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Abstract

The application of Fiber Reinforced Polymer (FRP) strips is common for rehabilitation
and strengthening of concrete structures. Still, the strengthening of steel profiles with FRPs
has received little attention so far. In this direction, three tests were performed on steel plates
strengthened with Carbon Fiber Reinforced Polymers (CFRP) at the Institute of Steel Struc-
tures, NTUA. They comprised one tensile and two four-point bending tests on composite spec-
imens that consisted of one 3mm thick steel plate and one 1.2mm thick CFRP plate bonded
together in order to make a preliminary estimation of the CFRP strengthening effect. The first
four-point bending test was performed with the CFRP on the tension side, while the second
test employed the CFRP on the compression side of the specimen. Analytical approaches as
well as numerical nonlinear analyses using finite elements were employed to gain intuition
and further substantiate the results. In conclusion, CFRP strengthening was found to be an
effective strengthening method, which enhances ductility, tensile and bending capacity of the
steel plate by almost five times, regardless of whether the CFRP is used under tension or
compression. Notably, the CFRP plates, despite their slenderness were found to offer consid-
erable resistance to compression stresses.

Keywords: Experimental tests, Carbon Fiber Reinforced Polymers (CFRP), Steel strengthen-
ing, numerical analyses, analytical procedure.
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1 INTRODUCTION

The application of fiber-reinforced polymers (FRP) has been long established in teaching,
research, design and regulation for strengthening and repair of concrete structures [1] — [4].
However, such an activity for steel structures is relatively new although strengthening of steel
structures by means of FRPs has gained attention in recent times [5]. The main application
fields refer to enhancing the moment capacity of steel or composite girders in building/bridge
applications [6], [7], increasing the local buckling resistance of thin-walled compression ele-
ments [8], repair through crack-patching of fatigue prone details [9], or increase strength and
ductility by means of confinement of steel or concrete filled steel tubes [10], [11]. It is there-
fore not surprising that, at least in Europe, there is a lack of regulations on the subject, except
probably an Italian guideline [12], while the European seismic code for assessment and retro-
fitting of buildings [2] provides information for FRP-interventions in reinforced concrete
structures only and not for steel or composite structures.

The potential for structural interventions in steel structures by means of FRPs is high, at
least in some areas, despite the fact that conventional interventions with steel for steel struc-
tures are easier to implement than with concrete for concrete structures. Indeed, it is simpler
to remove and repair damaged steel parts or entire structural members and easier to attach for
strengthening purposes new to existing steel through welding or bolting, than remove, repair
or strengthen through jacketing existing concrete members. An area where FRP composites
might be applied with big advantages is for strengthening of masts and towers, like for tele-
communication towers that are often in need of strengthening due to their occupation with
more and larger antennas. Indeed, the classical method for strengthening tower legs where a
second angle profile is added in a star battened configuration may be substituted by adhesive
bonding of FRP plates to the existing angle profile. This leads to a smaller attack area of the
strengthened member for the wind and a smaller periphery for the snow loading, leading to
increased resistance and less loading, while the conventional method leads to increased re-
sistance and higher loading. In addition, the operation could be handled easier due to less
weight to be lifted, less space needed and, probably, lower susceptibility to environmental in-
fluences. Another area of potential beneficial application is for buildings in seismic areas
where FRP plates could be attached to the beam flanges near the beam-to-column joints, in
order to move the plastic hinges away from the joints, or added panel zones to increase their
shear capacity. The interest for such research at European level appears to attract attention and
is funded by the Research Fund for Coal and Steel (RFCS) in the ANGELHY project [13] and
the German Academic Exchange Service (DAAD) in a project of hybrid strengthening meth-
ods [14].

Characteristic for these applications is that FRP composites are added in both tension and
compression zones of elements, as well as in zones subjected to both compression and tension.
Indeed, tower legs or bracing members may be subjected to compression or tension forces de-
pending on the wind direction, flanges of beams in building frames in seismic areas are sub-
jected alternatively to compression and tension, depending on the direction of the seismic
excitation and the same happens to the applied shear forces of panel zones.

