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Strengthening of Concrete Structures
using Steel Wire Reinforced Polymer

by W. Figeys, L. Schueremans, K. Brosens,
and D. Van Gemert

Synopsis: This paperdeals with a new material for external reinforcement: Steel Wire
Reinforced Polymer (SWRP). It consists of thin high-strength steel fibres embedded in a
polymer laminate. This innovative material combines the advantages of steel plates
and CFRP, which are already used today. The material cost of SWRP is relatively low,
and the laminate is quite flexible. In the feasibility part, the practical use of SWRP is
studied. Further, the available design model for externally bonded reinforcement for
concrete elements is confronted with the results of an experimental program, carried
out at the Reyntjens Laboratory of KULeuven. The model is adapted accordingly.
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1. INTRODUCTION

The capacity of a structure can be enhanced using the technique of externally bonded
reinforcement. By adding extra reinforcement the flexural capacity, the flexural stiffness
and the shear capacity are influenced. Today, mostly steel plates and carbon fibre
reinforced polymer (CFRP) sheets and laminates are used. Since both materials have their
own properties, they also have their preferable applications [1; 2]. Steel plates have a low
material cost and can easily be applied in larger sections. Therefore, deformation
problems are often tackled with steel plates. As steel plates have no fibrous structure,
bolts can be used to reduce the anchorage length. Disadvantages are the high density of
steel which hampers the application, and steel plates need a special treatment against
corrosion. CFRP is a lightweight flexible composite. This makes it easier to apply. It has
an E-modulus comparable to steel. The tensile strength is 5 to 10 times higher than
standard steel. CFRP is used for strengthening of concrete plates, because their strength
can be better exploited. As the flexible sheets can easily be wrapped, CFRP is also often
applied as external shear reinforcement. But, as carbon can not take shear stresses, beams
have to be rounded with a radius of 3 cm. Disadvantages are the high material cost and its
brittleness. Therefore, large safety factors are required.
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Steel wire reinforced polymer (SWRP) is a new material that can be used as external
reinforcement. It consists of thin high-strength steel fibres which are bundled into cords
(see Fig. 1). These cords are woven into unidirectional sheets with a synthetic textile.
SWRP combines the advantages of steel and CFRP: the composite has the same strength
as CFRP but is ductile. The material cost is low and the SWRP-laminate remains quite
flexible. The new composite enables the same applications as steel plates and CFRP
sheets and laminates, but also new application challenges can be tackled: shear
strengthening of complex shapes, wrapping of rectangular beams, and improved uses of
pre-stressing.

This paper deals with the use of SWRP as external reinforcement. It consists of three
parts. In the first part a feasibility study is made. Problems for the practical use of SWRP
as external reinforcement are recognized. In this part, the impregnation and the flexural
stiffness of SWRP are studied. In the second part, the behaviour of the bonded connection
with SWRP is examinated. If this behaviour can be predicted, anchorage length and
transferable load can be calculated. Therefore, non-linear fracture mechanics is applied to
model and describe the shear-slip behaviour of the bonded connection. Some model
parameters, specific for the new material, are determined by means of direct shear tests.
In the last section, the combination of bending and shear is studied. When a beam is
strengthened, some extra failure modes are introduced. One of them, so called
delamination, is studied in this section. The used model is tested by means of four point
bending tests on beams strengthened with SWRP.

2. MATERIAL PROPERTIES

The SWRP used in the experiments of this paper is a prototype, produced by Bekaert
Inc., Fig. 2. One sheet (width: 95 mm) consists of 65 steel cords. 19 filaments are twisted
in a cord. The filament in the middle has a diameter of 0.25 mm, the other 18 have a
diameter of 0.22 mm. By means of five tensile tests, the tensile strength and E-modulus
of the SWRP are determined. The average tensile strength is 2775 N/mm?, the average E-
modulus is 177 600 N/mm?.

