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Objectives of the study

An experimental programme was conducted in order to:

1. Characterize the glass FRP/concrete interface by double shear tests;

2. Analyse the degradation imposed to the GFRP/concrete interface by humidity salted
environments;

3. The lack of information about the modelling of the interface between FRPs and
concrete is a very actual theme and this work is a contribution to mitigate this gap.
However, at this point of the study only reference specimens were modulated, i.e.,
without ageing.

4. Make proposals in order to adjust some rules or national codes.



Accelerated ageing tests
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Accelerated ageing tests

Salt fog cycles (5% of salt)
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Proposed shear tests
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Characterization of materials

f (MPa)
600 .
. Concrete p ‘
28D
>0 strength 20 Days
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I 15
300 I
- B 10 /
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100 of the GFRP flat  °
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GFRP properties:

Concrete properties:

Flat 8f m fﬁn E (MPa) fcm,cub fcm fctm O &1 O fctm,sp O Ecm(*)
coupons (%) (MPa) s (MPa) (MPa) (MPa) (%) (MPa) (GPa)
Reference 2.20 513.9 23.49 18.6 16.9 1.65 0.17 1.83 23.18

(*) According to EC2.



Experimental tests

Reference specimens (at Oh of exposure)

Fooax (KN) O,nax (MM)
100 ————™————————7——F—7——7 Specimen
80 | | | ; | MC-REF80-01  17.86 2.60
Z ol UL%O-SMPa - 5L=1.OMPa ] MC-REF80-02  16.28 16.06 2.10 2.20
) ‘ | ‘
= o =0MPa fen oy MC-REF80-02a  14.03 1.91
=
s Yoz o N el MC-REF20-01  4.38(*) 4.37
S PR M 4.96 2.95
.y 4 g E .«;.ﬂ@ MC-REF20-02  5.55(**) 6.00
L
| | e MC-REF80-03  25.73 25.73 2.25 3.14
o1 . . 1 1 .
o 1 2 3 4 5 6 7 8 MC-REF80-04  34.56 3.65
. 40.34 5.18
Displacement (mm) MC-REF80-04a  46.12 3.14

) F__ =17.51kN multiplying by 4 (GFRP with 1/4 of the wide of
other specimens).

(x*)F __ =22.19kN multiplying by 4 (GFRP with 1/4 of the wide
of other specimens).




Preliminary considerations

Calculating maximum bond stress...

___________
e -

t F From equilibrium and compatibility
% (%) % &) conditions of a finite element of FRP with
Jae _Dj_ % (f,) fi(x) _mﬂ__ length dx, it is obtained:
“:Z_"'f"ﬁf? /ir s e J .V- . ‘1
WA P [ Conerete s 1(s)
. dx | FRP=F() [ L TN ‘: - = =0
DN /77 A P dx Ef -tf
~ Lol e s
4 4 r Y. A . .
- ~ D% - < — W / Wwhere sis the slip between FRP and
4 '\ 0,(x) + 4o (x) o, () + do, (x),/ concrete, -r(s) is the local bond stress, x is
.4 A the coordinate axis along the bonded
P length, E;and t;, respectively, the Young

modulus and the thickness of the FRP.

.....

Assumptions:

i) &= ds/dx, and g¢is the FRP strain;

i) linear and elastic behaviour is assumed for GFRP;

iii) bond is associated only with shear stresses, i.e., the normal stresses, o,, shown in
figure above are considered of no influence.



Bond stress, ¢

a) Linear law
b) Bi-linear law

Preliminary considerations

Calculating maximum bond stress...

Assuming, for instance, the ascending branch
of the bilinear bond-slip law and introducing
the boundary conditions of the problem:

@:_ F atx=0
dx Ef-Af

ds

g VA by

where Af is the transversal area of the GFRP

- and L g is the effective bond length, the
solution is given by:

s(x)

~ F cosh(a-x—a : Leﬁ)
a-E -b.-t, sinh(a-Leﬁ)

max (¥ = 0) =£~K-coth(£"‘j and K:i

T avg 2 2 off




Preliminary considerations

Calculating maximum bond stress...

[ = Ef 1y Equation proposed by fib Bulletin 14 where c, = 2.0 in the case of CFRP.

s ¢, f.. Inthe case of GFRP, previous work, led to c, = 0.8.



