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Abstract

This paper proposes a model aimed at simulating the strain-rate effect in Fiber Reinforced Polymer (FRP) strips glued to con-
crete. More specifically, the loading rate-dependent bond mechanisms are evaluated by extending a classical overstress viscoplastic
approach, available in the literature, generally referred to as Duvaut-Lions’ approach. The model is formulated within the gen-
eral theoretical framework of fracture mechanics under the assumption that debonding occurs as a pure mode II cracking process.
Zero-thickness interface elements were employed for implementing the aforementioned FRP-to-concrete joint model. From the
conceptual viewpoint, the model is used in an incremental analysis and the debonding phenomenon is simulated as a propagating
fracture whose local residual stress is described by the decreasing branch of a bond-slip law assumed “a priori”. The mechanical
soundness of the proposed model is demonstrated by the very good agreement between some experimental results, taken from
the scientific literature, and the corresponding numerical predictions at significantly diverse loading rates ranging from 0.07 to 70

mmy/s.
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1. Introduction

Fiber-Reinforced Polymers (FRPs) are widely employed both
as internal reinforcement of new reinforced concrete (RC) con-
structions and external retrofitting of existing ones [1]. The
externally bonding reinforcement (EBR) [2] and near-surface
mounted (NSM) [3] techniques are the most employed solu-
tions to strengthen concrete structures, mainly in bending and
shear. In both cases, yet through different local mechanisms,
bond between FRP strip and concrete substrate generally con-
trols the structural response of FRP-to-concrete joints. There-
fore, besides the identification of accurate bond-slip relation-
ships, which has been duly studied in the past years [4, 5, 6],
several critical aspects are currently under investigation.

The integrity of the FRP-to-concrete interface in aggres-
sive outdoor environments is one of those aspects. Deteriora-
tion modeling, non-destructive methods for field evaluation and
emerging developments in design, specifications and product
approval have been reviewed and discussed in a recent paper
[7]. Moreover, the performance under fire exposure of FRP-
strengthened RC structural members is another issue of current
relevance in the scientific literature. The mechanical behavior at
high temperature of the constituent materials of FRPs and how
their bond to concrete is affected when heated have been inves-
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tigated [8]. Furthermore, the consequences of blast and impact
actions on structures has attracted the attention of the technical
and scientific communities. Experimental evidences show that
FRP can be also used as an excellent material to improve the
resistance of concrete structures under these actions [9, 10].
Bonding of a FRP plate to the tension face of a beam is one
of the most common flexural strengthening method employed.
Plenty of studies have been carried out in the last decades with
the special aim to investigate and simulate the behavior of FRP-
strengthened RC beams [11, 12]. Moreover, national and inter-
national guidelines have adopted some of those models lead-
ing to a wider spectrum of possible applications for FRP com-
posites in structural engineering [13, 14]. Nevertheless, among
the various aspects regarding the mechanical behavior of FRP-
strengthened concrete members, simulating the bond interac-
tion between FRP strips and concrete substrate has been recog-
nized as a major and key issue in this field. Complex phenom-
ena, such as failure induced by cyclic loading or fire exposure,
have been recently taken into account in order to numerically
simulate these events in FRP-to-concrete joints. For instance,
Martinelli and Caggiano [15] formulated a model capable to
reproduce the (low cyclic) fatigue behavior of FRP strips ex-
ternally bonded to concrete by considering both bi-linear and
linear-exponential bond-slip laws (both based on Fracture Me-
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chanics concepts), yet under the assumption of a quasi-static
load application process. Caggiano and Schicchi [16] worked
on a thermo-mechanical model for modeling the bond responses
of FRP strips glued to concrete substrates exposed to elevated
temperature. Nonetheless, in spite of these efforts, no much sci-
entific literature is available regarding strain-rate effects on the
bonding response. Actually, most research has been mainly fo-
cused on the behavior under monotonic actions and quasi-static
loading processes [17], even though FRP is often employed in
enhancing the structural performance of concrete members sub-
jected to cyclic loads applied at significant strain rates[18].

As far as strain-rate is of concern, relatively few experi-
mental studies have been conducted to evaluate the dynamic re-
sponse of FRP-concrete interfaces [19, 20]. Particularly, Shen
et al. [21] presented an experimental investigation of the dy-
namic performance between Basalt-Fiber Reinforced Polymer
(BFRP) sheets and concrete under different strain rates in double-
lap shear tests.

