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Macro and Microscopic Bonding Fracture Mechanism Along FRP-concrete Bond Interface

FRP - =127 U — MEE TR OKBERERA I = XN o~ v - <A 7 nfiRed

Zhishen WU * and Jun YIN **
B2 OER-ER

*Member Dr.of Eng. Prof. Dept. Urban & Civil Eng. Ibaraki University
(4-12-1, Nakanarusawa-cho, Hitachi-shi, Ibaraki 316-8511)
** Member Dr.ofEng. Advanced Simulation Technology of Mechanics (ASTOM)
(RIKEN 2-1,Hirosawa, Wako-shi, Saitama 351-0198)

The strengthening performance of fiber reinforced polymers (FRP) to concrete structures
may be significantly limited due to the interfacial debonding failure along the FRP~concrete
bond interface. Experimental work shows such a debonding fracture, in most cases, occurs
through the interfacial concrete adjacent to bond interface. Although the interfacial debonding
along FRP-concrete interface macroscopically represents a shear-dominated fracture that
resembles mode T fracture, the crack in interfacial concrete is generally considered to initiate
in mode I fracture followed by the aggregate interlock along the crack surface. This paper
emphasizes the discussion of interfacial fracture that occurs in concrete from the viewpoint of
fracture energy of concrete. To investigate such a debonding mechanism due to mode 1
fracture of concrete, both conventional smeared crack models and a displacement
discontinuity model are used to simulate the fracturing process. A finite element analysis
based on both assumptions of mode I fracture along FRP-concrete interface and mode I
fracture within interfacial concrete layer is performed, and the results are compared among
the different assumptions. The effects of concrete behavior of both tensile and shear fracture
energies on load-carrying capacity bond interface are discussed qualitatively.
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1. Introduction

The strengthening performance of fiber reinforced polymers
(FRP) to concrete structures may be significantly limited due to
the interfacial debonding failure along the FRP-concrete bond
interface. Experimental work shows such a debonding fracture,
in most cases, occurs through the interfacial concrete adjacent to
bond interface. Although the interfacial debonding -along
FRP-concrete  interface  macroscopically —represents a
shear-dominated fracture that resembles mode II fracture, the
crack in interfacial concrete is generally considered to initiate in
mode 1 fracture followed by the aggregate interlock along the
crack surface. This paper emphasizes the discussion of
interfacial fracture that occurs in concrete from the viewpoint of
fracture energy of concrete. To investigate such a debonding
mechanism due to mode 1 fracture of concrete, both
conventional smeared crack models and a displacement

discontinuity model are used to simulate the fracturing process.
A finite element analysis based on both assumptions of mode I
fracture along FRP-concrete interface and mode I fracture
within interfacial concrete layer is performed, and the results are
compared among the different assumptions. The effects of
concrete behavior of both tensile and shear fracture energies on
load-carrying capacity bond interface are discussed
qualitatively.

Describing crack propagation in concrete, the conventional
rotating and fixed smeared crack models are primary
approaches, which have been implemented in quite a few
commerial FE codes. Both models treat the concrete crack as
mode | fracture by employing mode I fracture energy Gf'.
Another method is a displacement discontinuity model that was
orignally developed for capturing strong discontinuity in brittle
materials and dealed with only mode I fracture normal to the
crack surface.-In a modified version, the mode II fracture
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Fig. 1. Interfacial debonding fracture observed in experiments

parallel to the crack surface is also taken account by introducing
shear fracture energy. Similar to smeared crack model, concrete
fracture initiates in mode I, but followed by a mode 1I fracture
along the crack surface. The simulation results are compared to
that of mode I fracture assumption. It is found that both rotating
and fixed smeared crack models suffer from itself limitations
for shear fracture behaviors, while the

concrete used in the displacement discontinuity model to G/ in
mode II fracture assumption is identified.