To ensure a good impregnation of the cords, SWRP can be pre-impregnated. This kind of
SWRP can be compared with the pre-cured CFRP laminates where impregnation is also
more complete. In this research, some SWRP is pre-impregnated with an epoxy resin
through vacuum impregnation followed by autoclaving at 125°C and 3 bar. Experiments
are done on double layer SWRP with the epoxy resin F533 from Hexel Composites [3]
with E-modulus 2900 N/mm?.

3. FEASIBILITY

In practical applications, it is desirable that SWRP is glued as easily as CFRP. Such
sheets can be easily wrapped because of the low flexural stiffness of the fibres. The
stiffness of SWRP is investigated first, as well as the impregnation of SWRP with the
adhesive.
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31 Flexural stiffness of SWRP

The new composite enables the same applications as steel plates and CFRP but also new
application domains are targeted: shear strengthening of complex forms, wrapping of
rectangular beams. Since the sheets are flexible, CFRP can be easily applied, which is an
important advantage in practice. When wrapping CFRP, the reinforcement sticks to the
beam or column without extra auxiliary actions. Also SWRP seeks an easy application.
For the proposed applications, it is important that SWRP can be wrapped and kept in
place without special arrangements.

The stiffness of SWRP can be checked by calculating the cross sectional moment of
inertia. Without taking into account the torsion of the filaments, the moment of inertia
equals 4.05 mm*, Equation (1), for the type of SWRP studied in this paper.

2
Icord = Z(]ﬁlament + Aiyi ) (1)
with A; section of filament i [mm?]

Vi distance of filament i to the neutral axis [mm]

When the shape of a CFRP sheet is assumed to be a rectangular plate (0.0167mm x 95
mm), the moment of inertia is 0.037 mm®. This means that the studied type of SWRP is
more than 100 times stiffer than CFRP. A decrease in stiffness can be reached if less
filaments belong to a cord, or if the filaments are used single, or if other types of SWRP
are used.

3.2 Impregnation

It is important that the external reinforcement can be glued, without causing a weak link
in the connection. As the reinforcement is often applied above the head, viscous adhesive
is used. When using this kind of adhesive, it has to be checked that all steel fibres are
surrounded by the adhesive. If not, the glue is the weakest link in the connection and can
cause premature failure.

The impregnation of SWRP is tested by means of six pull-off tests. Several pieces of
SWREP are glued on concrete with Epicol U [4], a viscous adhesive. It is necessary that
the external reinforcement is pushed into the glue, which is not convenient in practice.
Therefore, new adhesives have to be developed. Pull-off test were carried out on the
SWRP-laminates. On the SWRP, a cylindrical element is glued. After hardening of the
adhesive, a cylindrical saw cut is made to define the failure area. Afterwards, the
cylindrical element is pulled off. In Fig. 3, test samples are presented after the pull-off
test. The impregnation of the cords is sufficient. All test samples have failed in the
concrete, not in the adhesive or in the connection between cylinder and SWRP or
between SWRP and concrete. But in the laboratory, the work is more accurately done
than in practice. Therefore, it seems that enhanced impregnation is necessary. This is
possible by developing new adhesives or with pre-impregnated laminates. These
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laminates have a very good impregnation which does not depend on the circumstances of
the site.

4. SHEAR BEHAVIOUR

When using SWRP as external reinforcement, the required anchorage length and
transferable force must be known. Therefore, non linear fracture mechanics are applied
to a model which describes the shear-slip behaviour of the bonded connection. At the
Reyntjens laboratory of the KULeuven, model parameters are determined in a test
program by means of direct shear tests.

4.1  Pure shear model

Using the equilibrium of forces, Volkersen [5] derived the following differential equation
which describes the shear stresses as function of the slip of the external reinforcement:

dzsl(x) l+my,

7;(x)=0 2
dx2 E] h[ [( ) ( )
. . El
in which m, =E_c 3)
4,

7= R “4)
and s;(x)  slip of the external reinforcement at x [mm]

7/(x)  shear stresses in the adhesive at x [N/mm?]

E; E-modulus of the external reinforcement [N/mm?]