It is noted that the majority of the existing models and/or
numerical procedures, which are in reasonable agreement with
experimental pull-off results on FRP-to-concrete joints [22, 23],
mainly neglect the effect of strain rate on the bond behavior of
the FRP-to-concrete interface. This paper aims at proposing
a model capable to simulate the response of FRP-to-concrete
joints subjected to monotonic loads, but taking into account the
strain rate effects. In the Authors’ opinion, the most attrac-
tive feature of the proposed formulation is that the main phys-
ical quantities of relevance in Fracture Mechanics, such as the
inelastic work spent in the fracture process, can be expressed
in closed-form, while strain rate effects are taken into account
through a modification of the well-known Duvaut-Lions over-
stress viscoplastic approach [24, 25, 26, 27].

After this general introduction about the state-of-the-art and
main motivation of this research, the paper is organized as fol-
lows. Section 2 outlines the fundamental theoretical assump-
tions of the proposed model. Section 3 discusses the inviscid
formulation while Section 4 presents its viscoplastic extension.
Section 5 proposes the model validation and reports some com-
parisons between a series of experimental results, available in
the scientific literature and here assumed as benchmark, and
the corresponding numerical simulations. Lastly, Section 6 re-
marks the main findings of this study and introduces the future
development of this research.

2. Bond behavior of FRP-to-concrete joint: fundamental
assumptions

The model is based on the following fundamental assump-
tions:

o FRP strips are modeled as an elastic material. One-dimensional

two-nodes isoparametric trusses are employed;

e debonding process develops at the FRP-to-concrete inter-
face in pure “mode II”: hence, zero-thickness interface
elements are used for this purpose;

e softening is modeled by means of the post-elastic expo-
nential branch of the bond-slip law, for which a closed-
form exponential expression is assumed;

o stiffness degradation in the unloading-reloading stages
depends on the current value of the “fracture work™ spent
at each (Gauss-) point of the FRP-to-concrete interface;

e displacements are supposed to be “small”;

e Concrete substrate is assumed to be a rigid block sup-
porting the FRP plate: therefore, the concrete-adhesive
interface is supposed to be fully-fixed in the numerical
model.

The aforementioned assumptions lead to defining the me-
chanical governing equations in terms of a rate-independent
model, presented in Section 3. Afterward, in Section 4 the
model is extended with the aim to consider the strain rate ef-
fects. Particularly, the adhesive layer between the FRP laminate
and the concrete substrate is simulated through a visco-elasto-
plastic constitutive relationship for interface elements. This
constitutive model, which reproduces the dynamic nonlinear re-
sponse of the FRP-to-concrete joints, is formulated within the
general framework of fracture mechanics combined with vis-
coplastic effects.

It is worth highlighting that all mechanical nonlinearities,
adopted in the aforementioned formulations and assumptions,
are lumped at the interface between the FRP laminate and the
concrete substrate. Particularly, the numerical implementation
was performed by programming the proposed zero-thickness
interface model into a user-defined interface constitutive law
(UINTER) of Abaqus®, developed ad-hoc by the Authors.

Figure 1 shows the FRP strip glued to a concrete block and
a schematic representation of the interfacial shear stresses.

3. Inviscid formulation

Considering a uniform width (b) and thickness (¢;) along
with a unique bond-slip relationship throughout the whole ad-
hesive interface, the following equilibrium condition can be
stated: 4

rf;[X] _ A 0
x t
being 7[x] the interface bond stress and o, [x] the axial stress in
the FRP cross section.

The interface bond-slip law, proposed by the authors and
employed in a previous work [15], is described by means of the
following linear-(negative-)exponential relation (Figure 2):

if s[x] < s,
if s[x] > s,

{T[x] = —kg s[x] )

T[x] = 79 e Blslxl=se)

where kg is the (positive scalar) tangential bond stiffness in pre-
peak response, s[x] the shear slip at the considered x abscissa,
S, = To/kg represents the elastic slip value, 7¢ is the shear
strength, and 3 is a parameter for describing the post-peak shape
of the 7 — s rule.
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Figure 1: Single-lap shear test of a FRP-to-concrete bonded joint.
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Figure 2: Bond-slip law highlighting the fracture work spent.