Design for FRP strengthening of steel elements is currently based on the nominal FRP ma-
terial properties as supplied by the fabricators. These material properties, such as modulus of
elasticity, tensile strength or elongation at fracture, refer exclusively to tension. Indeed, inter-
national test specifications for FRP material refer only to tensile testing, [15] to [18], obvious-
ly due to the fact that FRP material is predominantly used for tension and too thin to be
directly tested for compression. The tension properties are also used, unchanged, in analytical
formulae proposals for the prediction of the global or local buckling resistance of compression
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members [8]. However, this approach may be questioned due to the fact that the compression
resistance of FRPs is expected to be lower than the resistance to tension. It would be therefore
beneficial to test the material under compression and check whether the compression proper-
ties are the same as for tension. Unfortunately, there is no international specification provid-
ing a test method, but for such a test the FRP material should be obviously attached to another
element from the material that is intended to strengthen. Another issue, unspecified yet, is
whether compression originates in the test from axial force or bending. For the current re-
search it was accordingly considered necessary to investigate prior to the full-scale tests on
angle leg columns, complete towers or beam-to-column joints, as planned in the relevant pro-
jects, the compression and tension behavior of FRP stripes bonded to steel plates. This would
help the determination of the relevant properties and the correct design of the interventions.

This paper presents experimental, analytical and numerical investigations on the behavior
of composite steel-CFRP specimens subjected to a tension and two four-point bending tests,
one with the CFRP material on the tension side, the other on the compression side. The pur-
pose was to determine the properties of FRP plates in tension separately from whether the
tension arises from external axial forces or bending moments, and in compression arising
from bending moments. Carbon fiber-reinforced polymer (CFRP) was used as composite ma-
terial due to its high elastic modulus and tensile strength. The research was carried out in the
frame of the MSc-Theses of the two first authors [19], [20].

2 GENERAL SPECIFICATIONS

The test specimens were constructed by the partner of the DAAD project [14] at the Bran-
denburg University of Technology (BTU) in Germany. They had the same dimensions and
were made by the same materials. Each one was consisted by two parts, a 3mm thick steel
plate with dimensions 80x250mm and a 1.2mm thick CFRP plate with the same dimensions
(80x250mm). The two parts were bonded with a structural adhesive along their whole surface,
with measured thicknesses of 1.3, 1.1 and 1.1 mm for the specimens 1, 2 and 3 respectively.
Two aluminum tabs with dimensions 84x100x3mm were also used at the specimen’s ends on
the side of the CFRP plate, in order to protect the fibers and avoid a local failure or a fibers’
break at the sections that are attached in the machine’s grips in the tensile test or at the points
of load application in bending tests. The side and plan view of the specimens are shown in Fig.
1, while Fig. 2 shows pictures of the specimens before testing.

composite specimen
steel plate 3mm thick aluminum tabs 3mm thick

CFRP plate 1.2 mm thick

100mm A—S0mm— 100mm +
g 250mm +
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CFRP plate 1.2mm thick aluminum tab 3mm thick

adhesive Sikadur-30 1.5mm thick
1 _—t—

9.7mm—_

k 100mm + S0mm ¥ 100mm 1 adhesive Scotch Weld 1mm thick

steel plate 3 mm thick

Figure 1: Plan and side view of the specimens

Figure 2: Picture of the specimen before testing

The mechanical properties of the constituent materials have been determined experimental-
ly by tensile testing, carried out in an INSTRON 300XL universal machine with 300kN ca-
pacity. Steel has been tested by two tests in accordance with [21]. The resulting c-e-curve is
shown in Fig. 3, the mechanical properties, as average from the two tests, in Table 1.
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Figure 3: Experimental stress-strain curve for steel
E Yield Yield Hardening | Hardening | Ultimate | Ultimate
(MPa) | stress oy | strain gy | stress oOr | strain &g | stress strain
(MPa) (%) (MPa) (%) Omax Emax (%)
(MPa)
210000 | 287.5 0.1364 291 2.886 375 39.818

