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Abstract

In this paper the numerical FEM model developeditoulate the behaviour of the NSM
strengthening system for concrete elements is ptedeThe plane model introduces the non
linear bond law of the system by an interface el@nbetween the composite reinforcement
and the concrete considered linear. The resulis@experimental programs are analysed and
used to calibrate the parameters of the bond diarelationship by means the numerical
model. The procedure is based on the inverse asalyshe experimental data in order to
have the better fitting of the global pull-out ledigplacement curves.
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1. Introduction

Over the last years, the use of fibre reinforcetymper (FRP) materials for repair and
strengthening of concrete structures has progreysiincreased, due to the several
advantages related to these composites when codhimatiee steel [1] [2].

In the last decades, a strengthening techniqugmisid by near surface mounted (NSM) has
been proposed to increase the flexural and sheamgth of RC members precluding the
debonging failure. NSM systems are composed by feld® and strips that are installed into
pre-cut grooves open on the concrete cover of ldmaent to be strengthened [3] [4]. Several
researches have studied the NSM technique, perigrrexperimental tests to characterize
both the load-carrying capacity and the bond strend these systems [5] [6] [7] [8]. The
experimental results evidence that the load-cagryaapacity of NSM systems is strongly
influenced by the bond performance, which is dyrickependent of the material, surface
configuration and type of the FRP reinforcement.

The objective of this research is to derive a bstrgss-slip relationshipr — s, for the
modelling of the bond behaviour between NSM FRRB/8#ips and concrete by using a finite
element approach (FEM). Using tlre- s proposed by Sena Cruz and Barros [7], the bond
behaviour of several specimens tested by Bilott@ale{9] and Macedo et al. [10] were
simulated by performing FEM analysis in order toidkethe values of parameters of the bond
law that assure the best fitting of the force-ehid melationship obtained experimentally.
Some of the results are presented herein.

2. Experimental results

2.1 Experimental programs

The results of two experimental programs of borgisten various types of NSM systems
carried out by the Authors using different typedests set-up have been considered in this
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paper. The meaningful data of both programs, dssaign detail in [9] [10], are summarized
in the following and individuated as program 1 &nd

The specimens of program 1 tested in [9] are madgeismatic concrete blocks (dimensions
b. = 160 mm,h, = 200 mm,L. = 400 mm) strengthened with FRP bars or stripsdbdn
according to the NSM technique (Figure 1). Threrdbtests have been performed on equal
specimen for each FRP typology; in particular, Gedent types of bar/strips have been
embedded into a groove longitudinally cut in theeroof the prisms after concrete hardening
(Figure 1). The same bond length was used fohalspecimend.{= 300 mm).

Five strain gauges 70 mm spaced have been glugldleoNSM surface before applying the
adhesive.
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Figure 1. Set-up of experimental program 1. Figure 2. Set-up of experimental program 2.

The main test variables were: type of reinforcematrs or strips), type of fibers (glass,
basalt, carbon), Young's modulus (46-182 GPa), bdiemeter ¢ = 6-8-10 mm).
Furthermore, the bars have different surface treatmsand coated round basalt bars with
diameter 6 and 8 mm (B-6-SC and B-8-SC), ribbechdoglass bars with ribs cut in the
hardened bars with diameter 8 mm (G-8-RB), smootimd carbon bars with diameter 8 mm
(C-8-S), and smooth carbon strips with thicknegs@m and width 15 mm (C-2.5x15-S).
The round bars were introduced into square groo¥d® and 14 mm edge for the bars of 6
and 8 mm diameter, respectively and, thus, theeshetok is defined as ratio of groove edge
to-bar diameter; by contrast, the strip was intcsdlinto a rectangular groove of 25 mm x 8
mm cross section, anklis defined as ratio of groove-tostrip width. Thalues ofk, are
always greater than 1.5, which is the minimum valuggested to avoid the splitting failure
of the epoxy [8]. Epoxy adhesive was used to baedotars and the strips into the grooves.