As already mentioned, the FRP strip follows a linear elastic
behavior in terms of axial stress versus strain, i.e.:

oplx] = Epgy 3)

where E, is the Young’s modulus of the composite.
The strain field can be calculated by means of the compati-
bility condition according to:

ds[x]
&p = .
b dx
By introducing Eq. (4) into (3) and, thereafter, into the equi-
librium condition given by Eq. (1), the following well-known
differential equation is obtained:

d?s[x] N Tlx]
ax*>  Ept,

“
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The stiffness under unloading/reloading conditions is ac-
counted by considering, for each point of the adhesive inter-
face, the ratio between the current inelastic spent work wg and

the corresponding fracture energy (in pure “mode II”’), G}’ . The
accumulated cracking spent work, namely wy;, developed dur-
ing the sliding fracture process, controls the damage evolution.
This variable mainly deals with the “inelastic part” of the en-
closed area of the 7 — s curve (see Figure 2).

Hence, the inelastic work spent in the fracture process can
be expressed in closed-form as follows:

Wy = \]; |T[x]| dx - ;kaj
X —B(slxl-s.) _ (6)
_ kese | — ¢~2B06lx1-s0) _ M
2 Bse

where wy = 0 for s[x] = s,.

The total inelastic work spendable, which actually represent
the fracture energy G;.’ , depends on the key parameters involved
in Eq. (6). Its calculation follows the below relationship:

G}I =f [t[s]| ds
0

(i 2) "

2\ B
The damage parameter d can be thus defined in each point
of the adhesive interface as

7]
Wit
d=|— 8)
11
[Gf]
where a, controls the shape of the damage curve.

Finally, the loading/unloading stiftness k is related to the
elastic one through the following relationship:

k=kg(1-4d). )

4. Viscoplastic extension

In order to capture strain-rate phenomena occurring at the
bond between FRP sheets and concrete substrates, a modified



version of the classical Duvaut-Lions visco-plastic model [28]
is considered to extend the previous formulation.

4.1. Duvaut-Lions viscoplastic approach

In the Duvaut-Lions rate-dependent approach, also known
as viscoplastic correction, the instantaneous response is directly
related to the inviscid material behavior as it is based on the
assumption that the return of the stress state to the yield surface
(fulfilling the condition f = 0, being f the yielding condition
of the model) does not take place immediately but with some
delay, according to the flow rule (applied to the interface):

kg™ :

$vp = ET (=) =5 - & (10)
where §,, is the general viscoplastic slip rate,  is the mate-
rial viscosity, ¢ the elastic interfacial stress and 7, the stress
state obtained from the solution of the inviscid problem. Thus,
under constant stress, the inelastic strain (slip) rate is constant
and proportional to the overstress, namely 7° — 7,. The time-
dependent kinematic solution is found interpolating between
the instantaneous solution (elastic increment, s'gp ) and the in-

viscid one (elastoplastic increment, $t0).
After introducing the linearized flow rule of Duvaut-Lions
in the Prandtl-Reuss decomposition law of the total slip rate, the
following form can be obtained for the increment of the stress:

At At
Aty = (1 - —)ATtrial + —At,, (11
n n

where At is the viscoplastic stress increment, AT¢yia1 is the
trial elastic stress increment, and Ao, the inviscid stress incre-
ment.
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Figure 3: Bond-slip law highlighting the strain-rate effect modeled with the
Duvaut-Lions procedure. Adopted parameters are: interfacial shear stiffness
kg = 7.32 MPa/mm, peak interfacial shear stress 79 = 1.270 M Pa, mode II
fracture energy G}I = 0.554 N/mm and a4 = 1.0.

4.2. Modified Duvaut-Lions viscoplastic approach

For the purpose of the rate-dependent interface model for-
mulation in this work, a modified version of the Duvaut-Lions
viscoplastic formulation is proposed. More specifically, at each
contact point of the adhesive interface, the modified Duvaut-
Lions-based viscoplastic correction is applied instead, as fol-
lows:

1 — e~ (im)’

= ()’ — ()’ _—_c -
o e Tn+(l e )T,H1+ A/’

n+l1

At (12)

where Tf; .1 represents the viscoplastic total bond-slip stress at

time-step “n+1”, 7, and 7,4, are the inviscid total bond-slip
stress at time-step “n” and “n+1”, respectively, and At is the
trial elastic bond-slip stress increment between the time-steps
“n” and “n+1”. In addition, Atz is the considered step time in-
crement, while 7 [sec.] and o (>0 and dimensionless) are vis-
coplastic parameters.

