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Abstract

Surface coatings are mainly applied to protect concrete structures against various environmental conditions. However, the interface between the concrete
and coating is a weak link, and interfacial delamination is the primary mode of failure. Fracture resistance is the main design criteria for these materials,
and therefore, it is necessary to investigate possible causes of interfacial failure for preventive measures. To this end, we have investigated the potential
failure mechanisms and measured interfacial strength by performing a pull-off adhesion test on epoxy coated cement paste. From the pull-off adhesion
test, adhesive (interface) failure between cement paste and epoxy is predominantly observed. It is observed that the adhesive (interfacial) strength for the
sample tested on 50th day is more than the 28 days hydrated sample. This is due to additional curing of cement paste samples after coating epoxy which
leads to higher interfacial strength. We also present the phase-field model (PFM) to predict the adhesive failure for this system. The results obtained from
the PFM, i.e., load at failure and crack path are validated against experimental results. Finally, the influence of various material parameters such as elastic
modulus and fracture energy of the interface on interfacial fracture behaviour is studied.
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1 Introduction

Concrete is the world's most commonly used construction
material and is the second most-consumed material after
water [1]. Due to the porous nature of concrete, the
structures made of concrete deteriorate when exposed to an
externally aggressive environment. Surface coatings are used
to protect against these different environmental conditions
and be the most effective form of protection. The durability
of different concrete coatings has been widely studied [2-5].
Almusallam et al. [2] evaluated the durability performance of
various types of coatings on concrete exposed to different
environmental conditions. The study showed that the epoxy
and polyurethane coatings were found to be more effective
than other types of organic and inorganic coatings. Berndt et
al. [3] investigated the effect of different supplementary
cementitious materials, protective coatings, and mortars in
improving the resistance to microbiologically influenced
corrosion in concrete cooling tower structures at geothermal
power plants. Epoxy coatings showed excellent durability
under laboratory and field conditions. The performance of
concrete-coating systems mainly depends on the interfacial
adhesion between them and hence proper adhesion should
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be ensured for the longevity of composite action. For
concrete-coating systems, the interface between concrete
and coating is a weak link and hence interfacial delamination
is the primary mode of failure observed with this material
class. However, there are very limited studies on the
interfacial performance of concrete-coating systems.
Experimental investigation of performance between various
coating materials and cementitious materials needs to be
done to investigate the possible causes and the mechanism of
failure associated with preventive measures.

As the experimental investigation of interfacial performance
is a cumbersome process and also time-consuming, this gives
a motivation to apply a numerical method to look into the
problem in hand. The cohesive zone method (CZM) [6] within
linear elastic fracture mechanics framework (LEFM) has
become popular and applied to study the interfacial fracture
behaviour between concrete and fiber-reinforced polymer
(FRP) [7,8], crack propagation in asphalt concrete [9], metals
[10], adhesively bonded joints [11], etc. However, there are
very few or almost no studies in the literature to understand
the fracture behaviour of a concrete-coating interface system
using finite element analysis (numerical analysis). The
cohesive zone method requires a predefined location of crack
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to model the failure and an ad-hoc criterion to describe
when/where a crack will nucleate. In addition to this, special
interface elements need to be inserted into the finite element
mesh, which can introduce mesh dependency issue or require
a complex algorithm to add interface elements dynamically.
Continuum Damage Mechanics (CDM) is a possible
alternative to alleviate these issues as it (a) does not require
complicated crack tracking algorithms (b) does not require
the assumption of a pre-existing crack [12]. However, CDM
models involve empirical parameters and excessive mesh
dependence of the results due to lack of internal length scale
in the formulation. The above limitations are circumvented by
the introduction of the phase-field method (PFM) for fracture
by the seminal work of Francfort and Marigo [13], and
Bourdin et al. [14]. The PFM was originally developed for
interface problems and applied to the material solidification
process [15]. Within the PFM framework, sharp interfaces are
approximated by a scalar field variable that is continuous,
which distinguishes between multiple phases within the
system.

