase in the bearing capacity ranged from 27 to 50%. The
average value of the bearing capacity increased was 38%. It should be noted that the
effective inclusion of carbon fiber in joint work with a steel element was possible only with
the development of plastic deformations in steel.

3.2. Results of Theoretical and Numerical Studies

Calculations of the bearing capacity of strengthened specimens, made using analytical
dependencies (5) and (6), are presented in Table 6.

Table 6. Calculation of the bearing capacity of strengthened elements.

Steel
Parameter
SteelE S245 S440
Steel area As, cm? 4.80 4.80 4.80
Modulus of elasticity of steel E5, kN/ cm? 20,600 20,600 20,600
Design resistance of steel R, KN/ cm? 31.25 24.50 44.00
CFRP area Ay, cm? 0.60 0.60 0.60
CFRP modulus of elasticity E 'z kN/cm? 20,200 20,200 20,200
Design resistance of CFRP R 'z kN/cm? 68.57 68.57 68.57
Strength of steel without strengthening, kN 150.0 117.6 211.2
Bearing capacity of an strengthened element, kN 1911 158.7 252.3
Bearing capacity according to formula (5), kN 208.9 188.8 -
Bearing capacity according to formula (6), kN - - 247.3
Experimental value, kN 205.0 - -

The calculation made according to formulas (5) and (6) confirmed an increase in the
bearing capacity of strengthened steel rods, which was 60% and 17% for steels 5245 and
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5440, respectively. An increase in the bearing capacity of steel with the yield limit of
312.5 MPa was 39%. The analytical bearing capacity differs from the experimental results
by no more than 1%.

When numerical studies were conducted, two models of adhesive bonds were con-
sidered, the first one had one layer, and the second one had two layers. To obtain correct
numerical results, adhesive parameters were chosen so that the numerical results correlated
well with the experimental data. Table 7 presents characteristics of the adhesive layer, used
in the finite-element models of the analyzed elements. These models take into account
the interaction between CFPR and a steel specimen when the adhesive joint is taken into
account in the calculations.

Table 7. Mechanical characteristics of the adhesive.

. . . . , . Modulus of Shear Modulus,
Adhesive Simulation Poisson’s Ratio Elasticity, MPa MPa
One row of finite elements 0.3 280,000 107,692
Two rows of finite elements 0.3 200,000 76,923

Numerical studies of the strength of an adhesive joint showed non-uniform distribution
of stresses along the length of the adhesive layer and CFRP. Maximum shear stresses arose
in the adhesive, and normal stresses arose in the initial zone of the steel-reinforcement joint.

Figure 11 shows the distribution of stresses in the adhesive layer before the failure.

(a) ' (b)

Figure 11. Stress distribution in the adhesive layer simulated by one row of finite elements before
failure: (a) Mises stress isofield; (b) Mises stress values.

Calculations have revealed that the greatest stresses arose in the boundary zone of
the adhesive layer due to its small thickness, while all other parts of the joint remained
“underloaded”. A wider zone of the adhesive joint can resist a load if the modulus of
elasticity of the adhesive is reduced. However, in this case the deformability of the joint
increased significantly and numerical displacements, corresponding to the joint failure,
were much higher than the experimental ones.

Numerical calculations of the strengthened element were performed after selecting the
parameters of the adhesive layer. Figure 12 shows stresses in the strengthened specimen.
CFPR is not shown in the figure in full to better visualize the results.
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£36,4

5

Figure 12. Stress distribution in a strengthened specimen if the adhesive layer is simulated by one
row of finite elements: (a) before the failure of the adhesive; (b) when all adhesive elements in the
midpart of the steel specimen fail.

Before the failure of the adhesive layer, stresses equal to 312.4 MPa were observed in
steel and 951.3 MPa in CERP. After the failure of the adhesive layer, stresses in steel and
CFPR were 313.8 and 1043.1 MPa, respectively.

Longitudinal forces resisted by individual elements in the midpart of the strengthened
specimen were identified using the results of the numerical calculation. Figure 13 shows
the relationship between the longitudinal force and the displacement of the wide end for
different options of the simulated adhesive layer

240 240
220 ) 220
200 £ 200
180 e 180
160 - 160
o % 140
g0 f 5 120
E 100 J E 100
80 i 80
60 { 60
40 40 4
20 / 20 /
0 0
0 02505075 1 0 025 05 075 1
Displacement, mm Displacement, mm

— —Forces on steel
— — —Forces on steel

rces on CFRP

Forces on CFRP Forces on C

_____ Common forces - - = Common forces

------- Experimental forces ------- Experimental forces
(a) (b)

Figure 13. Displacement-force dependencies for a strengthened tensile specimen: (a) an adhesive joint
model that has one row of finite elements; (b) an adhesive joint model that has two rows of finite elements.
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Calculation results obtained for different adhesive layer simulation options are pre-
sented in Table 8.

Table 8. Maximum longitudinal forces arising in strengthened specimens according to the results of
numerical calculations.

Type of Longitudinal Force Model with One Raw of the Adhesive Model with Two Rows of the Adhesive
Longitudinal force in a steel rod, kN 149.5 149.5
Longitudinal force in CFRP lamellas, kN 63.0 61.2
Total longitudinal force in strengthened specimen, kN 212.5 210.7
Bearing capacity increase 42% 40%
Experimental longitudinal force, kKN 205.0

According to the calculation results, models with one and two layers of the adhesive
had very close values of the bearing capacity of the strengthened specimen, the discrepancy
was about 0.8%. A good coincidence of the load-bearing capacity obtained as a result of
numerical calculations with experimental data has been established—the difference was no
more than 3%. It should be noted that, according to the calculation, the destruction of the
reinforced element was accompanied by movements that turned out to be 2 times larger
than the experimental ones. The reason for the greater calculated deformability is that
in the finite element model it was not possible to accurately simulate the experimentally
established brittle nature of the destruction of the adhesive after reaching the limiting
stresses in carbon fiber.