2. Interfacial debonding behaviors

In the macroscopic viewpoint, the force transfer
between FRP and concrete is achieved by adhesive
resin. The debonding failure along FRP-concrete bond
interface is generally modeled as mode II fracture.
However, looking at the surface of delaminated FRP
sheet, it is found that a layer of concrete, with thickness
from 2mm to 10mm, is usually stuck on it, as presented
in Fig. 1(a),(b). In addition, a finite element simulation
of

FRP-strengthened concrete beams by Wu and Yin®
has also reported the interfacial debonding failure
through a layer of cracked concrete elements, in form
of mode I fracture(see Fig. 2). FRP strengthening can prevent
flexural concrete cracks from firther propagation, but the stress
transfer by adhesive layer also heightens the stress level of the
concrete adjacent to the bond interface. As a result, the
interfacial concrete sets to crack once its tensile strength is
exceeded. In this case, the crack orientation is nearly 45°
inclined to the bond surface. With further stress transferred,
more and more small interfacial concrete cracks. When these
microscopic concrete cracks eventually connect through, a
interfacial debonding representing macroscopic mode II
fracture occurs. Different from the mode II fracture assumption,
crack in concrete is considered to initiate as mode I fracture and
thereafter transfers to mode II fracture with subsequent
aggregate interlock along the crack surface, as shown in Fig. 3.

Interfacial concrete cracks

PERRRERR

FRP sheets

Fig. 2 Finite element simulation result of interfacial debonding in concrete

FRP sheet

displacement discontinuity model gives reasonable result. A
quantitative relation of separated fracture energies G/’ and Gfl‘ of

Mode II fracture
» (adhesive layer, including
adhesive-concrete or. FRP-adhesive
interface)

Mode II fracture in
macroscopic view,

but Mode I fracture
in microscopic view

Fig. 3 Fracture mechanisms of interfacial debonding (Interfacial concrete)
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The interfacial debonding behavior can be expressed by
a -0,  relationship. A simple linear
ascending-descending 7-4, relationship is usually
adopted(Fig. 4), where f; is the local bond strength, K is
initial stiffness, and G/’ is the interfacial fracture
energy. All these are considered as the comprehensive
properties of the bond interface.

According to the previous analytical investigations of
Tiljsten” and Wu et al.?, the theoretical derivations are
under the following assumptions: 1) adherents are
homogeneous and linear elastic; 2) the adhesive resin is
only exposed to shear transfer; 3) bending effect on the
bond interface is not considered. The load-carrying
capacity of FRP-concrete bond interface, therefore, can
be approximately described in terms of interfacial
fracture energy G/ , the Young’s modulus Ep,, the
width brrp and thickness #;, of FRP sheets(Eq.1).

P = brrp v 2Eppp tigp G/III o

22 Mode I
representation of debonding in concrete)

fracture assumption-(micro

(1) Smeared Crack Models

Considering the interfacial debonding in form of
concrete crack, two conventional smeared crack models
are adopted”. One is the rotating crack model, which
assumes that the crack normal continuously rotates with
the changing axis of principal stress, as shown in
Fig.5(a). Because the crack orientation is constantly
modified, the shear interlock along the crack surface can
be removed. The other is the fixed crack model, as
shown in Fig.5(b), in which a constant shear retention
factor B is introduced to account for the shear transfer
effect like aggregate interlock. The stress-strain
relationship on crack surface can be written as

D, 0
D cr = B
0 D,

D < (61, —03,)/2(&,, —&y) rotating model @)
! BG fixed model

where D, is the softening stiffness in crack normal, D, is
the stiffness along crack surface, and G is the elastic
shear modulus. For rotating crack model, the shear term
is implicitly calculated by rotating principal stresses and
strains. In both crack models, a linear softening curve is

used to describe the normal stress degradation on crack
surface, as shown in Fig.6.
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Fig. 4 Mode Il fracture assumption for interfacial
debonding
A Y Rlotating axis 4
A 4
( (]
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bl crack axis Fixed crack
(a) Rotating crack model  (b) Fixed crack model

Fig.5 Two treatments of crack discontiuities

h: element size dependent
characteristic length

Linear softening

Fig. 6 Tension softening relation

Fig. 7 Shear softening along crack surface
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Fig. 8 Finite element discretization of FRP bonded concrete prism
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Fig. 9 load-displacement relations with varying Gf” based on mode II fracture assumption