E, E-modulus of the concrete [N/mm?]

hy thickness of the external reinforcement [mm]

A section of the external reinforcement [mm?]

A. concrete section [mm?]

The best results are given by the assumption of a bilineair shear-slip relationship, Fig. 4,
as shown in [6; 7]. Initially, the shear stress increases, until the maximum shear stress 7,
is reached. Afterwards, concrete cracks appear in the concrete and consequently the shear
stress decreases. When the ultimate slip sy, is reached, no forces are transferred anymore
and the connection fails. With this assumption, the solution of Equation (3) becomes:

s, (x) = Asinh(ax) + B cosh(ax) &)
1
with: @ = Jm TN 6)
S Eihy

Three model parameters 7, S, S; are introduced in the bilinear shear-slip relationship.
The shear peak stress 7;,, depends only on the strength properties of the concrete because
failure will occur in the concrete. Applying a linear Mohr-Coulomb failure criterion [6],
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Equation (7) can be derived from the Mohr’s circle for pure shear and a tangential
intrinsic curve [1].

) = _JemSem 7
fctm + cm
with:
fem compressive strength of concrete [N/mm?]
Jetm tensile strength of concrete [N/mm?]

However, additional parameters must be introduced to account for the relationship
between the lab test and the reality, Equation (8).

Tim = kyikpok, Seamlen (8)

f‘ctm +me

k. is the concrete influence factor, varying between 0,65 and 1. k. is 1 in case of good
workmanship, reducing to 0.65 [1] in case of bad workmanship. k,; describes the size
effect for brittle materials and is given by Equation (9) [7]. The mechanical strength
increases when the test sample becomes smaller.

)

where b, is the width of the external reinforcement and 7/, is an empirical factor. A, is
the depth of the concrete that is influenced by the shear stresses in the adhesive.
Holzenkdmpfer [7] proposed a value of 4., of 2.5 — 3 times the size of the biggest gravel
stones. k is an empirical factor which takes into consideration the multi-axial stress
situation. This parameter has to be determined from experiments. &, introduces a second
width effect: it accounts the spreading out of the forces in the concrete, Fig. 5.

b
ky, =1/ —b—i (10)

in which b, is the width of the concrete.

The second model parameter s, is the value of the slip at peak shear stress. The slip is
determined as the sum of the slip in the different layers: the concrete (height 4,.), the
adhesive and the external reinforcement:

h. h,pr hg hy
Spp =Y =7, =1, 24—L 4255 12 (1+v,)L (11)
ZI,: G, ( E, E, E,
with: A thickness of the external reinforcement [mm]

hg thickness of the adhesive layer [mm]
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G=——"——
2(1+v)

% Poisson’s ratio; [-]
concrete: v, = 0,2; adhesive : v, = 0,25; steel wire : v = 0,3

shear modulus of the i ™ layer [N/mm?]

As s;,, depends on 1, it also depends on the parameters k;;, k), k.

The last model parameter is the slip s, at which no more forces can be transferred.
Therefore, a new parameter is introduced: the fracture energy G This fracture energy is
the energy per unit area, needed to bring a connection into complete failure. It is given by
the area under the shear-slip curve, Fig. 4. In Equation (12) gives the fracture energy for a
bilinear shear-slip relationship.

o0

TS
Gy = Jrts)ds, = =270 (12)
0

If the fracture energy is known, the slip s, can easily be calculated. To determine the
fracture energy, following expression is prosposed by Holzenkdmpfer [6]:

G :kblzkhZchchfctm (13)

Gy depends on the tensile strength of the concrete. Again, the parameters k;;, ky,, k. are
included. A new empirical factor is introduced. Cis a parameter fits the experiments to
the model.

When the three model parameters are known, the differential equation of Volkersen can
be solved. The shear stresses can be calculated at every location as a function of the
external loading. Also the anchorage length and the corresponding maximum transferable
load can be derived [1].

4.2 Experiments
Eight direct shear tests were executed at the Reyntjens laboratory. On four of them single

SWRP is tested. Pre-impregnated double layer SWRP (marked with I) are used in the
four others. The test set-up is shown in Fig. 6.

