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urea/AISI 4340 steel composite structures. To obtain the fracture parameters, end notched
flexure (ENF) tests were conducted to validate proposed finite element models. The frac-
ture behavior observed from the tests was highly nonlinear and large plastic deformations
were involved during crack formation and propagation. A strain incompatibility model was

Ilf/fg(‘j’veolrld s introduced to describe the nonlinearity prior to fracture. This nonlinear and plastic behav-
Fracture ior made Linear Elastic Fracture Mechanics (LEFM) approaches not applicable to approxi-
Polyurea mate the fracture parameters. As a result of these experimental observations, finite
Steel element analyses of the ENF tests were performed to develop the necessary fracture
Finite element parameters for cohesive elements selected to replicate the failure modes. Good agreement
Cohesive element between the selected numerical models and experimental data was observed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, researchers have been seeking and developing new lightweight materials to reinforce existing structures
against impact and blast incidents that replace traditional, but heavier materials, such as armor plating. Possessing low den-
sity and good energy-absorbing characteristics, polyurea coatings have become potential candidates for retrofitting struc-
tures against such extreme events. In addition to its observed advantages under blast loads, polyurea offers other
advantages when compared to traditional coatings, including: fast cure time, moisture insensitivity, excellent physical prop-
erties, and high abrasion resistance. Many studies have been conducted examining applications of polyurea to wood, ma-
sonry, concrete, and steel structures for blast mitigation [1-3]. Since debonding of coating systems can result in
undesirable behavior, performance of polyurea coated structural systems, especially under blast loads, is suspected to be
dependent on the bond strength between the polyurea and substrate.

In this study, the bond strength between polyurea and a steel substrate was investigated. More specifically, the focus was on
using Mode II fracture to characterize shear bond strength of polyurea/steel composite structures. The objective of the study
described herein was to develop a numerical model to predict the Mode Il bond failure of polyurea bonded to steel so that
the resulting model could be used for accurate evaluation and design of polyurea coated steel components and structures.

Fracture strength can be related to the fracture energy and toughness based on basic fracture mechanics theory [4] and
can be quantified by experiments. To numerically simulate crack propagation, a numerical model is needed that relates
fracture energy and toughness to relevant constitutive relations that can be incorporated into standard finite element codes.
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Nomenclature

o separation in tangential direction

O failure separation in tangential direction

& compressive strain

& tensile strain

¢ cross section curvature

a ratio of the distance from the neutral axis to the outer fiber of steel and h
C resultant of compressive stress

G resultant of compressive stress in the top beam

G resultant of compressive stress in the bottom beam
Gic Mode II fracture energy

H the height of the steel beam

S maximum shear stress

T resultant of tensile stress

T: resultant of tensile stress in the bottom beam

T, resultant of tensile stress in the top beam

In the early 1960s, Dugdale [5] investigated the size of plastic zones in steel sheets containing slits and Barenblatt [6] dis-
cussed elastic equilibrium problems of brittle cracks. A cohesive zone modeling technique developed based on the concepts
of these two studies has been widely applied to study fracture behavior of various materials [7-16]. Achenbach et al. [7] con-
structed an analytical model to analyse bond stress and deformation near a crack and established a criterion to describe
crack propagation in bonded regions. Later, Ungsuwarungsri and Knauss [8] applied the concept of cohesive zone models
to study interfacial bond failure of composites and adhesives. At approximately the same time, Needleman [9,10] introduced
a cohesive zone model to study interfacial fracture between a viscoplastic block and a rigid substrate. Later, Ortiz and Blume
[11] used the concept of cohesive models to computationally study effects of bond decohesion and sliding on crack tip fields
within two linear elastic materials. Recently, Yang et al. [12-15] studied Mode I and Mode II fracture utilizing opening and
shear traction-separation laws and extended these models to quantitatively predict crack propagation under mixed-mode
conditions for adhesively bonded alloy joints in the bond region. More recently, Li et al. [16] used a cohesive zone model,
established by correlating numerical results with experimental data, to predict the Mode I fracture of adhesive joints made
of a polypropylene-based composite material.

