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Abstract: The present study deals with the use of cohesive zone model to predict crack initiation load in
throughwall circumferentially cracked pipes. Crack propagation is first simulated using 2D Cohesive Zone
Model (CZM) on a three point bend (TPB) specimen to determine the set of cohesive parameters. The same
sets of parameters are used to predict the initiation of crack in throughwall circumferentially cracked pipes
by 3D finite element analysis. The pipes were modelled using shell-solid coupling to save computational
time and memory. The study predicted crack initiation load for three pipe configurations using 3D CZM with
an error of 6 to12%.
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1. Introduction

The possibility of predicting fracture in pressure vessels and piping has always been an issue of interest
to researchers. It is one of the driving forces which had led to the development of fracture mechanics. This
study is of particular interest to meet the high safety and reliability norms in design of equipment for
nuclear power plants, Integrity assessment of these structures involves the use of Leak Before Break (LBB)
concept which aims at the application of the fracture mechanics principle to demonstrate that pressure
components are very unlikely to experience sudden catastrophic break without prior indication of leakage,
in case of piping system investigation. This assessment requires detailed fracture mechanics analysis of
different piping components, e.g. straight pipes, elbows and branch tees. In structural integrity assessment,
an accurate and reliable way to evaluate fracture behaviour of components containing crack-like defects is a
full-scale experimental test [1], [2]. However, from a cost-effectiveness perspective, it is economically
unfavourable. One efficient way to replace such extensive test programmes is to use finite element (FE)
damage analyses. Piping components are mostly made of ductile material. Damage in such materials
exhibits in three stages viz. crack initiation, stable crack growth and instability. For leak-before-break
demonstration it is important to predict the two stages i.e. Crack initiation and development of instability.
Finite element analysis can be used to predict crack initiation and crack growth up to instability and
beyond.

For the prediction of crack initiation load in pipes schemes based on J-integral and COD (popularly known
as GE/EPRI method) are available. These schemes were first evolved for 2D geometries [3] and then for
pipe geometry with throughwall crack [4] and surface crack [5]. Afterwards, various researchers [6]-[11]

183 Volume 3, Number 3, September 2015



International Journal of Materials Science and Engineering

worked on the application of the method for different crack geometries and loading conditions. Recently
crack initiation was predicted in through-wall circumferentially cracked pipes and through-wall
circumferentially cracked elbows under bending load based on the J-integral concept using elastic plastic
fracture mechanics (EPFM) analysis [12], [13]. Han et al. [14] simulated ductile fracture of full-scale
circumferential cracked pipes using 3D fem based on stress-modified fracture strain model. Some other
approaches to simulate fracture are based on continuum damage mechanics approach (e.g., Needleman and
Tvergaard, 1987) one of such approach is the cohesive zone model (CZM).