Calculations were made using 5245 and 5440 steels as experimental specimen materials.
Since the influence of the number of rows of finite elements in the adhesive layer had little
effect on the calculation results, strengthened tensile specimens of steel 5245 and 5440 were
analyzed by using one row of finite elements to simulate the adhesive layer. Figure 14
shows the displacement-force relationship obtained using the FEM method of analysis of
strengthened tensile rods made of different steels.

400
350
300
Z 250
!
3 200
£ 150
100
50 y
'
0 s om
0 01 02 03 04 05 06 07 08 09 1
Displacement, mm
= = = Forces on steel = . = Forces on CFRP Common forces
= = = $245 Forceson steel = « = S§245 Forceson CFRP S245. Common forces
= = = S$590. Forces on steel = . = S§590. Forceson CFRP S$590. Common forces
- = S440. Forces on steel - - = S440. Forces on CFRP S440. Common forces

Figure 14. Displacement-force dependencies for strengthened specimens made of various steels.

Calculation results are presented in Table 9 for strengthened steel specimens made of
steel 5245 and S440.
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Table 9. Stresses arising in the elements of strengthened specimens made of S245 and S440 steels.

Values of Maximum Longitudinal Forces, kN

Type of Longitudinal Force

$245 S$440

Longitudinal force in steel 124.0 211.8
Longitudinal force in CFPR lamella 56.6 64.1
Total longitudinal force 180.6 275.9
Bearing capacity increase 45% 30%

4. Discussion

The tensile testing of CFPR lamella specimens has proven their high strength, which
is several times higher than the strength of steel. The modulus of elasticity of lamellas
is 170,000 MPa, which is slightly smaller than that of steel. The modulus of elasticity of
lamellas in the stress range of 0 to 760 MPa is only 2% smaller than that of steel. Hence,
when stresses are sufficiently high, the value of the modulus of elasticity of lamellas is
almost equal to that of steel.

Experimental studies of the adhesive joint have identified the joint strength perfor-
mance of a steel element and a CFPR lamella. It has been found that the length of an
adhesive joint must be equal to or greater than a certain value to ensure the effective joint
strength performance of a CFPR lamella and a steel element. Any longer adhesive joint
does not lead to any noticeable rise in lamella stresses and, hence, to any growth in the
bearing capacity of a strengthened element.

Numerical studies identified the reason for such behaviour of an adhesive joint. The
failure of the adhesive commences in the initial zone of the joint, where conditions are
created for the adhesive strength to be exhausted in the lamella if the stress value is the
same. Later, the zone of the adhesive failure expands while the stress level does not change
in the lamellas. It has been experimentally proven that the strength of the adhesive joint
makes it impossible to take full advantage of the strength of lamellas that are 1.2 mm thick.
In spite of this, the stress level, developed by CFPR due to the strength of the adhesive
layer, is several times higher than the strength of steel.

Values of stresses in CFPR, identified in the course of the experiment and achievable
for any length of the adhesive, cause the adhesive joint layer to fail. They are recommended
for use in the practical calculations of the bearing capacity of CFPR-strengthened steel rods.

A major increase in the bearing capacity of CFPR-reinforced tensile steel rods is
experimentally identified. The strength performance of CFRP reinforcement is effective
when the behaviour of steel is plastic. An increase in the bearing capacity is confirmed by
numerical calculations. A calculation methodology has been developed to evaluate the
strength of reinforced steel tensile rods. Experimental results, data of numerical calculations,
and calculations made using the methodology, developed by the authors, showed good
convergence. The value of the ultimate load of a CFPR-strengthened tensile steel rod,
determined by different methods, was, kN:

—  Experiment: 205.0;
— Numerical calculations: 210.7;
— Calculation methodology: 208.9.

The discrepancy between the results, obtained by different methods, did not exceed 3%.

According to the results of the research, the conclusion is made about the feasibility
of a substantial increase in the bearing capacity of tensile steel rods thanks to CFRP. It
is impossible to take maximum advantage of the strength properties of CFRP fixed it to
steel using adhesive bonding. To ensure more effective strength performance of CFRP, it
is necessary to increase the strength of an adhesive joint and make sure that the values
of stresses in CFRP are close to the limit ones. To form a normative methodology for
calculating carbon reinforced stretched steel rods, it is necessary to conduct a complex of
tests to determine the normative parameters of the bearing capacity of the adhesive joint
and stresses in carbon fiber.
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5. Conclusions

1. The modulus of elasticity of carbon fiber lamellas is 17% smaller than the modulus of
elasticity of steel.

2. If stresses do not exceed 760 MPa, the modulus of elasticity of lamellas differs from
the modulus of elasticity of steel by no more than 2%.

3. To assess the bearing capacity of reinforced steel elements, it is necessary to identify
the strength of the adhesive joint, which determines maximum stresses in CFRP.

4.  Effective joint strength performance of a steel element and CFPR occurs when plastic
strains develop in steel.

5. The analytical dependence was developed to determine the bearing capacity of a
strengthened tensile steel element.
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