Preliminary considerations

Comparing the maximum bond stress expected with some experimental works...
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Experimental results

Lateral

Reference compression K= L, ,B——Tmax (MPa) (MPa)
i -7 o TUmed a Trnax a
specimens stress, o, (MPa) Leﬁ s
MC-REF80-01 0.0 0.691 1.296 1.52 1.97
MC-REF80-02 0.0 0.682 1.288 1.40 1.81 1.78MPa
MC-REF80-02a 0.0 0.682 1.288 1.21 1.56
MC-REF20-01 0.0 0.706 1.309 1.46 1.91
~ 1 6X 0.0MPa
MC-REF20-02 0.0 0.706 1.309 1.85 2.42 ~ 1.OXT .«
MC-REF80-03 0.5 0.687 1.292 2.20 2.85 2.85MPa
MC-REF80-04 1.0 0.699 1.303 2.91 3.79
4.44MPa
MC-REF80-04a 1.0 0.689 1.294 3.94 5.09

- 0.0MPa
~2.5xT



Experimental results
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For 0, = 1.0MPa a 35.0% of degradation was For o, = 1.0MPa a 12.5% of degradation was

registered after 10,000h of exposure.
However, improvement of the rupture load
in the specimens with g, = 0.5MPa was
registered after 10,000h of exposure.

registered after 10,000h of exposure.
In the others situations there was no
significant variations after 10,000h of
exposure.



| Experimental results

The rupture surfaces of the specimens
showed that the rupture mode changed
from cohesive type by the concrete layer
adjacent to the interface into adhesive type
by the interface between both elements.

| Wet/Dry cycles — 10,000h

Adhesive rupture! Adhesive rupture!




Rupture law

In order to study the GFRP/concrete interface and to establish a failure criterion
based on the Mohr-Coulomb criterion, a research program is under development at
Universidade Nova de Lisboa (UNL), based on double shear tests to obtain
cohesion, c, and friction angle, ¢. The figure below shows a typical envelope failure
law (dotted line) defined according to equation:

7,, =C+0,xtang

where o, is the confinement or lateral stress and z,, is the shear stress.

1 L FI2
2 .

TEEEER;
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Hours of

Specimens . Cohesion, ¢ (MPa)
MC-REF80-01 0 1,97
Losses/
MC-REF80-02 0 1,81
Gains
MC-REF80-02a 0 1,56
Average value 0 1,78 -
MC-NS-01 3000 1,36 -23,60%
MC-NS-01a 3000 1,93 8,43%
MC-NS-02 3000 1,64 -7,87%
MC-NS-04 5000 1,41 -20,79%
MC-NS-04a 5000 2,01 12,88%
MC-NS-05 5000 1,99 11,80%
MC-NS-08 10000 1,91 7,30%
MC-NS-09 10000 1,47 -17,42%
MC-MAR-01 3000 1,65 -7,30%
MC-MAR-02 3000 1,43 -19,66%
MC-MAR-02a 3000 1,97 10,67%
MC-MAR-04 5000 1,99 11,80%
MC-MAR-05 5000 1,82 2,25%
MC-MAR-08 10000 1,07 -39,89%
MC-MAR-08a 10000 2,16 21,35%
MC-MAR-09 10000 185 3.93%

Rupture law

In terms of mean value, at 10,000h, the
salt fog cycles revealed a degradation of
5.1%.

However, for wet/dry cycles, ignoring the
value obtained from the MC-MAR-08
(1,07/MPa), at 10,000h of exposure,
cohesion increase almost 13%.

Note also that the variation of cohesion
corresponds to the variation of the
maximum bond stress in the specimens
without lateral compression stress.



Rupture law

Internal friction angle (rad)

1150 T T T T T T T T T T | 1/50 T T T T T T T T T T ||
1.050 | ©
1,251 ‘ © 1254 Ao, oo 0gog1 | 1 0.983
pK 4 -~ pK
_ : < i ]
100 Y @ 1,00 |
4 < 7 f
0,75 .S 0,75
_ | = _ | | _
0,50 0 E 0,50 = : M
& ; TU [ ‘ |
0,25} S 0250 -
Salt fog cycles (5% of NaCl) | @ Wet/Dry cycles (5% of NaCl) |
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0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
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Internal friction angle did not varied After 5,000h of exposure, internal friction
significantly. The greater variation was angle decreased approximately 10%.

calculated at 5,000h hour of exposure.
However, at that time only one specimen
was considered.

With 10,000h of exposure, the internal
friction angle of the GFRP/concrete interface
reduced only 1.3%.



Modeling with FE

So far, only the reference specimens were modulated with FE...