The scalar field variable is called the phase-field parameter in
the fracture context, which is used to describe the completely
broken and intact material. Due to its attractive features such
as (a) able to deal with complex fracture, crack nucleation,
propagation, branching, coalescence, and fragmentation, etc.
in a stand-alone variational framework (b) no need to track
the crack trajectory even for non-smooth crack surfaces and
twisting cracks, the PFM is applied to a wider range of
engineering problems, some of which include ductile fracture
[16], brittle fracture in functionally graded materials [17],
failure in composites and ceramics [18], crack growth in rocks,
strength prediction in fiber-reinforced composite and
laminated composite, to name a few. Msekh et al. [19]
predicted fracture properties of the clay/epoxy
nanocomposites system using PFM and studied the influence
of interface thickness on tensile strength as well as dissipation
energy. In addition to application of PFM to model complex
fracture, recent focus is on development of the
computationally efficient schemes. Goswami et al. [20]
proposed a new physics informed neural network (PINN)
algorithm for solving brittle fracture problems. Kristensena
and E.Martinez-Pafeda [21] proposed robust and efficient
PFM by combining quasi-Newton methods and Monolithic
schemes. The monolithic quasi-Newton computation enables
to use much larger time increments relative to staggered
solution schemes and hence entire simulation time is 10 to
100 times faster than staggered solution schemes. In the
cement paste-epoxy composite system, the crack may
nucleate at three sites i.e., cement, epoxy or interface
between them and subsequently propagates along the
interface or within the concrete/epoxy. Predicting these crack
nucleation sites are crucial and challenging numerically and
hence PFM is used in the present work.

In this study, we have investigated both experimentally and
numerically, the possible failure mechanisms associated with
epoxy coated cement paste. The epoxy polymer was coated
on cement paste and the pull-off adhesion test was used to
assess the interfacial strength between them under tensile

load. Adhesive (interface) failure between cement paste and
epoxy is primarily recorded from the experimental
observations. For a better understanding of the failure
mechanism, the PFM model by assuming elastic material and
brittle fracture is developed and implemented in FEniCS [22],
an open-source finite element package. The main objective is
to simulate the fracture process of epoxy coated cement
paste within the variational framework and analyze the
influence of various material parameters such as elastic
modulus and fracture energy of the interface on interfacial
fracture behaviour.

The paper is organized as follows: Section 2 presents the
experimental details. The governing differential equations are
briefly presented in Section 3. In Section 4, a simplified finite
element model used in this work is presented and results
pertaining to both numerical and experimental assessment
are discussed in Section 5, followed by major conclusions in
the last section.

2 Experimental work

We use a pull-off adhesion test as per ASTM D7234-12 [23] to
determine the interfacial strength between the cement paste
and epoxy coating. The pull-off adhesion test is widely used in
the construction field as well as laboratory to measure the
bond strength between two materials [3]. The cement paste
samples (60 mm X 60 mm X 15 mm) are cast with a
water-cement ratio (w/c ratio) of 0.3 and cured for 28 days.
The samples are then coated with epoxy polymer of thickness
300 to 350 microns and allowed to cure for 7 days at the
laboratory condition (25+2°C and 70% +5 relative humidity) to
ensure the curing of epoxy before performing strength tests.
To investigate the effect of curing on interfacial adhesive
strength, we prepared another set of samples. The second set
of samples are coated on the 28" day and after epoxy curing
for 7 days again reintroduced into the curing tank by covering
the interface by tape till 50 days from the day of casting
before testing. Twelve numbers of representative samples
are considered for each day of hydration (i.e., 28 and 50 days)
and the samples failed in only interfacial or adhesive mode
are considered in the calculation of peak load.

We predominantly observed adhesive (interface) failure
between cement paste and epoxy from the pull-off adhesion
test, as depicted in Figure 1. This indicates that the cement
paste is sufficiently cured, and interfacial strength is the prime
concern for design. The average ultimate load at failure was
recorded to be 568.63 (+ 103.67) N and 832.52 (+ 131.95) N
for 28 and 50-days samples, respectively.