Results of past studies focusing on cohesive zone model development and the application of these models to bond prob-
lems indicate that these techniques can be successfully used to quantitatively predict bond strength and crack propagation
in the bonded region and to simulate associated structural responses for various bonded material combinations. Conse-
quently, the cohesive zone approach was applied herein to model the Mode II fracture strength of polyurea bonded steel
components, one aspect of a larger study that focused on the blast resistance of polyurea coated steel structural components
[17]. The research summarized herein consisted of fracture tests (end notched flexure tests), development and validation of
finite element model, and construction of fracture parameters for cohesive elements selected to model the bond failure. Re-
sults from ENF tests provided a benchmark to assist with development of these numerical models and construction of frac-
ture parameters for the elements that were selected.

2. Experimental program

ENF tests were carried out to study Mode II fracture behavior of polyurea bonded steel specimens. A summary of the tests
that were performed follows. Results from the tests were used to obtain fracture parameters for cohesive elements.

2.1. Selected materials and specimen preparation

ENF test specimens were constructed of two AISI 4340 steel strips (355.6 mm x 25.4 mm x 6.35 mm) bonded by polyurea
with one end unbonded as shown in Fig. 1. The dimensions of the ENF test specimens were chosen to match dimensions from

Unbonded zone Polyurea

/] 25.4 mm

635mm| [ ¥ Steel [4
6.35mm| | Steel

50.8 mm

\ |
‘ 355.6 mm i

Fig. 1. End notched flexure test specimen.
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Table 1
Procedures for ENF specimen preparation.

Steel plates (355.6 mm x 355.6 mm x 6.35 mm) were
cut from a steel sheet using waterjet cutting machine.

Surfaces of the plates were degreased and
sandblasted.

Polyurea was poured on one plate and brushed evenly
over surface with one edge that was covered by a duct
tape to create an unbonded zone (50.8 mm wide).

A second steel plate was boned to the first steel plate
using polyurea.

The bonded plates were cured at zoom temperature
for two weeks.

a companion experimental study of Mode I fracture toughness of polyurea bonded steel members. That study utilized ASTM
D3433 [18] to proportion the specimens. Procedures used to prepare the specimens that were tested are listed in Table 1. The
polyurea was mixed with 0.127 mm beads as the spacer to control the bond thickness. The finishing polyurea bonded steel
plate was then cut into beam specimens using waterjet cutting machine to reduce heat generation caused by cutting. In addi-
tion, specimens from plate edges were discarded for quality control.

2.2. Test setup and procedure

The prepared specimens were tested under three-point bending using a 49 kN Universal Testing Machine. A uniformly
distributed line load was applied across the center of the beam by a semi-cylindrical bar welded to a loading block that
was connected to the testing machine. The test machine was set to displacement control with a loading rate of
0.508 mm/min. Loading was increased continually until bond failure was observed using the recorded load and testing ma-
chine crosshead displacement. A total of six specimens were tested. Fig. 2 shows the test setup.

2.3. Test results and their interpretation

Applied force vs. load line displacement diagrams are plotted in Fig. 3. Highly nonlinear and inelastic behavior was ob-
served prior to bond failure. The beginning of this nonlinear behavior was attributed to bond softening between the steel and
polyurea, and the later part of the nonlinear behavior was attributed to the combination of bond softening and steel plastic
deformation. As observed in Fig. 3, nonlinear behavior became prominent after the applied force exceeded 2 kN, indicating
that softening was initiated. Also, the applied forces at failure were above the calculated 3.85 kN yield load for the test spec-
imen, between 4.2 kN and 4.6 kN, indicating that steel yielding occurred before bond failure. The yield load was calculated
based on the assumption that the polyurea contribution to the composite section’s yield strength was negligible compared to
that of the steel section alone. This type of behavior indicated that bond was maintained well into the plastic range for the

Unbonded zone Polyurea
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Fig. 2. Schematic of the ENF test setup.
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Fig. 4. Schematic description of the nonlinear and inelastic behavior observed from the tests and an ideal load-displacement curve in which softening

behavior is absent in the specimen.

specimens that were tested, even bond softening occurred relatively early in each of the tests. Load carrying capacity
dropped immediately after the bond failed. The failure occurred at the interface of the polyurea and steel (adhesive failure).

Fig. 4 sketches a typical load-displacement curve observed from the tests superimposed onto an ideal load-displacement
curve in which softening behavior is absent in the specimen. It can be seen in Fig. 4 that linearly elastic behavior was not
evident prior to reaching F, and was attributed to deformation along the steel-polyurea interface and, subsequently, strain
discontinuity. Fig. 5 details strain profiles that could result for both strain compatibility and strain discontinuity cases. As can
be seen in Fig. 5, different strains naturally exist at the interface between the top and bottom steel beams and the polyurea

Interface A S
Ld (Ta)fes v __
(1-ar)'ec_PCo_____.

h ) h
Tt

&t

Strain compatibility

81(81)

Strain discontinuity

Fig. 5. Strain profiles for the strain compatibility and strain discontinuity cases.