Depending on n values, the following two extreme cases

can occur:

Inviscid response
Elastic response

{’7_’0 Fe = (13)
n—ooo T, =T, tAT

Figure 3 shows possible visco-plastic responses by consid-
ering decreasing values of the ratio A¢/n. The case At/n = “In-
finity” mainly represents the inviscid response while rising val-
ues of 17 allows to obtain an increment of the apparent strength
as result of the strain-rate effect.

It is worth to mention that the simulation of visco-plastic re-
sponses based on overstress-based models, such as those based
upon the Duvaut-Lions approach, consist of “interpolating” the
purely inviscid inelastic behavior and the fully elastic response.
Therefore, residual stresses are always present for high values
of interface slips, which do not allow to simulate the com-
plete debonding of the glued plate without generating resid-
ual pull-off forces. However, this is a well-known (and often
accepted) limitation of the Duvaut-Lions approach, alternative
approached may be developed in the future as further evolutions
of the present research [29].

5. Loading rate effects under monotonic loads

As it was briefly commented in the introductory section,
the study of Shen et al. [21] is here considered as experimental
benchmark for validation purposes of the proposed formulation.
The simulation of the strain rate effect is performed by consid-
ering a series of test results on modified double-lap shear tests,
which followed the test recommendation by JSCE [30].

The experimental data corresponds to the bond behavior of
BFRP sheets glued to concrete substrates. Even though these
experimental tests are performed on double-lap shear schemes,
the present simulations are based on a single-lap shear test in
view of reducing computational costs of the analysis. There-
fore, the experimental measurements, both in terms of forces



and slips, have been halved to be compared with the corre-
sponding numerical simulations: this is based on assuming per-
fect symmetry for the double-lap shear tests, which is reason-

able for the pre-peak response and in case of simultaneous debond-

ing, thus maintaining the perfect symmetry in post-peak regime
[31].

In the experimental campaign, each specimen consisted of
a 510-mm-long concrete block with a 100 x 100 mm? cross-
section. Basalt-FRP (BFRP) sheets with b, = 50 mm width and
t, = 0.121 mm thickness were bonded with epoxy resin on two
opposite sides of the concrete blocks along their axial direction.
The bonded length for all specimens was 200 mm. BFRP sheets
had a mean relative axial stiffness £, t, = 12.7 kN /mm.

The experimental test set-up allowed to impose a dynamic
load with a displacement rates of 0.07, 0.7, 7, and 70 mm/s to
reach the complete failure. The numerical analyses were run
in displacement control, by assuming an invariant displacement
increment. Conversely, different time steps were assumed with
the aim to obtain the aforementioned displacement rates.

Specimens were labeled as L.200-D0, L200-D1, L.200-D2,
and L.200-D3, for each one of the aforementioned loading-rate.
This nomenclature was given in the original publication and
here maintained. Three experimental specimens were available
for each loading history case whose curves can be found next
in Figures 4(a-d).

The consequent numerical examples refer to these main ge-
ometric details, material properties and strain rate protocols de-
scribed by the experimental evidences [21]. A constant value
for the Young’s modulus of BFRP, E,, = 105 GPa, is assumed
according to [21]. Moreover, the values of the relevant material
parameters identified for the numerical simulation and aimed at
reproducing the experimental curves, are:

e the shear stiffness kg = 7.32 MPa/mm,
e the bond strength 7y = 1.270 M Pa,

e the mode II fracture energy G}’ = 0.554 N/mm, and

e the viscosity parameter n = 1.75x1072 s and
e shape parameters o = 0.25.

The first three parameters (kg, 7o and fo ) mainly control
the inviscid bond-slip response of the numerical model, con-
trarily n and @ account for the Duvaut-Lions description. A
sensitivity analysis has been previously performed in order to
choose the minimum numbers of FE to be employed with the
aim of reducing discretization errors. After that, 80 interface el-
ements were finally adopted in the FE results which are shown
in this section.

Figure 4 compares the experimental results against the nu-
merical predictions, in terms of applied force versus slip. Par-
ticularly, Figures 4(a-d) respond to the different applied slip
rates, i.e.: 0.07, 0.7, 7 and 70 mm/s, respectively. Numerical
results were obtained by assuming the proposed viscoplastic
fracture-based discontinuous model. The agreement between
the experimental data and numerical results is highly satisfac-
tory as demonstrated by the mentioned comparisons. It is worth

to mention that the same sets of calibrated interface parameters
were employed in all analysis which further highlight the ca-
pability of the proposal to capture the loading rate effects in
FRP-to-concrete bonds.