Table 1: Material properties of steel



K. Vlachakis, S. Vlachaki-Karagiannopoulou and I. Vayas

The CFRP plates were made by MC Brauchemie and are considered as “low strength”
plates. Their designation is 160/2400, i.e. the nominal modulus of elasticity is 160 GPa and
the ultimate strength 2400 MPa. The plates were made using unidirectional fibers along the
longitudinal axis of the plate. The actual mechanical properties have been determined by ten-
sile tests on seven (7) specimens according to EN ISO 527-4 [16] and ASTM D638 -03 [17],
D3039 [18]. The dimensions of the specimens were 300x25x1.5 mm, with their ends protect-
ed from the jaws of the machine by aluminum end tabs of dimensions 105x30x3 mm, as pro-
posed by [16]. The loading speed was Imm/min, lower than as specified in [16], in order to
allow taking pictures by a thermic camera Flir B360 that was used to investigate if tempera-
ture changes take place in the material during the loading process. Strains were measured by
both extensometer and strain gage. The material behaved linear elastic up to failure which was
brittle and was due to the breakage of the carbon fibers, Fig. 4. Fig. 5 shows the resulting c-¢-
curves as derived from the extensometer and the strain gage measurements. The former indi-
cates that slippage occurs between the extensometer and the specimen distorting the results.
Accordingly, mechanical properties were determined on the basis of the strain gage measure-
ments. The modulus of elasticity was determined by two methods: (a) as the slope of the
curve between two predefined points with strains €1 = 0,05% and €2 = 0,25% proposed in [16]
and (b) as the linear trendline of the o-e-curve from the origin up to failure. The average value
from the tests was for method (a) ~130 GPa, while for method (b) =141 GPa. Both methods
delivered lower value than the nominal value provided by the producer, possibly due to the
fact that only one strain gage was used on one side of the specimen so that effects of eccen-
tricity were present. The average values for the ultimate stress was 2734 MPa, i.e. higher than
the nominal value, as expected, and for the ultimate strain 1.91%.

Figure 4: CFRP specimens at failure
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Figure 5: Experimental stress-strain curve for CFRP

The structural epoxy resin Scotch WeldTM DP 490 was used as adhesive to bond steel and
CFRP plate, which is characterized by its simple and easy application and therefore recom-
mended by its producer as appropriate for steel sections. Its ultimate shear stress z«x and nor-
mal stress ox are estimated based on [5] and are shown in Table 2.

Shear strength | Shear modulus
Ex (MPa) | 7, (MPa) Gk (MPa)
3036 3.76 308.9

Table 2: Material properties of adhesive, average values

This adhesive was not strong enough to bond the aluminium tabs at the specimen’s ends to
the CFRP plates, so that Sikadur 30 from SIKA with nominal shear strength of 20 MPa was
used instead.

As mentioned before, the specimens were fabricated at the Brandenburg University of
Technology, Germany, following a specific procedure. Firstly, a special treatment using a
hard brush was implemented to the steel surface, to increase the surface roughness in order to
have better application of the adhesive. Then the surfaces of both steel and CFRP plates were
cleaned with acetone. The adhesive was added using a special equipment, Fig. 6, to allow a
uniform application of the adhesive with a thickness of approximately 0.2mm over the entire
surface. For this purpose, small beads with diameter 0.105-0.20 mm made from glass were
placed between the two surfaces as seen in Fig. 6. The two bonded plates remained under
constant pressure for seven days until the adhesive reached its total strength. However, after
this procedure the adhesive’s thickness was measured, as well as possible, and was estimated
to be 1.3, 1.1 and 1.1 mm for specimens 1,2, and 3 respectively.
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Figure 6: Application of the adhesive using special equipment

Subsequently, two aluminum tabs were also bonded on the CFRP side to protect it from the
jaws of the machine. A different adhesive, Sikadur 30, was used to bond the aluminum plates
to the CFRP plate. After that the three specimens remained seven more days under some heat-
ing lamps at a constant temperature of 33-36°C, so that adhesive reaches its maximum
strength.