1342 C.-C. Chen, D.G. Linzell/ Engineering Fracture Mechanics 77 (2010) 1338-1347

for the strain discontinuity model; tensile strain exists at the bottom surface of the upper steel beam and compressive strain
exists at the top surface of the lower steel beam, resulting in new neutral axes in the steel sections.

Strain discontinuity can occur when shear deformation exists in polyurea due to shear forces at the steel and polyurea
interfaces. The existence of shear deformation in the polyurea allows for steel deformation at the interface, which are coun-
tering the unbalanced shears in the steel sections. To maintain force equilibrium, the shear forces on the top and bottom of
polyurea must be equal in magnitude and opposite in direction. Consequently, strain profiles for the top and bottom beams
are antisymmetric as shown in Fig. 5.

To show that the observed softening behavior was attributed to shear strain in the polyurea, one can compare moment
capacities of a strain compatible section and a strain discontinuity section having the same curvature. Based on the strain
profiles (Fig. 5), one can compute the moment capacities of the two sections by applying internal equilibrium (illustrated
in Appendix A). The moment capacities for the strain compatibility and discontinuity sections are given in:

Meom = 1.33Th (M
My = (2a, — 0.67)Th (2)

Since ay is <1, My;s gives a smaller value than M. Therefore, an assumed loss of strain compatibility resulted in a de-
crease in the test specimen’s bending capacity, behavior that was observed during the tests. This finding suggests that using
a material model that can address the softening behavior is recommended for modeling Mode II interfacial fracture of poly-
urea coated steel systems.

2.4. Discussion

Critical fracture energy is a material property widely used to identify fracture strength of a material and to predict crack
propagation. This fracture energy is generally obtained from fracture tests such as double cantilever beam (DCB) test and ENF
test, depending on the nature of fracture. However, experimental measurements of stress, strain and fracture toughness are
difficult when plastic deformation exists. As stated earlier, significant plasticity was observed from the ENF tests conducted
in this study in both the vicinity of crack tips and in some regions in the steel during Mode II crack formation. Consequently,
this highly nonlinear and plastic behavior rendered using LEFM for approximating fracture toughness, and subsequently, the
bond strength, inappropriate. As a result, Mode Il material parameters were determined by correlating numerical simula-
tions to ENF test results.

3. Numerical program

The objective of the numerical study was to establish fracture parameters that can be used in finite element analyses to
predict Mode Il interfacial fracture of polyurea coated steel components. This was accomplished using LS-Dyna models of the
ENF tests and bond strength was characterized in the models using cohesive elements. As discussed earlier, cohesive zone
modeling techniques have been widely used to study interfacial fracture of adhesively bonded structures [9-16]. The past
studies indicated that cohesive zone modeling techniques are capable of predicting interfacial bond strength of a broad range
of materials. Therefore, the current study applied cohesive elements to model Mode II fracture in the bond region of polyurea
bonded steel beams.

3.1. Steel material model and mesh size validation

To develop the necessary cohesive element Mode II fracture properties for polyurea coated steel components, a LS-Dyna
model of the ENF specimens was constructed using solid elements to represent the steel with the polyurea bonded zone
modeled using the aforementioned cohesive elements. As observed from the tests, the ENF specimens underwent significant
plastic deformation before failure. Therefore, a material model that can accurately predict steel inelastic behavior was first
needed prior to obtaining bond failure parameters. Therefore, a preliminary numerical study that attempted to simulate
inelastic behavior of a single AISI 4340 steel beam under three-point bending test was performed to identify an adequate
steel material model. In this preliminary analysis, the mesh size was chosen to be 3.175 mm x 5.08 mm x 0.635 mm. An
elasto-plastic material model that incorporated a user-defined flow stress vs. effective plastic strain curve was used for
the steel. The stress—strain relation was defined using experimental data from steel tension tests (Fig. 6). Table 2 lists AISI
4340 steel material properties obtained from these tension tests.