3 The phase field model formulation

In this section, we first present the fundamental theory of the
phase-field method, where the brittle fracture of material is
described by a scalar order parameter, i.e., the phase-field
variable, ¢. We next present the governing differential

equations and the solution methodology.
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Figure 1. Adhesive (interfacial) failure observed in the pull-off
adhesion test experiments for (a) a set of samples considered for 28
days of hydration and 50" day strength tests and (b) individual
sample.

2.1 Phase field formulation for brittle fracture
in epoxy coated cement paste

Within the PFM framework, the strong discontinuity, viz.,
crack is modeled by a diffused field variable ¢ [0,1] (see
Figure 2) in which ¢ = 0 represents intact material and
¢ = 1 represents completely damage material, respectively.
The crack surface is approximated by defining a regularized
crack density functional T, = [} (¢, V ¢,%,) [24] whichis
governed by the choice of length scale, #,. In this section,
only important equations pertaining to the modeling of the
strong discontinuity using the PFM are presented. For more
detailed discussion, interested readers can refer to the
literature [25,26].

Consider a linear elasto-static body with a discontinuity
occupying the domain Q c R%, where d =2 is the
dimension of the problem. The boundary is considered to
admit the decomposition of the boundary I" with outward
normal n into three disjoint sets, i.e,, ' =T}, UTy U, and
I, UTy = @. The closure of the domainis Q = QUT. Let
(u,¢):Q > R%be the displacement field and the scalar
damage variable at a point x when subjected to external

tractions t on Iy and imposed essential boundary
conditions (ﬁ, ¢3) on I, (see Figure 2).

Diffuse erack
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Figure 2. Schematic representation of the crack using discrete and
diffuse approach. Within PFM framework scalar field variable, ¢ is
used to represent the crack. Note that width of the diffuse crack is
controlled by the characteristic length scale, £,,.

The boundary value problem in the absence of body force is
then: find (u, ¢): Q - R% such that:

V.6=0in Q, (1)

4

o

—GC€0V2¢+{i+2H}¢=2H in Q, (2)

with the following boundary conditions:

V.o =ton Iy, 3)
u=uon Iy, (4)

Vé-n=0o0n Ty, (5)
av(e)

where ¢ =[(1—-¢)?+ k]T is the Cauchy stress

tensor and Y(e) = %A(tr(t»:))2 + utr(g?) is the elastic
energy density with 4 and A the Lamé constants, € =
%[Vu + VuT]is the small strain tensor, k is introduced for
numerical stability, and the history variable H is defined as:

H — {lp(s)' l/}(s) < an (6)

H,, otherwise

where H, is the strain energy computed at load step n. The
above model fails to distinguish between the crack growth
due to local tensile and compressive stress state. In order to
prevent the evolution of phase field variable in the localized
compressive region, Amor et al. [27] proposed additive
decomposition of elastic energy based on volumetric and
deviatoric part and Miehe et al. [28] proposed spectral
decomposition of the elastic energy density. These
approaches lead to a non-linear system of equations for the
elasticity as a result of the decomposition of the strain tensor.
This could be computationally expensive. In order to alleviate
this, Ambati et al. [25] introduced a hybrid approach in which
the linear momentum equation (Equation 1) is retained the
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same as the isotropic model and the evolution of the phase-
field variable is controlled by the tensile elastic energy i/

alone. This condition ensures that the phase field variable
does not evolve in the compressive regions and the linear
momentum equation (see Equation 1) is linear which reduces
the computational complexity. The modified phase-field
equation is given by:

—GC€0V2¢+{%+2H+}¢:2H”” Q (7)

o

whereH* = Irl[%)(]l//+(8(x,f)) .
€0,

Equation (4) is supplemented with the following constraint to
prevent crack face inter penetration:

Vi <y =¢=0 (8)
and

V() = %Mtr(s»i b pte(e?) ©)
with
e :i<gl>in[ ®n, and &= Yi.gn, ®n; (10)

I=1

where ¢ and n; are the principal strains and principal
strain directions, respectively.In this work, Equations (1) and
(7) are discretized using finite element method and solved
using a staggered solver, wherein, we solve for the phase-field
order parameter (¢) using the displacement field (u). Then,
the updated phase-field order parameter is used to solve for
the displacement field. Interested readers can refer to
Hirshikesh et al. [29] for more details for implementation and
solution algorithm.