Two concrete prisms are bonded together with SWRP on two opposite sides which are
grit blasted. Between the two prisms, there is a gap of 18 mm. Bonding length is 150 mm
or 200 mm. On the other sides, steel plates are glued. They transfer the load from the
testing machine to the test samples. Commercially available adhesive Epicol U [4] is
used. This adhesive is a glue paste, its E-modulus equals 7000 MPa. After hardening, a
saw-cut is made alongside the SWRP, to prohibit spreading out of forces. Therefore, ks,
equals 1. Since the test specimens are carefully prepared under laboratory conditions, .
is also 1.
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The test is deformation controlled. The change of the gap between the two concrete
blocks is monitored by means of two Linear Voltage Differential Transformers (LVDT)
at two opposite sides of the block, Fig. 6b. The gap increases at a constant mean rate of
0,001 mm/s. By comparing the two individual signals, one can check whether or not the
tensile force acts centrically. Test 150a was oblique and is not taken in consideration.

In all test specimens, failure was due to failure of concrete. This means that the concrete
is the weakest link in the connection. Test specimen 1150a after failure is shown in Fig. 7.

Brosens [1] determined empirically the values of the parameters for CFRP: k = 1,47 mm
and C;= 0,40. With these parameters, a first estimation of the transferable load can be
made, table 1. The model parameters are calculated with the data from table 1.

In Fig. 8, the measured tensile force and slip are compared to the model using the CFRP
model parameters. In the test with single SWRP a small deviation is observed. At the end
of the test, the measured curve diverges more from the model and failure took place later
than predicted. The deviation on the force is about 12% and the test results are always
underestimated. The SWRP seems to behave stronger and stiffer compared to elements
strengthened with CFRP. The model parameters for CFRP predict the results relatively
good, but are a rather conservative approach. The test results on pre-impregnated double
layer SWRP are presented in Fig. 8 b. Smaller slip is measured, compared to the elements
strengthened with single SWRP because of the higher amount of reinforcement. The
measured curves diverge more from the CFRP-model (average deviation for the
transferred forces is +20%).

In [8] a sensitivity analysis on the transferable forces is performed. Based on this
analysis, it is concluded that a deviation on the material characteristics can not explain a
deviation of 12% and 20% from the model. Also the sensitivity of the modelparameters
hes k, Cris examined. Changes on /4, cause only small changes in the transferable
forces. Parameter Cyis a factor, needed to calculate the fracture energy. It has almost no
effect at small bonding lengths. The influence of C; is only observed for long bonding
length, especially longer than the theoretical anchorage length. Anchorage length can be
calculated as explained in [1] : with the CFRP parameters it becomes 285 mm for the
single SWRP and 399 mm for pre-impregnated SWRP with 2 layers. Finally, the
parameter k takes into consideration the multi-axial stress situation. When changing this
parameter, it has an influence on all bonding lengths.

All test results were systematically underestimated. The predictions of the test results on
single SWRP are rather well, but in a conservative manner. The pre-impregnated SWRP
laminates have a bigger deviation, so that adapted model parameters had to be proposed.
The tests were made on test specimens with a small bonding length. As concluded in the
sensitivity analysis, only the parameter £ can be varied. Figeys proposed to decrease
parameter k [8] : for single SWRP, & can be taken 1.2 mm. For pre-impregnated double
SWRP, calculations with £ = 1.0 mm give improved results. In table 2, the transferable
force, calculated with the CFRP-model (F¢rrp) and with the adapted model parameters
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for SWRP (Fgyrp), are compared. To evaluate the parameter Cj;, additional experiments
are needed for confirmation, especially tests with a longer bonding length.

5. BENDING

When a beam is strengthened, the required section is calculated from the equilibrium of
internal forces. A sufficient bonding length can be provided to ensure that the forces can
be introduced. However, the beam can fail in a different failure mode [9]:

e debonding of the external reinforcement,

e  delamination,

e plate end shear failure,

e peeling-off of laminates at intermediate locations...