(2) Displacement Discontinuity Model

This crack model
discontinuity in a finite element was originally
developed by Dvorkin et al'® for simulating the
localized crack propagation in brittle materials. In the
direction normal to crack, similar linear softening
relation in the smeared crack models is used. The

difference is that the softening model is described by a
traction vs. discontinuous displacement relationship.
With modification by introducing shear fracture energy
G#, the fracturing behavior along the crack surface

could also be considered. The detailed finite element
11)

with embedded displacement

formulation can be referred to the journal paper
As shown in Fig.7, D" is the initial shear modulus when crack
is triggered. It is considered to be a reduction of shear modulus
G. by a multiplier o (here o=0.5). 7 is a pre-defined value. If
the shear stress exceeds 7, it enters softening branch. The
negative modulus D" can be determined by fixing Dj’, 7, and
G

3. Finite element analysis

The interfacial debonding behavior of a concrete prism
strengthened with FRP sheets is simulated. The
schematic sketch and finite element mesh are presented
in Fig. 8, where L is FRP sheets bond length, #.= 80mm,
and #zrp= 0.1mm are the thickness of concrete prism and
FRP sheets, respectively. A unit out-of-plane bond
width b =bpzr=1mm is assumed.

In the FE simulation, the concrete prism, FRP sheets
and FRP-concrete bond interface are discretized by

4-node plane stress elements, truss elements and
line-to-line interface elements'® respectively. Smeared
crack models or the displacement discontinuity model
are to simulate the fracture in concrete. FRP sheet is
kept linear elastic until rupture and debonding behavior
of interface element follows the 7—g relationship in
previous section. Properties of each material are
summarized as follows. For concrete, Young’s modulus
E~2.5x10" MPa, Poisson ratio 1=0.15, tensile strength
is f=2.0MPa. For FRP sheets, Young’s modulus
Ergp=2.3x10°MPa, rupture stress of FRP sheet is
3.35x10°MPa. The local bond strength of FRP-concrete
interface is f;=3.0MPa, initial stiffness is K,=160N/mm>,
and interfacial mode II fracture energy Gfl =1.2N/mm,
referred to the experiment by Yoshizawa et al.”).

3.1 Simulation based on mode II fracture
assumpition

First, the interfacial debonding is assumed to propagate
only within interface elements as a pure mode II
fracture. To avoid the interaction of concrete crack, all
the concrete element is enforced to be elastic. Varying
interfacial fracture energy G/=0.25, 0.62 and 1.2N/mm
under the condition of constant local bond strength
f=3.0Mpa and initial stiffness K,=160N/mm’, the
load-displacement relations are obtained, as shown in
Fig. 9. The debonding initiation occurs when the shear
stress in resin at load end increases to local bond
strength. Thereafter, the shear stress begins to decrease
following the softening curve described in Fig.4 and the
debonding propagate along the bond interface. When
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Fig. 10 Crack evolution along interfacial concrete
elements

the shear stress in resin at the load end drops to zero ,
the maximum load-carrying capacity of bond interface
is reached, after which it will be kept constant until the
debonding propagates to the other FRP bond end. The
load-carrying capacity of FRP-concrete bond interface

250

are 109N, 170N and 237N, respectively. Compared to
the theoretical solutions calculated by Eq.(1), it is seen
that the ultimate load-carrying capacity of simulation
results are exactly matched.

This implies that mode II fracture assumption can
basically describe the debonding behaviors along
FRP-concrete interface in a macroscopic point of view.
It also provides quantitative relation between
load-carrying capacity of FRP-concrete bond interface
and Gf” and FRP sheet properties and thickness.