The concrete element discretization was done with
qguadrilateral elements with 15mm and, to precisely
investigate the interfacial behaviour of the GFRP/concrete
interface, the solid brick elements used to represent GFRP
had 2.5mm near to the contact with concrete. A coarse
mesh of 5.0mm was adopted for the GFRP element more
distant from the contact. Compatibly mesh in the GFRP
element was always guaranteed.

In order to avoid a model with a high number of FE, a
qguarter of the specimens were also considered based on
the symmetric conditions of the tests. In total, 2411 3D
elements were used corresponding to a total of 4956
nodes. In the figure it is visible the standard model with the
respectively mesh used in this work.




Total Force (kN)

Modeling with FE

10— T
301 bf= SOmm | 80 | i
Z o =0.MPa | | | -
é 60 L‘ ‘ O'L=1.OMPa
60 1 o B TN L 1 EE.
| i i : : % O'L=OMPa |F/2 F/2T
| | | | | 40 | | | | |
s e e I o ‘ | | o NE2 B2l
S | | | G 2
{1 K [ | ; | | Y RS |
20 = /L
n 1 7 2 4 = A 7 R
Displacement (mm) Displacement (mm)
o, Froax (KN) Error 0 nax (MmM) Error
Specimen
(MPa) Exp. (*) ATENA 3D (%) Exp. (*) ATENA 3D (%)
MC-REF80 0,0 16,06 17,57 9,40 2,20 2,05 -6,82
MC-REF80 0,5 25,73 25,66 -0,27 3,14 3,10 -1,27
MC-REF80 1,0 40,34 37,88 -6,10 5,18 4,40 -15,06

(*) Average values obtained from the experimental tests.



Rigid interface Modeling with FE

3,000E-04
@,000E-04
9,000E-04

Assuming a rigid GFRP/concrete interface is a somewhat

LI 1,200E-03 crude manner of modelling an EBR concrete structure.
LT LS Phenomena like slip, displacements between FRP and
T - 1,800E-03 . . .

IaEy 5 100503 concrete, or normal and bond stress distribution along
ST 2,400E-03 the interface are neglected. Moreover, the rupture mode
L LT ;;gg:j and even the rupture instant are only controlled by the

WSy 3 3008-03 experimental values of the ultimate strengths of all
-1
— 3,442E-03 materials involved in the test. Nevertheless, the load
versus displacements behaviour is quite stiffer when
Gap interface compared with the experimental or with the gap
o interface FE. The stress distribution along the GFRP is
4,000E-04 completely different when compared to the gap interface
:Eggzj FE and, as explained above, the rupture mode occurs for
i L 000E-03 the ultimate strain of the GFRP, i.e., for 2.20%. Hence, the
jilts Lol S rigid interface model cannot predict the rupture mode.
AT 1,400E-03
LT 1,600E-03
111 - 1,800E-03
T 2,000E-03
LT 2,200E-03
L H : 2,400E-03
il 2,494E-03

Principal maximum strains
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Modeling with FE

The principal strains in GFRP and concrete weren't reached at any step of the FEA and
thus, the collapse of the shear tests weren't by rupture of these elements. This evidence
leads to another, and unique, possible failure mode which is the debonding of the GFRP
and concrete. Hence, the FEA also predicted with fairly agreement the rupture mode. The
debonding phenomenon is quite visible in the model as shown in figure and it is in total
accordance with the failure obtained in the experiments.
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FE detail of the GFRP/concrete interface at maximum load
(MC1-FEA model - vertical displacements amplified 10
times).



Bond length (mm)

FE results at maximum load instant.

b;=80mm e o, = 0,0MPa
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Externally Bonded Reinforcement (EBR) of Beams:

Applicable fields:

EBR of Slabs:

Teng’s work



Conclusions

Main conclusions are:

1.

The shear tests permitted to define parameters like cohesion and friction angle of the
GFRP/concrete interface;

The proposed tests and obtained results may permit the estimation and quantification
of different failure laws for different concrete classes and for different environmental
ageing tests;

The rupture modes of the reference specimens were all essentially cohesive and in
concrete;

The number of the ageing hours lead to a change of the failure mode from cohesive
type to adhesive type. However, the specimens with a lateral compression stress
involved some peeling that led to an increase of that stress for higher loads, i.e., at
instants closed to the specimen failure;

The results are the support for the definition of a failure envelope law that can be
applied to FE of an interface based on the Mohr-Coulomb failure criterion. Some
preliminary results already showed a good accuracy and more efforts are now being
done in order to improve the understanding of the influence of the surface treatment
and the environmental ageing in those failure laws;

The interface FE may be applied in different concrete structures externally reinforced
with GFRP.
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