In this section the delamination is investigated for applications with SWRP.

5.1 Delamination

This failure occurs when the beam end remains unstrengthened, e. g. when the support
rests on a column. At the beginning of the reinforcement, stress concentrations cause the
external reinforcement to peel off. Three stresses act at the plate end: 7, s, s, see Fig. 9.
Additional interfacial shear stresses are developed on top of the Jourawski shear stresses.
Also, the plate experiences a normal stress, s, which peels the laminate away from the
beam. Malek, Sadaatmanesh and Ehsani [10] derived the Equations (14), (15) and (16) to
describe these stresses. These are derived from the equilibrium of forces, Fig. 9,
assuming linear elastic and isotropic materials, perfect bond between plate and concrete,
a linear strain distribution through the full depth of the section, and no interaction
between shear strains and normal strains.

dU/ (x)

7;(x) = (14)
d*c;(x) G, 1 G, 1
5 )——g o (x )—————a (x) (15)
dx hy hE, hy WE, E,
‘o ( ) K
+4 =—2 16
P Blo,(x)= El q(x) (16)
in which
o;(x) normal stress in the external reinforcement [N/mm?]

o.(x) normal stress at the bottom of the concrete section  [N/mm?]

7,(x)  shear stresses in the external reinforcement [N/mm?]
o,(x)  normal stresses acting between the concrete and plate [N/mm?]
E; E-modulus of the external reinforcement [N/mm?]
E,. E-modulus of the concrete [N/mm?]
E, E-modulus of the adhesive [N/mm?]

I inertial moment of the external reinforcement [mm*]
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1. inertial moment of the concrete
h; thickness of the external reinforcement
hg thickness of the adhesive
G, shear modulus of the adhesive
qx) distributed load on the concrete beam
ﬂ —a K nbl
g =Ze
hy

[mm’]
[mm]
[mm]
[N/mm?]
[N/mm]

[1/mm] (17)

[N/mm?®] (18)

These equations are solved at the plate end [10]. The stresses are given by eq. (21), (22)
and (23), given an internal bending moment M (Equation (19)) and a shear force V

(Equation (20)), Fig. 10:

M(xg)=ayx, +ayx, +a, (19)
amM
Xo
The stresses are:
0, (x) = by [sinh(cx) — cosh(ax) |+ b, x> + by x +b, 1)
7,(x) = b3h,a)[sinh(a)x) - cosh(wx)] +h [Zblx + bz] (22)
K, M E I
0, (x) = 20 o [cos () ~sin( )]+ IXELL (23)
2B°E I, bEI,
in which
G,
2 e 1 (24)
hy Ehy
by =m; 2 a, (25)
tr
%
» =mp = Q2aly +a,) (26)
r
Ve 2b
by :”11)/—6(511102 +ayly +az)+ = 27)
tr [0
M, = allo2 +a,l, + a;
lo unplated length, Fig. 10
Ve distance between the centre of the transformed section and the bottom
of the beam

1, inertial moment of the beam

[mm"]



FRPRCS-7 753

One could derive that a peak shear stress (7;,,,) and a peak normal peeling stress (6ax)
occur at the laminate end. Stresses are higher when the unplated length /, increases. If
these two stresses make a critical combination, delamination will take place. A possible
failure criterion is the Mohr-Coulomb criterion. The Mohr Coulomb line is given as
Equation (28)[1]. From this value, the maximum load of the beam at delamination can be
derived.

e=2 oo {1 v ( Loy i} (28)

fctm me
c normal stress in an infinitesimal part of the beam [N/mm?]
T shear stress in an infinitesimal part of the beam [N/mm?]
fem mean compressive strength of concrete [N/mm?]
Jetm mean tensile strength of concrete [N/mm?]