3.2 Simulation based on mode I fracture assumption

For the debonding propagation through interfacial
concrete, concrete crack is initiated as mode I fracture.
In this case, the debonding only occurs in a thin layer of
interfacial concrete while the adhesive layer is assumed
perfect. Hence, the interface elements and the concrete
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Fig. 11 Fracture energy release of mode I and mode II fracture assumption

Effective bond length
o3 = —
WLVWW*‘“&L, r : 4
-0.5200 250 3000 A 446 a5~ 500
[V} Ny, /
15 +G’f =0.2N/mm 2 %;\ f /f
T M -G -1.0N/mm k2 7 re
% | /
2.5 5 R A
i s X (mm)
T (MPa) r
3.5

Fig. 12 Shear stress distribution of interface elements along FRP-concrete interface by rotating smeared crack model
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Fig. 13 Load-displacement curves with different shear retention factor
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Fig. 14 Shear stress distribution of interface elements along FRP-concrete interface by fixed smeared crack model

elements except one layer bonded on the interface are
enforced to be linear elastic, as shown in Fig. 8.

(1) Rotating smeared crack model

By using the rotating smeared crack model, the
evolution of crack orientations at each cracked element
is presented in Fig. 10. Interfacial concrete cracks
initiate in the direction of nearly 45° or more inclined to
the loading axis. With continuing load, the crack
orientations gradually rotate and ultimately approach to
the horizontal direction. It means that fracture starts in
tension and subsequently proceeds in tension-shear.
Such a simulation result implies that the rotating crack
model is applicable to explain the evolution of
interfacial concrete crack that finally results in the
debonding failure.

With Gf1=0.2, and 1.0N/mm, Fig.ll gives the
load-displacement relationship by rotating crack model
and comparison to the mode II fracture assumption with
G/=12N/mm. Qualitatively similar to the results
obtained by mode II fracture model, the load-carrying
capacity of bond interface is enhanced and eventually
approaches to a constant value with the increasing mode
I fracture of concrete G/. Fig.12 shows the shear stress
distribution of interface elements along FRP-concrete
interface, which implies that the maximum shear stress
and the effective bond length are enhanced by
increasing fracture energy Gf]. However, discrepancy
appears when concerning the rationality of the value of
mode 1 fracture energy for concrete. Normally, the
mode [ fracture energy of concrete Gfl is generally
around 0.1~0.3N/mm, based on the experimental
researches (i.e. Lenke and Gerstle'”). According to the
mode II fracture assumption, G/'=1.2N/mm is also
regarded as a normal value identified from the
experimental data®.  Expectantly, the same bond
load-carrying capacity should have been obtained no
matter whichever interfacial fracture assumption is
applied. However, result shows a big difference. For
rotating crack model, Gf' must be increased to 1.0N/mm,

an unpractical value of mode 1 fracture energy of
concrete, to obtain the same load-carrying capacity of
bond, in Fig.11. It could be understood that rotating
crack model neglects the aggregate interlock on crack
surface, so as to underestimate load-carrying capacity of
bond interface. Such an aggregate interlock behavior
should not be neglected in concrete cracking, especially
when concrete is subjected to shear loading like the
present case. To consider the aggregate interlock on
concrete crack surface, an fixed smeared crack model
with a constant shear retention factor is also used.

(2) Fixed smeaed crack model

Can fixed smeared crack model obtain rationable result by
treating the aggregate interlock through a constant shear
retention factor 52 By fixing G/ =0.2N/mm, and varying =0,
0.001, 0.005, 0.01, Fig.13 shows fs influence to bond capacity,
where the legend “Rek” denotes rotating crack model and “f”
stands the shear retention factor in fixed crack model. When fis
set to zero or a rather small value, the load-carrying capacity is
low and similar to that of rotating crack model. When S

. increases to 0.005 and 0.01, the aggregate interlock behavior is

apparent. However, the load intends to increase continuously
but not approaches to a ultimate state, a stable macroscopic
debonding propagation. This can also be seen from the shear
stress distribution of interface elements along FRP-concrete
interface in Fig.14. In the cases of 5=0.005 and 0.01, the shear
stress at loading end does not decrease even though the
interfacial crack has begun to propagate and effective bond
length increases constantly. This is not an objective fracturing
behavior of interface. The aggregate interlock is overestimated
due to the constant accumulation of residuel shear stress along
the crack surface by a unneglectable constant shear modulus
and never intends to be released. It is suggested that the shear
retention factor does have its physical meaning to describe the
aggregate interlock behavior. But a non-zero constant shear
retention factor S tends to cause the shear stress accumulation
on the crack surface, thus resulting in incorrect simulation
result.
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Fig. 16 Shear stress distribution in interface elements by displacement discontinuity model