Applied force vs. load line displacement (deflection at the midspan) from the numerical simulation was compared with
the experimental data as shown in Fig. 7. Good agreement was observed from the comparison, suggesting that the selected
material model and mesh size were adequate for the steel for this study.

3.2. Bond modeling

Mat_Coheisve_General (a cohesive material model provided in LS-Dyna [19]) which incorporates a traction-separation law
to represent stress—displacement relation for crack evolution was selected to model fracture at the interface of polyurea and
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Fig. 6. True stress-strain data from the steel tension tests.

Table 2
AISI 4340 steel material properties obtained from tension tests.

Yield stress (MPa) Tensile strength (MPa) Young’s modulus (GPa)
442.6 726.6 206.8

1.6

ENF test =z
14 - |cca-— FEM

1.2

0.8 -

0.6

Applied force (kN)

04

02

0 2 4 6 8 10 12 14
Load line displacement (mm)

Fig. 7. Comparison of applied force vs. load line displacement data: compare force-displacement data from the steel beam analysis with three-point
bending test data (single steel beam).

steel. The stress and displacement defined in the traction-separation law are the bond stress and the relative displacement at
the interface, respectively. Fig. 8a shows an arbitrary traction-separation law that can be defined by a user using this mate-
rial model in LS-Dyna. Bond strength starts to decline when the maximum traction, S, is reached. The area under the trac-
tion-separation law represents the critical energy release rate, Gyc. The failure criterion is based on the failure separation, Jy,
which is the tangential relative displacement when bond fails. Debonding is initiated when the tangential opening displace-
ment, 4, of the cohesive elements reaches d;. After the failure is initiated no force is required to increase the separation, and
the damage process is irreversible. Furthermore, in the cohesive model, the stiffness is reduced by damage when unloading
and reloading occur during crack evolution. Unloading and reloading processes follow the path labeled “unloading” as shown
in Fig. 8b.

Yang et al. [14] used a trapezoid traction-separation law to simulate elastic—plastic Mode II fracture of adhesively bonded
ENF specimens. In their study, fracture parameters were determined by matching numerical simulations with experimental
results. It was indicated that the obtained fracture parameters could be used to predict Mode II fracture without further cal-
ibrations. Consequently, in the current study, a simplified traction-separation law (trapezoid in Fig. 8b) was used to account
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Fig. 8. Traction-separation laws for cohesive elements: (a) an arbitrary traction-separation law that can be defined by users and (b) a simplified traction-
separation law that was used for cohesive elements in this study.

for the bond softening behavior using the cohesive elements. In this model, the traction and separation components were
used to represent the tangential stress and opening displacements (in the 1 and 2 directions shown in Fig. 9), respectively.
The corresponding Mode Il material parameter needed to accurately replicate the bond failure, the fracture energy (Gyc) and
maximum shear stress (S), were then determined by correlating numerical results with associated experimental data.

3.3. Fracture parameters for cohesive elements

As mentioned earlier, the ENF test specimens underwent a softening behavior before any plastic deformation occurred in
the steel. This softening behavior was primarily caused by the decrease in bond strength, which caused deterioration of com-
patibility between the beam cross sections leading to a reduced moment capacity and increased deformation. Consequently,
estimation of the beginning of the bond softening was made by identifying the start of the decline in the beam stiffness from
the experimental applied force and displacement curves. As discussed in the previous section, softening behavior became
evident after the applied force reached approximately 2 kN. Accordingly, it could be assumed that at 2 kN the shear stress
reached its peak and bond softening initiated. Since the bond softening behavior occurred at a relatively early stage during
the crack evolution, the maximum shear stress, S, was determined using the assumption that contribution of the thin poly-
urea layer to any section properties, such as moment of inertia, was negligible. This procedure was utilized to efficiently
establish parameters needed for cohesive elements for future computational studies. As the bond line for the tests that were
being modeled was located at mid-height of the specimen, it was of interest to determine the shear stress at mid-plane. The
calculated shear stress from the tests at the center of the section is 4.65 MPa. Hence, this shear stress was defined as the
maximum shear stress, S. With the maximum shear stress determined, the critical Mode II fracture energy was the only var-
iable left to be established for the cohesive elements. The critical Mode II fracture energy was determined using a trial and
error method until good agreement was established between the numerical model and experimental results for the ENF

-——
—_— _e—

&P G2

Deformed polyurea bond

Ly §

Cohesive element

Fig. 9. Bond modeling by cohesive elements.