4 Model

To numerically investigate the fracture process of epoxy
coated cement paste, a two-dimensional finite element
model for the pull-off adhesion test is developed. To take the
advantage of symmetry, only half of the model is considered
in the present simulations. The domain and the boundary
conditions for the boundary value problem are shown in

2.5mm L ;i
te Epoxy -
—
tc Cement paste

| 10 mm |
r 1

Figure 3. In order to simulate uniaxial tension, the bottom
edge is constrained in the y-direction and the right edge is
constrained in the x-direction. An incremental uniform
displacement is applied on the top surface after 2.5 mm from
the left edge to avoid boundary effects (see Figure 3). The
interface between cement paste and epoxy is considered as a
separate layer with the thickness equal to one-tenth of the
thickness of the epoxy coating, t; (see Figure 3). One of the
aims of the present study is to understand the role of the
interface on fracture strength of the epoxy-cement system,
and hence the interface is explicitly modeled in the current
analysis. Also, to make the model computationally efficient,
only some part of the cement paste i.e., 5 times the thickness
of the epoxy coating is considered for modeling.This
assumption is valid as fracture takes place near the interface.
For this work, the surface of cement paste is considered to be
ideally flat and a perfect bond between cement paste and the
epoxy coating is assumed.

The details of the material properties used for the simulation
are presented in Table 1. The elastic modulus E for 28 and 50
days cement paste is calculated from their characteristic
compressive strengths by using empirical relation E =

SOOOJE where fy is the characteristic compressive
strength [30]. The fracture energy and Poisson’s ratio for
cement paste are taken as a reference from the literature
[31,32].The elastic modulus and fracture energy for the epoxy
polymer are also taken as a reference from literature [33]. To
simulate adhesive failure, the elastic modulus of the interface
is varied by considering three cases: (a) elastic modulus of
interface () equal to the elastic modulus of epoxy (Ee) (b)
elastic modulus of interface (£;) equal to the elastic modulus
of cement paste (Ec), and (c) elastic modulus of interface
equal to the average of elastic modulus of epoxy and cement
paste. Out of three cases, case (a) shows interface (adhesive)
failure while the other two failed to simulate adhesive failure.
The influence of elastic modulus of the interface on interfacial
fracture is discussed in detail in section 5.2.

P
P _
.
-
7 Interface t110

Figure 3. Schematic of the FE model for the pull-off adhesion test. Where t: = 0.350 mm, tc=1.75 mm.
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Cement paste

(b)

Figure 4. Crack trajectory comparison for (a) 28-days, (b) 50-days hydrated cement paste samples using PFM and (c) experiment. The phase-field
model predicts adhesive failure which was predominantly observed in the pull-off adhesion test experiments.

The fracture energy of the interface is calculated from the
load-displacement response obtained from the slant shear
test experiments by considering brittle fracture. The area
under the load-displacement curve is the measure of fracture
energy. The values obtained were used as a reference for the
pull-off adhesion test. The fracture energy in Mode Il is
assumed to be nearly 10 to 15 times the fracture energy in
Mode | [34]. Therefore, in this work, to simulate adhesive
failure, the fracture energy of the interface is considered to be
10 times lesser than the fracture energy obtained from the
slant shear test.

Table 1. Material properties of cement paste, interface, and epoxy
polymer.

Material Elastic Modulus | Poisson’s | Fracture Energy
(MPa) Ratio (J/m?)