(3) Displacement discontinuity model

Considering the disadvantages of both smeared crack models, a
displacement discontinuity model is used, in which an
embedded crack surface is formulated in an element to release
the shear locking along crack surface encountered in fixed
smeared crack model. Moreover a softening curve between
shear stress and shear displacement is introduced for the reality
by consuming shear fracture energy Gf‘“. By fixing the concrete
fracture energy at G/=O.2N/mm as used previously and varying
the shear fracture energy Gflb, the load-carrying capacity of
FRP-bonded concrete prism increases, and the ultimate value
approaches a constant, as shown in Fig, 15.

By comparing to the simulation results by mode II
fracture assumption and mode I fracture assumption by
rotating smeared crack model, it can be seen that when
Gf”s is set to zero the load-carrying capacity is on the
lower limit similar to that of rotating smeared crack
model, while increasing G/* enhances the load-carrying
capacity of FRP-concrete interface. When G/*
=0.08N/mm, the same load-carrying capacity obtained
by mode II fracture assumption with G/=1.2N/mm can
be reached with unchanged mode I fracture energy
G/=0.2N/mm. It implies that the shear fracture energy
Gj”*' reflects the shear transfer ability of concrete and
plays an important role when shear fracture is
dominated.

Fig. 17 Crack pattern along interfacial concrete
elements by displacement discontinuity model
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Fig. 18 G{-G{" relations with varying G/

The shear stress distribution of interface elements also
gives reasonable results, in Fig.16. Fig.17 shows the
crack pattern in interfacial concrete elements. The crack
orientation in every element is fixed once it occurs,
which is similar to the crack pattern by fixed smeared
crack model. The difference is that displacement
discontinuity model only evaluates stress state at
element central point. Comparing to the fixed crack
model, the unrational shear locking disappears and the
effective bond length is well represented with the
increase of shear fracture energy Gf”s and constant Gfl.

Through a numerical fitting by displacement
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discontinuity model, a relationship between the results
based on mode II fracture assumption and mode I
fracture assumption in concrete followed by shear
transfer is obtained and shown in Fig. 18.

In case that the debonding fracture occurs along
interfacial concrete, both mode II and mode 1 fracture
assumptions for interfacial debonding should lead to the
same load-carrying capacity of the bond interface. The
shear fracture energy of concrete G”s is regarded as a
specification of both the concrete and the bonding
conditions. Therefore, introducing shear fracture energy
on crack surface after the mode I crack initiation bridges
these two assumptions.

4. Conclusions

A finite element analysis of debonding fracture using
different crack models is performed. It does not intend
to discuss the goodness of one model over the others,
but wants to provide a new view of the debonding
mechanism more physically in the FRP-strengthened
concrete structures — shear fracture in interfacial

concrete. The following conclusions are drawn:

1) For the debonding fracture occurring along the
interfacial concrete layer, both fracture assumptions
can be adopted to evaluate the interfacial behavior.
In mode I fracture assumption, the equivalent
interfacial fracture energy can be correlated with
some concrete properties, i.e. tensile fracture energy
and shear fracture energy.

2) Rotating smeared crack model can physically
describe the concrete crack evolution during
debonding  propagation  process. But it
underestimates the real aggregate interlock effect on
the crack surface.

3) Fixed crack model considers the shear transfer by a
constant shear retention factor §. But a big value of
may lead to accumulated residue shear stress on the
crack surface that

never vanishes, thus

overestimating the load-carrying capacity of
FRP-concrete bond.

4) In shear-dominated fracture, the fracture energy
release along the crack surface plays an important
role to describe the ability of shear transfer.
Displacement discontinuity model that introduces
shear fracture energy for shear transfer on crack
surface obtains rationable results.

5) The shear fracture energy release should be bonding
condition-dependent. Further study is necessary to get the
quantitative relation of such a dependence, thus providing

more efficient FRP reinforcing approaches.
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