The cohesive zone model, based on an idea of Dugdale [15] and Barenblatt [16], has found increasing
interest and applications in the past 20 years, because of its robustness, its limited set of parameters and
broad range of possible applications. The CZM is a phenomenological model, it incorporates the mechanical
processes that occur on crack propagation. Unlike other crack propagation methods of FEM e.g. Virtual
crack closure technique, Node release technique, it does not require calculation of stress singularity at the
crack tip this simplifies the crack growth calculations. Within the cohesive zone model, the damage and
failure of a structure is modelled along the predetermined crack path, by a damage-free bulk material and
special interface elements called as cohesive elements in which the material separation takes place. The
CZM does not represent any physical material, but describes the cohesive forces which occur when material
along crack path is being pulled apart. The damage behaviour of the material within cohesive elements is
described by the so-called traction-separation law (TSL), which contains two parameters, namely the
maximum traction sustainable by the element, 00, and a maximum opening separation 80, at which the
element totally fails. Beside the two parameters 60 and 60, a third quantity is defined by area below the TSL
curve, which represents the cumulative energy dissipated by the cohesive element upto total failure. It is
also known as the cohesive energy I'0. The cohesive energy represents the amount of energy supplied to the
material during the period of crack initiation to the end of crack extension. The cohesive energy is assumed
to be equal to the energy release rate in fracture mechanics [17]-[19]. Cui et al [20] showed that cohesive
zone model can be used predict the initiation of a crack and its subsequent growth. Cornec et al [21]
validated the use of cohesive zone model for crack simulation on three quite different materials in the form
of CT specimens covering a wide size range, of a tensile panel with a surface crack, and of a MT specimen
with a through crack. Jadhav et al [22] predicted both mode-I and mode-II stable crack growth using 2D
CZM within CT specimen. Recently some investigations have been carried out on crack simulation using
cohesive elements in 3D. Chen et al [23] investigated the effect on transfer of cohesive parameters from 2D
to 3D model on a CT specimen. Giuliese et al [24] simulated fatigue crack growth on a DCB specimen using
3D CZM and evaluated energy release rate using contour integral. Tardif et al [25] simulated stable crack
propagation in steel at 1173 K using a large displacement 3D cohesive element with eight nodes.
Evangelista et al [26] formulated and implemented a 3-D cohesive zone for mode I separation in a SENB
specimen made up of cementitious materials, which took into account for the thermodynamics of the
irreversible crack opening process. Danielsson et al [27] performed parametric study on beams with a hole,
by nonlinear 3D FE-analyses, using CZM based on plasticity theory.

Most of these researches were limited to the specimen level, in this paper an attempt has been made to
apply the cohesive zone models to the TPB specimen as well as pipe component. The present study has two
parts. In the first part, crack growth is simulated in 2D on a TPB specimen made from the SA333Gré6 pipe
material to determine the set of cohesive parameters for crack growth simulation. In the second part the
cohesive parameters determined from the 2D analysis are applied for 3D crack simulation in pipes with
different crack geometries.
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2. Rack Growth in TPB Specimen

2.1. Specimen Geometry

The three point bend specimen was of the pipe material SA333Gr6 carbon steel. The details of the TPB
specimen are given in Table 1

Table 1. Details of TPB Specimen [28]

Sr.no Width of the specimen w(mm) Crack depth/width (a/w) Thickness t (mm)
1 25.06 0.513
8.00

2.2. Material Parameters

The true stress-strain curve derived from the uniaxial tensile test on specimen made up the pipe material
is shown in Fig. 1 [28].
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Fig. 1. Stress-strain diagram for tensile samples machined from 219 mm OD pipes [28]

Table 2. Summarises the Material Properties

Material properties of SA333 Gré6 steel [28]

Yield stress oo 288MPa

Ultimate tensile stress oy 420MPa

Young's Modulus E 203GPa
Poisson's ratio p 0.3

2.3. Simulation of Crack Growth in TPB Specimen

To simulate the crack growth the TPB specimen was modelled in ABAQUS 6.10. Details of the study are
presented below.
2.3.1. Modelling

The TPB specimen was modelled in 2-D.The specimen was modelled as per the dimensions given in Table
1. Two sides of the TPB specimen on either sides of the crack were modelled separately and then these FE
models were attached together using a cohesive layer of negligible thickness. Since only a small amount of
crack growth is to be studied, the length of cohesive layer is taken 10mm from the crack tip, the rest of the
portion is just merged to obtain a single part. The material properties for the TPB specimen are taken from
Table 3. Incremental plasticity is used as per the data obtained from Fig. 1 and isotropic hardening law is
assumed. The material properties for cohesive elements are taken based on the traction separation laws
two laws were separately employed i.e. exponential and trapezoidal.
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Plane stress (CPS8R) elements were used for the body of TPB specimen and cohesive elements (COH2D4)
for the crack growth zone. A fine mesh near the crack front was employed. Element size of 0.2mm is used
along the crack front. Fig. 2a shows the finite element mesh for the entire TPB specimen. Fig. 2b shows
mesh near the crack front. The entire mesh consists of 50 linear quadrilateral elements of type COH2D4 and
16632 quadratic quadrilateral elements of type CPS8R. To simulate the experimental procedure, the roller
supports of TPB specimen was modelled using appropriate displacement constraints and on the top centre

node a uniform displacement in the y direction was specified.