3 TENSILE TEST

The tension test was carried out in the INSTRON 300XL machine. The specimen was
loaded via displacement control at a testing speed of 0.2 mm/min, up to the maximum load
capacity of the test machine, 300 kN, which is lower than its nominal failure load. Besides the
load and the total elongation measured by the machine, strains on both the steel and the CFRP
were measured by two strain gauges. The test set-up is shown in Fig. 7.

Figure 7: Test set-up for the tension test

The experimental force — displacement curve is shown in Fig. 8. The applied force is di-
vided between the steel and the CFRP plates as in Fig. 9. It may be seen that steel behaves in
the elastic-plastic, while CFRP purely in the elastic range. The force is distributed according
to the stiffness of the constitutive parts as long as steel behaves elastic. When steel enters into
the plastic region, it transfers only its yield force the other part transferred by the CFRP. This
is because steel did not enter into the strain hardening region, as the strains measurements
showed.

Assuming uniform strain distribution in the two materials, i.e. both materials are subjected
to pure tension, the total force may be determined analytically and expressed by equations (1)
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and (2). This assumption, which will be checked later, leads to acceptable results. This is
shown in Fig. 8 where the simplified analytical curve is compared to the experimental curve.

s = By Fon = Esrg0A: + Er.r'ru “Ecfrn "':-'r,r'rrl (l)
Eg = By Fan = fy + Ecprp " Ecprp " Actro (2)
where:

Es , Ecrrp are the modulus of elasticity of steel or correspondingly CFRP
&s, &cfip are the, measured, strains of steel or correspondingly CFRP

As , Acrrp are the cross-section areas of steel or correspondingly CFRP
gy, Ty are the actual yield strain and yield stress of steel

——Experimental

— Analytical simplified

=——Numerical

= Analytical strip method

Load (kN)

Al (mm)

Figure 8: Experimental, analytical and numerical force — displacement curve
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Figure 9: Partial forces transferred by the steel and CFRP plates

The specimen didn’t reach failure at maximum load due to the limited capacity of the ma-
chine. However, the specimen exhibited a large permanent bow deformation after unloading
as shown in Fig. 10, due to the fact that steel entered into the plastic range and exhibited a
permanent tensile deformation. The corresponding plastic strain at unloading was measured
by the strain gages as eper = 1,3%. This value is confirmed by appropriate geometrical meas-
urements after the test and application of eqg. (3).
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Eperm = —A——1 ®)

where, Fig. 10:
f is the, measured, sagitta of the chord and
L is the, measured, chord length of the specimen.

Figure 10: Permanent bow deformation after unloading. Steel on the tension (convex) side

The tension test was in addition investigated numerically using the ABAQUS Code [22].
Steel was modelled by application of solid elements of type C3D8R (Continuum solid ele-
ment, 8-node linear brick, Reduced integration with hourglass control), while CFRP with
shell elements of type S4R (Shell, 4-node double curved thick shell). The thickness of the
shell was determined through the Composite Layup, by entering the number of carbon layers
from which the CFRP is composed. Such a model is necessary when the orientation of the in-
dividual layers differs. In our case the same result could be achieved by a single layer with the
total thickness. The end tabs and the epoxy resin were not included in the model. The interac-
tion between steel and CFRP was introduced by connection of the two contact surfaces by
means of tie constraints so that the two parts are rigidly connected with no slip between them.

The material properties of steel were introduced to follow the measured c-¢-curve shown
in Fig. 3. For the composite material the material properties were given separately for the fi-
bers, type Graphite IM6 with modulus of elasticity Es = 275.6 GPA, Poisson’s ratio v = 0.2,
ratio vs = 51% and the matrix, type Epoxy 9310/9360 with Em = 3.12 GPA, vm = 0.38 and ra-
tio vm = 49%. The modulus of elasticity of the composite material in the longitudinal, 1,
transverse, 2, and through thickness, 3, direction and the shear moduli are determined from
eqs. (4) to (8) correspondingly [23]:

E, = B v + Epy v iy (4)
g = Effm
- Ef¥f+Em¥m (5)
Es = En (6)
& Gy
Gz =G5 = Em..r._l'_,_ﬁ_l..r.m 7)
G23 = Gnm 8

where:
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Vs, Vm are the fibers ratio and the matrix ration correspondingly and
G =E/[2- (1+V)] for the fibers, f, and the matrix, m.
The Poisson’s ratio of the composite material may be determined from:

V12 = V13 = V#Vf + Vim'vm 9
V23 = Vm (10)

The numerical model included the specimen over its entire length, but at the end regions
where the jaws are acting the relevant displacements were restrained so that one end is fixed
and the other can move freely in direction of the load application. The force — displacement
curve of the numerical model is illustrated in Fig. 8, together with the experimental and ana-
Iytical curves. The comparison shows a quite good agreement with the experimental and ana-
Iytical results, indicating that the adopted input material parameters and the assumption of no
slip between the two materials are acceptable.

However, the numerical model allows the determination of the strain and stress state sepa-
rately in the two material as shown in Fig. 11 and 12. It may be seen that the stresses, and
strains, at the external and internal surfaces of steel are not identical. Strains therefore vary
through the specimen’s thickness as shown in Fig. 13. The actual strains measured during the
test were g0 and &cfip at the specimen’s surface, which are similar but not identical to the
strains at the centroids of the corresponding materials. The corresponding stress distribution
gives rise to an internal moment that was calculated analytically by the strip method and nu-
merically with ABAQUS and is shown in Fig. 14. This moment is in equilibrium with the ex-
ternal moment, calculated as the product between the applied force and the eccentricity
between this force and the centroid of the composite section, calculated from eq. (11). The
external moment is also illustrated in Fig. 14. There is a discrepancy between the curves of
the external and internal moment that is due to the approximations made in the calculations of
both. More specifically, the calculations for the internal moment assume pure axial tension
with no moment in the initial loading steps, while moments arise later due to plasticity. On the
other side, the external moment starts to develop from the beginning and is affine to the ap-
plied force since the eccentricity is considered unchanged during the test.

Besides the moment, the strip method was applied to calculate the axial force by integra-
tion of the axial forces in the individual strips. The relevant analytical curve is shown in Fig. 8.
The comparison with the experimental curve indicates that the strip method is more accurate
to the simplified one in the elastic region, while the two converge at larger strains in the plas-
tic region of steel.

Figure 11: Stress distribution in the CFRP plate
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Figure 12: Stress distribution in the external and internal face of steel
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Figure 13: Actual strain distribution in the composite specimen
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Figure 14: Moment — displacement curve of the specimen
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4 FOUR-POINT BENDING TEST — FRP ON THE TENSION SIDE

The test set-up for the 4-point bending test, which was carried out in the INSTRON 300XL
machine, is shown in Fig. 15. The specimen was loaded via displacement control at a testing
speed of 0.42 mm/min. The recordings included the applied load, the deflection at mid-span,
both measured from the machine recordings, and the strains of the steel and the FRP-plate at
midspan, measured by two strain gauges. At late loading stages no steel’s strain data were
available because the strain gauge at the compression side was disconnected due to very high
strains. Small slips also occurred at certain times during the test.

Figure 15: Test set-up for the 4-point bending test — CFRP in tension

The experimental force — deflection curve is shown in Fig. 16. At some points the load
drops indicating small slips between the specimen and the supports. The experimental test
was accompanied by analytical and numerical calculations. For the former two methods were
adopted.

F (kN)
12
10
8

6

0 5 10 15 20 25 30 35 ap as 50
d (mm)

Figure 16: Experimental force — mid-span deflection curve
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e Analytical Method 1

This is based on the Bernoulli-Euler beam theory for linear strain distribution over the
cross section, Fig. 17. The centroid of the cross section, distance from the top side, is calculat-
ed from eq. (11):

A."E‘S

Acrrp )

nEFRP (ll)