All specimens have been cast in the same batchméaa cylindrical compressive strength at
28 days after the casting wlag = 19 MPa and the mean Young’s modulus was 18.6 GPa

In the experimental program 2 carried out by Macetlal. [10] the pull-out configuration
represented in Figure 2 was used. Prismatic cancspiecimens with dimensions of
150x150x600 mrhwere adopted and several bond lengths were amhlyizee depth and
width of the groove was 22 mm and 5 mm, respectiv€lne displacement transducer
(LDTV1) was used to measure the displacement betilee left edge of concrete specimen
(section ) and the first FRP point bonded to concretection J; in the following it will be
referred as displacement at loaded efdA second displacement transducer (LDTV2) was
used to register the displacement at free dpdby measuring the displacement between the
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last FRP bonded poinséction 2 and the concrete point locatedsaiction 3 Strain gauges
glued to the CFRP were used to estimate the steaiation in the bonded region.

To assess the influence on the system performanite ®ond length and the depth at which
the CFRP strip is located into the groove, 10 pilkests were performed using 5 different
values of bond length,y,; therefore for each couple of specimens with sage different
positions of the strip into the groove;, were considered (Figure 2). The generic
denomination of series IsbY_xZ whereY andZ are the CFRP bond length (40, 70, 90, 120
and 150 mm) and its position in the groove (6 a8drim), respectively. To evaluate the
concrete properties, three compressive tests andeyl specimens at 28 days after casting
were performed and gave a mean value of 25.0 MBa2&m0 GPa for the compressive
strengthf.m, and Young’s moduluk,, respectively.

2.2 Experimental results

For each NSM system of programs 1 and 2, Tablesdl2ainclude the following relevant
results: ultimate tensile strendily Young’s moduluss;, axial stiffness; As , groove shape
factor k, failure mode, maximum loaémax and the loaded end slip &hax dmax The
mechanical properties of FRP indicated in theséesabre the average values obtained by
experimental tensile tests on five specimens aaogrdo [11]. In program 1 the
displacements were calculated by integrating the strains measateng the bonded length,
while in program 2 they were obtained by the défere between the LVDT1 measuig,and

the elastic elongation of the unbounded part oRR® strip.

Table 1. Main experimental data and resultsfor program 1.

. ffu Ef Ef Af K Failure Fmax dmax
Specimen | pa) | [GPa] | [kN] | [1 | modé® | [kn] | [mm]
B-6-SC-1 i E/C 33.87 2.93
B-6-SC-2 1282 46 13001 16 E/C 28.84 2.37
B-8-SC-1 E/C 31.57 1.08
B-8-SC-2 1272 46 2311 1.78 E/C 33.10 0.86
B-8-SC-3 E/C 30.24 1.45
G-8-RB-1 E/C 46.71 2.50
G-8-RB-2 1333 59 2964 1.78 E/C 45.25 1.51
G-8-RB-3 E/C 50.86 2.15

C-8-S-1 E/C+CL 48.52 0.88
C-8-S-2 2495 155 7787 1.7% E/C+CL 55.30 1.10
C-8-S-3 E/C+CL 45.23 0.84
C-2.5x15-S-1 E/C 52.97 1.32
C-2.5x15-S-2 2863 182 6825 1.67 E/C 56.03 1.28
C-2.5x15-S-3 E/C 46.26 1.24

@ E/C: debonding at the epoxy-concrete interface,dgtachment of a concrete layer

Table 2. Main experimental data and resultsfor program 2.

Specimen [N];ga] [G?’a] [Efkr\?]f [S E%Iduér? [me [mdn;;]x
POy | awfea] 5 |55 o0
lrosns | 2879| 156 218220 S |TME OO
oo s | 2879| 156 218220 [T 07
|_Lbb112200__><xfz 2879 | 156 21842.20 Ss g;‘:gg 8:;529
biso1p | 2679|156 | 2184220 3000 O

@ s: Splitting of adhesive
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3. Thenumerical analysis

31 TheFEM modd

The numerical simulations were carried out vkBMIX v4.0FEM-based computer program
[12]. To simulate the boundary conditions of thst tepecimens of program 1, in the FEM
model (Figure 3a) the inferior part of the specimeas restrained with supports, prescribing
the displacement in direction 3 (Figure 3b). That teas modeled as a plane stress problem.
Due to structural symmetry conditions only halftpErspecimen was considered.