5.2 Experiments
Five beams are examined in a four point bending test. The test setup is given in Fig. 11.

The span of the beam is 1500mm. The cross section of the beam is 225mm by 125mm.
The beam has a length of 1700mm. Internal reinforcement (BE 500) is provided: 3 g8mm
as tensile reinforcement, 2 ¢6mm as compressive reinforcement and stirrups of g6mm
every 100mm. Concrete cover is 20mm. One beam remains unstrengthened and acts as a
reference. Three beams are strengthened with one layer of SWRP (4, = 47,67mm?), the
last beam is strengthened with two layers SWRP. The beams have an unplated length /,
of 100mm or 250mm. The test specimens are listed in table 3.

The beams were tested in a load controlled testing device. The load increases with steps
of 5 kN (rate: 5 kN/minute). After each step the mid span deflection is measured. At both
sides of the beam demec strain gauges are applied, Fig. 12, so that strain can be followed
during the test. Also, the crack pattern is recorded. The reference beam failed by yielding
of the internal steel. This occurs at a load of 53 kN. All strengthened beams fail through
delamination, e.g. beam 1L100b in Fig. 13. All test results are given in table 3.

5.3 Model versus experiments

A beam can fail through concrete crushing or yielding of the internal reinforcement. The
load at which this kind of failure occurs can be easily calculated from the equilibrium of
forces. In all cases, the internal tensile reinforcement yields first. This happens at a load
of 57 kN for the unstrengtened beam, 87 kN for beams strengthened with one layer
SWRP and 119 kN for the beam strengthened with two layers, table 4. These loads have
to be reduced because of delamination. E.g. a beam strengthened with one layer SWRP
and an unstrengtened length of 100mm will fail at a load of 77 kN. The delamination
loads are listed in table 4. Remarkable is the small load, 34 kN, when the unplated length
becomes large, 250 mm. This means that the beam will act as an unstrengthened beam for
loads higher than 34 kN. The beam should fail through yielding of the internal
reinforcement at a load of 57 kN.




754 Figeys et al.

The maximum loads of the beams 1L.100a, 2L.100 and the reference beam, are predicted
well, with an error of respectively 4%, 4% and 7%. Beam 1L100b has a larger deviation
(17%) but this remains within acceptable limits.

Beam 11250 fails in a different way than predicted. Theoretically, the beam should fail
as an unstrengtened beam because of yielding of the internal reinforcement at a load of
57kN. However, the experimental maximum load is 70kN at delamination. An unplated
length of 250 mm is rather large with a shear span of 500 mm. This means that the
external reinforcement starts at the middle of the span between the support and the point
of application of the load. In practice, this is unusual. Possibly, this is caused by the
interaction between shear, bending and spreading out of the load under the application
point.

It can be concluded that the described model predicts the maximum load quite well, for
reduced unplated lengths.

6. CONCLUSION

SWRP is a new material that can combine the advantages of steel plates and CFRP. It
combines a relatively low material cost with a high strength and a flexible shape. For
some applications (wrapping), it is necessary that SWRP has a low flexural stiffness.
Therefore, it is necessary to reduce the stiffness of SWRP. Hence, new types of SWRP
are required. Using SWRP as external reinforcement, the application with viscous
adhesive is difficult. The impregnation is sufficient if accurately applied. The
development of a new adhesive is necessary to improve impregnation. Also, pre-
impregnated laminates are an interesting option.

In this paper non-linear fracture mechanics is applied to model and describe the shear-slip
behaviour of the bonded connection. Experiments are presented which demonstrate that
the new material behaves stronger and stiffer than elements strengthened with CFRP.
Adapted material dependent parameters for SWRP for design purposes are proposed.
Further experiments will be performed to confirm the general applicability of these model
parameters.