Cement 35000 0.24[32] | 25([31]

paste

(28days)

Cement 40000 0.24[32] | 30[31]

paste

(50" day)

Interface | 3500 0.25 40.5 (for 28 days)
57.6 (for 50 days)

Epoxy 3500 [33] 0.30 280 [33]

5 Results and discussion

In this section, we present the results for the study of the
epoxy coated cement paste system in terms of interfacial
fracture behaviour. Mainly, the fracture patterns i.e., crack
nucleation at the interface and subsequent propagation and
adhesive strength are presented. Section 5.1 presents the
feasibility of the PFM to simulate fracture behaviour of the
epoxy coated cement paste system and then understanding
is gained in terms of crack trajectory and load-carrying
capacity of the system by varying the interface properties in
Section 5.2. The domain is discretized (generated

unstructured mesh using Gmsh and converted to“.xml”
format to be used in FEniCS) with linear triangular elements
with at least 6 elements through the interface thickness. The
characteristic length 7 for all the problems is chosen as

0, =2h unless stated otherwise, where /; is the size of the

smallest element in the domain. The existing constraint on
discretization results in a smaller length scale than the

computed length scale from material properties, as £, =
27EGc
526 o2
response.

[35] and shows mesh independent load-displacement

5.1 Model validation against experimental
results

First, we validated the PFM model against the experimental
results of the pull-off adhesion test. Due to the application of
the uniform displacement at the top surface, the crack
nucleates at the interface and subsequently propagates along
the interface (see Figure 4). The red line shows the complete
failure of the material (=1) and the blue region ( $=0) shows

the intact state of the material. Note that there is a smooth
transition from blue to red color, which describes the diffused
crack as mentioned in Section 3.1. The crack trajectory is in
close agreement with the experimental observation as shown
in Figure 4.

The load-carrying capacity of the system is also analyzed in
terms of the reaction force. From the pull-off adhesion test
experiments, ultimate strength at failure is recorded and the
ultimate load was calculated by multiplying ultimate strength
by the area of the dolly (diameter: 20 mm). Figure 5 compares
the load-displacement response for 28- and 50-days hydrated
cement paste for different characteristic lengths. The
characteristic length scale £, = 0.0023 is sufficient to
predict experimental results. Though the crack trajectory is
similar for 28- and 50-days samples, the average load-carrying
capacity for the 50-days sample is more than the 28-days. This
gain in the load-carrying capacity is due to additional curing of
cement paste samples after coating of epoxy which leads to
higher interfacial strength. Table 2 compares the peak load
obtained from PFM and pull-off adhesion test experiments.
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The differences in the results of peak load obtained from PFM
and pull-off adhesion test experiments may be attributed to
the assumption of elastic materials and brittle fracture for
both epoxy and cement paste. Another reason may be the
assumption of an ideal flat surface of the cement paste and
the perfect bond between cement paste and epoxy coating.
However, in reality, the cement paste surface is not flat
because of the inherent surface roughness.

1200

1000

800

Reaction force [N]
3
o

400

200 |

1
1
]
1
1
1
1

i i
0 0.005 0.01 0.015 0.02
Displacement [mm]

Figure 5. Load displacement response for 28-days and 50-days
hydrated cement paste for different length scale parameters.

Once the model validation against experimental results is
completed, conducting a parametric study is essential to
investigate the influence of each input parameter on the
physical behaviour of the system. Therefore, the influence of
material parameters such as elastic modulus and fracture
energy of the interface on interfacial performance between
cement paste and epoxy is studied.

Table 2. Comparison of peak load from pull-off test experiments and
PFM.