I:l Detail X

Fig. 2 (a). FE discretization
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Fig. 2 (b). Detail near crack tip

2.3.2. Traction-separation law and cohesive parameters

For the ductile materials literature suggests (e.g., Scheider and Brocks, 2003a) use of exponential or
constant variation of normal traction with the relative normal displacement. The exponential
traction-separation law as shown in Fig. 3 was taken here in the following form:

In the exponential TSL dependence of the traction on the separation is given by [29]

The corresponding cohesive fracture energy I'ois given, [, = f05° o(6)ds

Hence the corresponding fracture energy is given by [, = %0050...... (D

For crack growth simulation, the two parameters, i.e, maximum normal traction/cohesive strength oo
and as the maximum/critical normal separation &g, are required to be given as input. Based on
experimental stress-strain data [28] stress corresponding to final fracture was assumed to be ultimate
tensile stress, this was taken as the cohesive strength (oo). ] at crack initiation i.e. 220 N/mm as calculated
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[28] was taken as cohesive energy I'o. Substituting value of I'y= 220N/mm and o= 420Mpa in Eq. (1), do
value is obtained, which is used as input in FE analysis.
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Fig. 3. Exponential cohesive law Fig. 4. Trapezoidal cohesive law

Keeping the cohesive parameters, i.e., cohesive energy (220N/mm) and maximum stress (420 MPa) the
same, analysis was again done for the same specimen considering a constant variation of traction with
separation [21] as shown in Fig. 4. This variation corresponds to §,=0.65mm.

2.3.3. Results

The comparison of the experimental and numerical variation of load vs load line deflection is shown in
Fig. 5. There is a good match between the experimental data and predicted numerical values obtained from
the FE analysis. Table 3 shows the maximum load values for various cases
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Fig. 5. Load vs load line displacement for TPB specimen
Table 3. Maximum Load Values for TPB Specimen
Cohesive law Experimental load value FEM load values Error
Exponential 6.25 KN 4.6 KN -26%
Trapezoidal 6.25 KN 5.6 KN -10.4%

[t is seen that in case of the numerical solutions the load decreases after reaching the maximum value this
is because crack growth is taken in account in case of the numerical solution while the experimental values
are for stationary crack. The decrease in load is due to decrease in the stiffness of the specimen on crack
extension. Negative error indicates over estimation of the load. One reason behind the over estimation may
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be the high stress values obtained at the load point nodes in the FEM procedure. Since the error in the
maximum load predicted by trapezoidal TSL is less, the trapezoidal TSL is considered for analysis on pipes.

3. Simulation on Throughwall Circumferentially Cracked Pipes

For the 3D analysis the cohesive parameters obtained from the 2D analysis on TPB specimen are used.

3.1. Specimen Geometry
Test components consist of straight pipes made of SA333Gr6 carbon steel material circumferential crack
at the centre of its outer span as shown in Fig. 6, these pipe specimens are subjected to four point bending

load. The geometric details of the test specimens are given in Table 4.
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Fig. 6. Geometry of pipe specimen.[1]

Table 4. Details of Test Components [1]

Test no. Outer dia. Wall Span (mm) Crack angle (degrees)
(mm) thickness(mm) — -
Outer Inner Initial After fatigue
pre-crack
SPBMTW(8-1 219 15.15 4000 1480 60 65.6
SPBMTW(8-2 219 15.10 4000 1480 90 93.9
SPBMTW(8-3 219 15.29 4000 1480 120 126.4

3.2. Modelling

The length of pipe is 4m with a diameter of 219 mm; hence to reduce the FE model size the pipe is
modelled using shell-solid coupling. The part of the pipe near the crack tip is modelled using solid elements
and rest using shell elements. The length of the solid portion is considered as 5VRt (R=Radius of the pipe,
t=thickness of the pipe). The limit of 5VRt is drawn from the definition of influence of distance of
discontinuity defined in ASME pressure vessel and boiler code [31].The crack was modelled considering the
pre-cracked geometry.