C.-C. Chen, D.G. Linzell / Engineering Fracture Mechanics 77 (2010) 1338-1347 1345

Load line displacement (in)

0 0.2 0.4 0.6
5 T T T T T T
-~ 1
o
4 Uy !
, VoL >
= ///"/ ! —0.8
< )y’ 4 ENF tests 3
o 3 y —A—— FEM @
e / -~06 =
L 4 Q
3 .| &
= =
o ©
< 2
1L
Opf 0 0 0
0 4 8 12 16 20

Load line displacement (mm)

Fig. 10. Comparison of applied force vs. load line displacement data: compare force-displacement data from the ENF test simulation with ENF test data.

tests. From the simulations, the selected fracture energy was 3.5 MPa mm. Results of the analysis are discussed in the fol-
lowing section.

3.4. Results

To evaluate the effectiveness of the cohesive elements, force vs. load line displacement from the ENF test model contain-
ing the selected cohesive elements was compared with the experimental results. As can be seen in Fig. 10, the finite element
model was able to capture the softening behavior caused by the evolution of interfacial cracks between the polyurea and
steel (i.e. bond failure) and was able to accurately predict the strength of the ENF specimen. In addition, shear deformation
of the polyurea observed from the tests was also effectively modeled by the numerical simulations, resulting in strain incom-
patibility at the steel to polyurea interface. Fig. 11 shows the shear deformation observed from the tests and corresponding
simulations.

4. Conclusions

In this study, ENF tests were carried out to establish Mode II fracture parameters to predict interfacial fracture of poly-
urea/steel composite structures. The result of the ENF test showed that bond failure occurred along with significant plastic

Fig. 11. Shear deformation in polyurea was successfully modeled by the cohesive elements.
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deformation in both polyurea and steel, making LEFM not appropriate for approximating fracture properties. Therefore, a
finite element model was created to establish necessary fracture parameters to predict the bond strength of polyurea bonded
steel structures by correlating numerical simulations with ENF test results. For the numerical simulations, the cohesive zone
modeling technique was applied to simulate the Mode II interfacial fracture behavior of polyurea bonded steel specimens. A
strength softening model was used for cohesive elements to describe bond softening behavior. From the simulations, frac-
ture parameters for cohesive element models were established. The result of the simulation agreed well with the experimen-
tal results. A strain incompatibility caused by shear deformation in polyurea was introduced to describe the nonlinear
behavior before steel underwent plastic deformation and this strain incompatibility model was verified by the finite element
model. As obtaining fracture parameters with considerable plastic deformation is a challenge, the procedure used to obtain
fracture parameters for cohesive elements in this study provides an effective solution to the modeling of ductile bond fail-
ures of composite structures.
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Appendix A. Derivation of moments in strain compatibility and strain discontinuity sections
Derivations of formulas to calculate the moment capacities of the two sections presented in Fig. 5 are illustrated below.
A.1. Strain compatibility

For the section with the strain compatibility:
The resultant of the tensile stress:

_ Ebhe;  a.bh
T= 2 2 AD
The resultant of the compressive stress:
_ Ebhe.  ocbh
€= 2 2 (A2)

b is the width of the specimen. Due to internal equilibrium T = C and o, = .. Using internal equilibrium the moment in the
section is given by:

2
Meom = ("f”h) 2h=200 2o, (A3)

2 3 3

A.2. Strain discontinuity

For the section with strain discontinuity:
The resultant T;:

_ Eba,ha; & _ a?a.bh _

T: 5 5 a@T (A4)
Similarly, for C;:
2
c - Eba1£1a1.sc _ alo;bh _@C=@T (AS)
and,
bh 2
TZ:[(l—a1)8tE_|(1—a1)7:(1—a1) T (A6)
G, is given by:
bh 2 2
CZ:[(l—al)scE](l—al)T:(l—al) C=01-a)T (A7)
Using internal equilibrium the moment in the section is given by:

1 1 1 1 2
Mygis = Tq (h—§a]h) +Cq (h —§a1h) +T, |:§(l - a])h] +C; |:§(1 —a1)h:| = (201 —§>Th (AS)
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Accordingly, a ratio between My;; and M, is obtained:
M ;s
Mcom

Eq. (A9) indicates that when a; is <1 moments of the section with strain discontinuity are always less than moments of the
section with strain compatibility.

= (1.5a; — 0.5) (A9)
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