LY. E 5 - S +i= &
(Zresty )+ (=crrp

Ares +f= CFRFP
freg TACFRP

ZC =
Az +

where:
Zs, Zres, Zcfrp are the centroids of steel, resin or CFRP correspondingly
As, Ares, Acfip are the cross-section areas of steel, resin or CFRP correspondingly
Es, Eres, Ecrp are the moduli of elasticity of steel, resin or CFRP correspondingly
Nres = Es/Eres iS the modular ratio of the resin
Nefrp = Es/Ecfrp IS the modular ratio of the CFRP

77777 | : —
' P e Oss
I E_ch'p:9z7_/ O':Trp‘c /£ —

Fcfrp
| ‘ £ cfrp a cfrp

Figure 17: Calculation procedure for the internal moment — Analytical method 1

Starting from the strains as measured during the test, the internal moment is determined by
the strip method as indicated in Fig. 17 neglecting the contribution of the resin. The analytical
moment — deflection curve is illustrated in Fig. 18 and compared with the experimental one.
The disadvantage of the analytical method 1 is that no experimental strain data are available at
the late loading steps so that the moment can be calculated up to a certain point (up to a de-
flection 25 mm in Fig. 18).

350

=]
(=1
(=]

M (kNmm)

Experimental
Analytical Method 1

= = = = Analytical Method 2

Analytical 1+2

0 5 10 15 20 25 30 35 a0 45 50
d (mm)

Figure 18: Experimental and analytical moment — deflection curves
e Analytical Method 2

In this method the computation process is reversed. The tension force in the CFRP, acting
at its centroid, is determined from eq. (12):

Fefro = Epprp * Ecfrp " Acfrn (12)
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where:
efro 1S the strain at the CFRP centroid of the CFRP. It is taken as !4 of the measured CFRP
strain, since the plastic neutral axis of the composite section is considered to be within the ad-
hesive.

The tension force in the CFRP is equal for equilibrium reasons to the compression force in
steel, Fig. 19. The stress distribution in steel is assumed uniform across its thickness. The
steel stress is determined from measurements as long as strain data for steel are available. Af-
ter it, the steel stresses are estimated under consideration of strain hardening. The so calculat-
ed moments are shown in Fig. 18.

It may be seen that despite the missing strain measurements, method 2 is appropriate for
the late loading steps at large strains where steel is yielding and strain hardening, while meth-
od 1 fits better for the early loading steps. Fig 18 shows that the combination of the two
methods may provide a good estimate of the specimen’s response.

Eal—— e Fefrp

| Ectp Ootp
Figure 19: Calculation procedure for the internal moment — Analytical method 2
The bending test was also investigated numerically with the same modelling using the

ABAQUS Code as previously described. Fig. 20 shows the test specimen in its deformed
shape, together with the corresponding numerical model.

Figure 20: Experimental and numerical model at its deformed state
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The calculations included MNA and GMNA analyses, where in the former only the mate-
rial non-linearity and in the latter the geometric and material non-linearity were considered.
Fig 21 shows the experimental and numerical results. It may be seen that the numerical results
fit well with the experimental ones, especially when the effects of slip are removed from the
experimental ones. The numerical models, especially the GMNA analysis, predict a smaller
capacity due to the neglect of any contribution of the adhesive. However, the initial stiffness
Is very close to the experimental one.

M (kNmm)

experimental

Numerical MNA

numerical GMNA

- = = = experimental corrected

0 10 20 30 a0 50 &0
d (mm)

Figure 21: Experimental and numerical moment — deflection curves

5 FOUR-POINT BENDING TEST - FRP ON THE COMPRESSION SIDE

The test set-up, the measurements and all other data are the same as before, except that the
specimen is put upside down, so that the CFRP is on the compression side, Fig. 22. For the
same reasons as before, at late loading stages no CFRP strain data were available because the
strain gauge was disconnected at the compression side due to very high strains.

Figure 22: Test set-up for the 4-point bending test — CFRP in compression

Fig. 23 shows the experimental and analytical moment — deflection curves. The analytical
curves were determined by the two methods described before. It may be seen that the combi-
nation of methods 1 and 2 provides acceptable results, even if the contribution of the resin
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was neglected. Based on the analytical calculations, the compression strength of the CFRP is
estimated to be 640 MPa.