When a beam is strengthened, additional failure modes have to be considered. One of
them is delamination. By means of four point bending tests, it is verified that the model
needs no adaptation when using SWRP. Experiments show that the model well predicts
the maximum load at reduced unplated lengths.
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Table 1- Prediction of transferable load with the CFRP model parameters,

(Fcrre)
Type.k fctm fcm hg(mm) Eg hgl (mm) EgZ
N/mm?) | (N/mm?) | (epoxy | (N/mm?) | (ePOXy | (N/mm?)
adhesive) resin)
1 2,65 35,0 0,98 7000 - -
2 2,65 35,0 1,39 7000 0,65 2900
Type* | Bonding Gy Tim Sim S Fcrre
length | (Nmm) | (N/mm?) | (mm) (mm) (kN)
(mm)
1 150 0,736 2,06 0,0067 0,7134 25,9
200 0,736 2,06 0,0067 0,7134 31,0
2 150 0,736 2,06 0,0084 0,7134 27,7
200 0,736 2,06 0,0084 0,7134 35,0
*1: 1 layer, 2: Pre-impregnated + 2 layers
Table 2 — Comparison between CFRP-model and adapted model
Test | Bonding | Type | Fop | Ferre | Fepl Fyprp Fep !
length * kN) | (kN) | Ferre (kN) Fspre
(mm) O ©
150 b 150 1 29,5 25,9 1,14 28,1 1,05
200a 200 1 34,4 31,0 1,10 33,6 1,02
200b 200 1 35,1 31,0 1,13 33,6 1,04
1150a 150 2 33,4 27,7 1,21 332 1,01
1150b 150 2 35,1 27,7 1,27 33,2 1,06
1200a 200 2 39,5 35,0 1,13 41,9 0,94
1200b 200 2 41,7 35,0 1,19 41,9 1,00
* 1: 1 layer, 2: Pre-impregnated + 2 layers
Table 3 — Results of the four point bending test.
P,, | Max. failure
Beam Layers; [kN] | midspan
deflection
173 [mm]
reference 53 5,02 Yielding
internal
reinforcement
1L250 One layer; | 70 4,77 Delamination
250 mm
1L100a One layer; | 80 6,51 Delamination
100 mm
IL100b | One layer; | 90 6,96 Delamination
100 mm
2L100 Two 75 3,44 Delamination
layers;
100 mm
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Table 4 — Calculated loads.
Reference One layer | One layer | Two layers
Iy - 250 100 100
[mm?)
Timax - 8.80.10° [3.85.10° [4.05.10°
[P /mm?]
Cmax - 1.09.10° 0.44.10° | 1.20.10°
[P /mm?]
P petamination | - 34 71 72
[kN]
Pieniing 57 87 87 119
[kN]
Table 5 — Model versus experiments.
Beam Piieo Theoretical Peyp | Experimental P./
[kN] failure mode | [kN] | failure mode Pyeo
]
reference 57 Yielding 53 | Yielding internal | 0,93
internal reinforcement
reinforcement
11250 57 Yielding 70 | Delamination 1,23
(34) internal (2,06)
reinforcement
1L.100a 77 Delamination 80 | Delamination 1,04
1L100b 77 Delamination 90 | Delamination 1,17
21100 72 Delamination 75 | Delamination 1,04

Figure 2 — SWRP, type studied in this paper, 65x [1x 0.25mm + 18x 0.22mm].

1,22 mm
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Figure 4 — Bilineart, - s, relationship.
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Figure 5 — Spreading out of forces in the concrete.
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Figure 6 — a. Scheme of shear test [1]; b. photograph of test set sample.
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Figure 7 — Test l150a after failure.
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Figure 8 a — Comparison between experiment and model. Parameters single SWRP: h
=40mm, k=1.47 mm, C.=0.40, 7, =2.06 N/mmz, S,,=0.0067 mm, s, =0.7134 mm.
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Figure 8 b — Comparison between experiment and model. Parameters pre-impregnated
double SWRP:h _=40mm, k=1.47 mm, C,=0.40; 7, =2.06 N/mm2,s,=0.0087 mm,
S, = 0.7134 mm.
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Figure 9 — Stress acting on an external laminate.
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Figure 10 — Strengthened concrete beam.
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Figure 11 — Test set up four point bending test.
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Figure 12 — Position of Demec strain gauges.

Figure 13 — Beam 1L100b, after failure.
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