The strain rate effects on the ultimate load of the FRP-to-
concrete interface is highlighted in Figure 5, where the four
aforementioned numerical responses are plotted, all together,
and compared. The ultimate load capacity of the BFRP-concrete
interface, when increasing strain rate of loading are considered,
is quite evident for the “converted” double-lap simulations. The
dynamic ultimate loads obtained from the numerical simula-
tions are 11.9, 12.3, 12.9 and 14.1 kN for specimens L200-DO,
L200-D1, L200-D2, and L200-D3, respectively. Thus, it means
that when the loading rates raises from 0.07 mm/s to 0.7, 7.0
and 70.0 mm/s, the dynamic ultimate load increases at the rates
of 3.4, 8.4, and 18.5 %, respectively. These values are also in
a very good agreement with the experimental observations pro-
posed by Shen et al.[21].

A further representation of the loading rate effect can be
drawn out by observing the evolution of both the axial strain and
interface shear stress fields. The comparison in terms of the nu-
merically determined axial strain distributions of the BFRP and
the corresponding interfacial shear stresses in the bond length
are shown in Figures 6 and 7, respectively. Each one of the 4
subfigures exhibits the results of a single loading rate, where
a series of 5 curves present the results for different load levels
expressed in terms of pull-off displacement frontiers. Particu-
larly, it is observed in Figure 6 how the debonding evolution
generates the transition from a convex shape (s=0.25 mm) of
the deformed configuration to a concave one (s=1.5 mm), fol-
lowed by the post-peak response (s=2.0 mm) up to the final
failure. Accompanying this evolution, the maximum interface
stress moves from the very left, at the beginning of the test (s=0
mm), up to its residual value in case of final failure (see Figure
7).

Moreover, Figure 8 compares the loading rate effects on
both the axial strains developed throughout the BFRP strip and
interfacial shear stress determined at different levels of the max-
imum imposed slip (namely, 0.25, 1.0 and 2.0 mm) with the
four displacement-rates considered in this study. Figure 8a)
and b) refer to the case of an imposed slip of 0.25 mm: in
this case, the difference between the response under different
displacement-rates is almost negligible. The interface slip dis-
tribution (8a) is similar to the one obtained in quasi-static (in-
viscid) conditions; minor difference appear in terms of shear
stresses around the loaded end of the strip, with, as expected,
the higher stresses resulting from the faster displacement-rate
(8b). Figure 8c) and d) represent the results obtained at an im-
posed slip of 1.0 mm. The overstressed deriving by the strain
rate effect simulated according to the Duvaut-Lions approach
are more apparent in this case, especially in the right part of
the bond length that is actually in softening. Lastly, the fully
concave curves represented in Figure 8e) demonstrate that all
the bond length is in the post-elastic branch, as the maximum
imposed slip (2.0 mm) is far greater than the elastic one. More-
over, Figure 8f) highlights the expected overstress arising for
the higher applied slip rates.
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6. Conclusions

This paper is intended as a contribution for the understand-
ing of the mechanical behavior of FRP strips glued to concrete
subjected to strain rate effects. Particularly, the following key
items can be remarked:

—_—

. the proposed model has been formulated within the gen-
eral framework of Fracture Mechanics and assumed an
exponential-based rule for the softening description of
the bond-slip relationship;

2. a viscoplastic extension of the interface model was then
proposed for taking into account the rate-dependent ef-
fects by means of a modified Duvaut-Lions overstress ap-
proach was proposed,;

3. the comparison between some experimental results avail-
able in the literature and the numerical simulations per-
formed by means of the present model highlighted its
high predictive potential for different strain-rate regimes.

4. The dynamic ultimate load of the BFRP-to-concrete in-

terface increases as the strain rate increases. Particularly,

the influence of the strain rate in the dynamic ultimate
load has been observed experimentally and automatically
captured with this formulation.

To the Authors’ best knowledge, these results have not been
well highlighted yet in the international scientific literature, es-
pecially through numerical analyses. This research line will be
continued in order to further validate the model with reference
to cyclic tests characterized by various loading protocols com-
bined with strain-rate regimes.
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Figure 8: Comparison of the axial strain distributions (a-c-e) and interfacial shear stresses (b-d-f) along the bonding length for different strain rates for different
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