Peak load in N
(Standard deviation in
parentheses)
28 Days 50 Days
Experiment 568.63 832.52
P ( 103.67) (+ 131.95)
Upper bound 600.21 819.82
of fracture energy
PFM Middle bound of | og g 686.83
fracture energy
Lower bound 376.02 531.12
of fracture energy

5.2 Influence of elastic modulus and fracture
energy of the interface on interfacial
fracture behaviour

Now, understanding of the adhesive failure and adhesive
strength is gained under the influence of different material
properties of the interface. The study is helpful for the better
design of the interface with higher fracture resistance. To this
end, we have investigated the role of elastic modulus and
fracture energy of the interface on the crack path and load-
displacement response of the cement paste-epoxy coating

system. The properties of the interface are varied by
considering three different cases:

e Case I: Elastic modulus of interface (E;) equal to the
elastic modulus of epoxy (Er) i.e., Ei= EE,

» Case ll: Elastic modulus of interface (E;) equal to the
elastic modulus of cement paste Eci.e., E/= Ec, and

* Case lll: Elastic modulus of interface (E:) equal to the

average of elastic modulus of epoxy and cement paste
Ep + Eq

2
Adhesive (interface) failure between cement paste and epoxy
was observed for case | (see Figure 4). This can be attributed
to the (a) lower fracture energy of the interface (refer Table
1) as compared to the epoxy, (b) lower elastic modulus of the
interface as compared to cement paste (though the fracture
energy is nearly the same). On the other hand, case Il and IlI
showed the cohesive failure of the epoxy polymer. The
cohesive failure of epoxy polymer is mainly because of the
lower value of the elastic modulus of the epoxy as compared
to cement paste although the fracture energy is very high in
comparison with cement paste and interface. This condition
forces the epoxy polymer to fail first. Hence, it can be
concluded that the type of failure is governed by both fracture
energy as well as elastic modulus of the material.

i.e., E, =

Now, to investigate the effect of fracture energy on the load-
displacement response, fracture energy of the interface is
varied from 23.3 J/m? to 57.6 J/m?, which is the lower and
upper bound of the fracture energy obtained from the
experimental load-displacement response. For the range of
fracture energy values considered, only the adhesive failure
was primarily observed. But the lower bound fracture energy
value under-predicts the value of the peak load at failure
while the peak load obtained from upper bound fracture
energy nearly matches with the experimental peak load
values. The comparison of peak load obtained from PFM and
pull-off adhesion test experiments with upper bound and
lower bound of the fracture energy are shown in Table 2.
Beyond the lower and upper bound of the fracture energy
considered, other types of failures, such as the cohesive
failure of epoxy polymer may become dominant. Hence,
critical fracture energy is a key factor for the interfacial
fracture behaviour between cement paste and the epoxy
coating. From the results of numerical analysis, it can be
concluded that the elastic modulus and fracture energy
governs the interfacial fracture behaviour between cement
paste and epoxy coating. Also, the types of failures (adhesive
or cohesive failure of epoxy polymer) mainly depend on the
elastic modulus and fracture energy of the material.

& Conclusions

The phase-field method is used to investigate the interfacial
fracture behaviour between cement paste and epoxy coating.
First, the model is developed and validated against the
experimental results of the pull-off adhesion test. The present
PFM formulation is proven to be capable of predicting the
crack path i.e., crack initiation and subsequent propagation,
and also the load-displacement response. The differences in
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the results of peak load obtained from PFM and pull-off
adhesion test experiments may be attributed to the
assumption of (a) elastic materials and brittle fracture for
both cement paste and epoxy (b) ideal flat surface of the
cement paste and the perfect bond between cement paste
and epoxy coating. Finally, the elastic modulus and fracture
energy of the interface are varied to investigate their effect
on the crack path and the load-carrying capacity. The results
obtained provide fundamental and quantitative insight into
the role of the elastic modulus and fracture energy of the
interface on the fracture path and load-carrying response of
the cement paste-epoxy coating system. The results obtained
can be used as a guideline to design high fracture resistance
epoxy coated cement paste. The presented PFM approach
can be applied for the prediction of interfacial fracture
behaviour between two materials such as a cement paste-
epoxy coating system. The results presented in this work may
be further improved by incorporating non-smooth interface
and viscoelastic response of the polymer material.
Furthermore, the development of an empirical relation
describing the dependence of fracture properties on the
curing time has the potential to serve as a useful design tool
in future.
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