The domain is discretised using solid and shell elements, The cohesive layer is discretised cohesive
element (COH3D8); with an element length of 2 mm. the details of the mesh for specimen SPBMTWC-1 are
as follows: Total number of elements: 121773, 5136 quadratic quadrilateral elements of type S8R 114912
linear hexahedral elements of type C3D8R, 1725 linear hexahedral elements of type COH3D8. Fig.7 shows
the mesh along the crack front along with the shell-solid coupling.

3.3. Boundary Conditions

Since the pipe is subjected to four point bending, the lower edges of the pipe are supported by rollers
using appropriate displacement constraints at its outer span, and displacement control loading is given at
the upper nodes situated 1480mm apart. Fig.8 shows the boundary condition on the pipe model.

188 Volume 3, Number 3, September 2015



International Journal of Materials Science and Engineering

cohesive elements
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Fig. 7. Finite element mesh on pipe specimen SPBMTWC-1
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Fig. 8. Boundary condition on the pipe model

3.4. Results and Discussions

Fig. 9 shows the load vs load-point displacement curves for various pipes.
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Fig. 9. Experimental load vs. load point displacement curves for pipes.

The time increment corresponding to the first cohesive element deletion was recorded and the load
corresponding to this increment was taken as the crack initiation load. Based on this the details of the crack

initiation load for three cracked pipe configurations are given in Table 5.
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It is seen from the results that the load vs load line displacement has good agreement with the
experimental values upto the start of crack extension After crack initiation there is rapid reduction in the
load in case of the CZM. One reason for this deviation after correct prediction of crack initiation load is the
value of cohesive energy used.

Table 5. Crack Initiation Load for Various Pipe Geometries.

Pipe configuration Crack initiation load (KN) Error
Experiment FEM (%)
SPBMTW(8-1 194 206.88 -6.63
SPBMTW(C8-2 148 166.4 -12.23
SPBMTW(C8-3 116 128.87 -11.09

The cohesive energy was taken equal to the | at crack initiation this assumption still remains a paradox
for some researchers. The fracture energy release rate from the cohesive zone model computation is
generally not equal to the cohesive energy I'o. The difference depends on the cohesive law and disappears
only in an elastic specimen. The maximum deviation exceeds 40% [30]. In 2D CZM, very fine mesh 0.2mm
along the crack front is applied, in 3D CZM, however, due to computational constraints, we cannot use
sufficiently fine discretization. This constraint also has an influence on the accuracy of prediction of load vs
load line data. In case of the experimental procedure strain rate of 0.05mm/sec was applied, while in the
numerical solution due to limitation of computational resources a strain rate of 1.875 mm per time step
was applied. In case of the experimental tests on pipes there was out of plane crack growth while in case of
FEM simulation only in plane crack growth was considered. The transferability of various fracture
parameters from specimen to component level has always been an issue in fracture mechanics. The
cohesive parameters that were used for simulation on pipes were determined from simulation on the TPB
specimen, and were directly used for simulation on pipes. Due to these reasons the results deviated from
the experimental data.

4. Conclusion

From the present study on TPB specimen and throughwall circumferentially cracked pipes it can be
concluded that the cohesive zone models can be used to predict the crack initiation load with reasonable
accuracy. However a fine mesh along with smaller load increment can be used to obtain a good matching
between FEM and experimental load vs load line displacement. A study based on transferability of cohesive
parameters from specimen to component level is desired to predict the load-vs load line data with good
accuracy.
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