Four-node Lagrangian plane stress elements witk2aGauss-Legendre integration scheme
were used to simulate the concrete and the CFR® gte thickness of 200 mm and 15 mm
were assigned for the concrete and CFRP, respbctiMee adhesive was simulated by four-
node line finite interface elements with two-polmbatto integration rule. The tangential
stiffness of these interface elements is definetkdhe parameters that define the locals
law are known. In regard to the normal stiffness;oastant value of 1.0e+06 N/mins
considered.

The CFRP strip and concrete were modeled as |glaatic materials, considering the Young
modulus values determined in the experimental tesid a Poisson coefficient of 0.0 and 0.2
for the CFRP and concrete, respectively.

The load was applied in two points, and the argtiemethod was used with the controlling
displacement at loaded end of CFRP, by applyingsplatement increment of 0.01 mm in
direction 3 (Figure 3b).
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Figure 3. Finite element idealization of C-2.5x15-S series: (a) complete mesh; (b) zoom on the top side.
3.2 Thebond law of theinterface element

In the present work the determination of the Idmahd stress-slip relationship for both strips
and bars is based on the approach from [7]. Thdinear bond law — s, can be defined as
follows:
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r(s)=m, (s r(s) = r(sij r(s) = rmax(ij (1)

max max
if s<s;, if S, <S<S . if s>s_.,

where max IS the shear strength amsgax its corresponding slip, respectively,and a are
parameters defining the shape of the curvesmpds the initial stiffness of the bond law
(Figure 4a). The softening branch of the bond lawtemd asymptotically towards a residual
or a zero shear stress. The trends of the influehtiee characteristics of a local bond-stress-
slip law on the pull-out behavior of a specimenaifmond test (represented by the pull-out
force-displacement relationship,- d) are represented in Figure 4b.
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Figure 4. (a) Local bond stress-dip relationship; (b) qualitative correlation between rs and F-d
relationshipsin a bond test.

3.3 Theinfluence of bond law parameters on the pull out load

The bond law depends on five parameters, but thewiwlg ones have relevant influence on
the bond behaviour:

- the peak value of bond stress-slip curiggs, and its corresponding sligyax
- the parameter that defines the shape of the pastipanch ofr — srelationshipa’.

Each one has a different impact on the strengthetystem, as showed in Figure 5. In this
graphic the parametétis given by the following expression:

S T a
E = r(;]ax — rgax = _'O (2)
max Tmax a

0

where s°_, r°_ and a° represent the minimum values ef, , 7., and a used in the

max

parametric studies, respectively (is.,=0.08mmz°_ =1.25MPa andr °=0.20).

max

5

Figure5. Evaluation of the impact of Syax, maxand @ on the Fa.
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0
I:max

is the maximum pullout force when using these eglu

Figure 5 shows that the parameter that most afteetsnaximum pull-out force value is the
local bond peak stressyay in fact, whené = 8, the ratioF, _ / F.>_ is about 5.

max

4. Experimental-numerical comparison

4.1 Theinverseanalysis

The differential equation of bond was solved fomsoof the specimens tested in [9] [10]
assuming the bond law given by Eq. (1). The fisstessment of the bond law parameters for
specimens of program 1 was tried using the expetiaha — s relationships obtained by
means the strain gauges measurements. In partitidashear stress was calculated by using
the measures of the first two strain gauges platd® and 80 mm from the beginning of FRP
bonded length and, thus, the experimental meagefes to the abscissa= 45 mm. The
corresponding slip was calculated by integratirgdkperimental measures of strain along the
bond length.

However, the results were not satisfactory whenftinee-displacement curves, - d, were
numerically determined and compared with the expental ones. Therefore, an inverse
analysis based on the comparison of the experirhpualiaout force-displacement curves,-

d, with the numerical ones, was performed to asessvo parameters,.xanda’, while the
Tmax Sim @anda were fixed by considering the local experimentahd law. The parametey;

is defined when the maximum pull-out force is autai.

In Table 3 the values of the parameters are lifdbedcach NSM system together with the
theoretical and the mean experimental failure |dadFigures 6 the whole numerical and
experimentaF - d curves are compared. A good compliance can benaaséoth in terms of

F - d curves and of maximum load. The values of thermpatars of the bond law are those
that assure the best fitting of the averkged curve of the three specimens that compose each
series.