300

250

(=]
=1
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£
£
= 150
=
2 B - .
100 L=t - = Experimental
#,
E
- = = = Analytical Method 1
50
= = = = Analytical method 2
0
0 2 4 6 g 10 12 14 16 18 20
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Figure 23: Experimental and analytical moment — deflection curves

This test was also studied numerically using the same model as in the other tests. Especial-
ly, the material properties of the CFRP were taken as those for tension. Both MNA and
GMNA analyses were performed. The deformed shape of the model for the GMNA analysis
is shown in Fig. 24 and may be compared to the deformed shape of the experimental model
shown in Fig. 22.

Figure 24: Deformed shape of the numerical model by GMNA analysis

Fig. 25 shows the experimental and numerical moment - deflection curves. It may be seen
that for this test the GMNA analysis provides better results. However, the numerical analyses
cannot predict the moment capacity due to the fact that for the CFRP material the linear elas-
tic tension properties were introduced. Accordingly, the large deflections predicted numerical-
ly are not realistic if the tension properties of the material are adopted. Based on the stresses
of the numerical model at the maximal deflections of the experiment, the compression
strength of the CFRP is estimated as 700 MPa, which is similar to 640 MPa as determined
with the analytical model. This is around 30% of the nominal tension strength. However, it
should be noted that no local buckling occurred in this test.
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Figure 25: Experimental and analytical moment — deflection curves

The numerical model was further on used to calculate the 4-point bending response of the
steel plate alone without any CFRP strengthening. Fig. 26 compares the derived curve in
comparison with the experimental curves of the same steel plate strengthened with CFRP on
the tension or the compression side. It may be seen that the bending capacity of the steel plate
increased almost 6 times by strengthening it with CFRP in the tension side. When the CFRP
was placed on the compression side this increase was less, around 4.6 times, confirming the
lower strength of CFRP when it is used for compression. However, the stiffness of the
strengthened specimens was equal indicating that the same modulus of elasticity may be used
for the CFRP either in compression or tension. Important is that the ductility of the composite
specimen is exhausted when the CFRP material is reaching its compression capacity.
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Figure 26: Moment — deflection curves for steel plates with and without CFRP reinforcement subjected to 4-
point bending

6 CONCLUSIONS

The behavior of steel plates reinforced in one side with carbon fiber reinforced polymer
(CFRP) has been studied experimentally, analytically and numerically. The properties of the
source material have been determined experimentally. Subsequently, the composite material
has been subjected to tension tests and four-point bending tests with the reinforcement on the
tension and the compression side. The test material has been prepared in BTU Cottbus, Ger-
many, while the tests have been executed in NTUA, Athens, Greece. Analytical relations have
been derived on the basis of the Bernoulli assumption of linear strain distribution in the cross
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section and numerical investigations with application of the FEM have been performed. From
the studies carried out following conclusions may be drawn:

1.

2.

One-sided strengthened steel plates subjected to axial tension forces exhibit permanent
bow deformations after unloading due to irreversible plastic deformations of steel.
Existing analytical relations for defining the properties of the CFRP plates in relation
to the properties of the two constituent materials, the carbon fibers and the matrix,
have been confirmed.

The modulus of elasticity of CFRP was equal, whether the CFRP was in the tension or
in the compression side.

The strength of the CFRP was different for compression and tension, the former being
a fraction of the latter.

The assumption of a composite section from two different materials, the Bernoulli as-
sumption of linear strain distribution in the cross-section and the assumption of no slip
between the two constituent materials are valid for this type of strengthening, provided
that appropriate adhesives are used and their application follows the relevant specifica-
tions for their connection.

Design for CFRP strengthening of steel elements where the CFRP is in the tension
side may be based on the nominal material properties of CFRP as determined by the
specified tensile testing.

For CFRP strengthening of steel elements where the CFRP is in the compression side,
only the modulus of elasticity of CFRP as determined by the tensile testing may be
used, while its strength must be reduced

Four-point bending tests of the composite material with no local buckling as outlined
here, where the CFRP is in the compression side are appropriate to define the proper-
ties of the CFRP material to compression.
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