Finally, in Figures 7 the — s bond law derived from the strain gauges measaresthe one
determined from inverse analysis addressed to ptenization of the curveF - d are
compared for two experimental cases. The sheassstie evaluated by considering the
perimeter at the concrete-resin interface for tpecsnens of program 1 (failure at the
concrete-resin interface) and the perimeter areirdorcement-resin interface for specimens
of program 2 (splitting failure). The graphs evidera quite good predictive performance up
to bond strength, and a significant deviation betwkoth approaches in tlrte- s descending
branch. This deviation could be due to the largereutainness of the experimental measures
when the bond law attains the post-peak branch.

Table 3. Main parameter s of the bond laws assessed by inver se analyses.

. E Sin Smax Tma> a a Sult Frnax th Fmax,exp
Specimen | yapay | [mm) | [mm) | MPaj| [ | [ | (mm)| [kN] | [kN]
B-6-SC 46 0.05 0.41 7.09 0.40 0.p52.30 29.21 29.17
B-8-SC 46 0.05 0.43 7.63] 0.40 1351 31.67 31.59
G-8-RB 59 0.01 0.08 6.50 0.40 0.822.42 45.01 47.06
C-8-S 155 0.01 0.10| 5.73 0.40 0.310.92 50.62 49.61
C-2.5x15-S 159 0.05 0.33 5.26 0.35 1/13.32 52.05 51.75
Lb70_x6 156 0.05 0.40 8.70 0.40 0/400.84 27.27 27.69
Lb90 x6 156 0.05 0.40 8.70 0.40 040a.11 33.50 33.90

Page6 of 8



60

F [kN] L= | | C-2.5x15-S series | C-8-Sseries
5O | SN
20 Zz 1 1 1 1 1 1 1 1
F T } C-2.5x15-S-1(exp) C-8-S-1(exp)
30 a ; | ————C-25x15-5-2 (eXp) ————C-852(ex)
1 —-—--C-25x15-S-3 (exp) —-—--C-8-S-3(exp)
20 | | | Average (num) Average (nur
o0
0 | | | | | d [mm] | | d [mm]

20 25 30 3§p)
40 | B (o R

— Average (num
wif o T Aven ge(um) ol

| | d [mm]

F [KN] | Lb70_x6 | Lb90_x6
O e T
e | | | | | | |
P — — — —Experimental ! — — — —Experimental
20 i ® 20 ‘ ®
| Numerical | Numerical
wl /o o o | ol /o o o S |
| | . d [mm | | . d [mm
0 [mm] o [mm]
0.0 0.4 0.8 1.2 1.6 2'0(0) 0.0 0.4 0.8 1.2 1.6 2.0(d)
60 [ 60 [
F [kN] | G-8-RB series F [kN] | B-8-SC series
| ; ; ; B-8-SC-1(exp)
S0 [ SOp — — — —B-8-SC-2 (exp)
0 -~ - 77T777_‘(7777: 00 _'_'—B-B-SC-S(eXp)
| | Average (num)
y ! ! ! ‘ ‘ |
30 G-8-RB-1(exp) S L AT T T
— — — —G-8-RB-2 (exp) ! 1 1 |
Y — - —--G-8-RB-3 (eXp) e

0

00 05 10 15 20 25 3.0 S.Qe) 00 05 10 15 20 25 3.0 SQf)

Figure 6. Experimental vs. theoretical pull-out force-displacement curves for different NSM systems: (a)
carbon strips 2.5 mm x 15 mm; (b) carbon bars 8 mm; (c) carbon strips 1.4 mm x 10 mm; (d) carbon
strips 1.4 mm x 10 mm; (€) ribbed glass bars 8 mm; (f) sand coated basalt bars 8 mm.
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Figure 7. Numerical-experimental comparisons of the local bond-law: (a) carbon strips 2.5 mm x 15
mm; (b) basalt bars 6 mm.
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5. Conclusions

The FEM modelling applied to the technique of NSiveisgthening appears efficient to

calibrate the parameters of the selected type ofl baw. The results of the calibration point

out the global reliability of the shape of the- s relationship in terms of simulating the pull-

out load-displacement curve.

The potentiality of the developed model allows talgse and to compare the behaviour of
the various types of FRP elements in terms of mammlocal shear stress and its

corresponding slip, bond length effect, stresslfaeid concrete crack pattern.
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