
Influence of High Pressure Drop Rates on
Fatigue Crack Growth

Hydraulic components in mobile machines are subjected to varying conditions
and loads, which limit their lifetime. In particular, high pressure drop rates are
suspected to increase fatigue crack growth rates. Existing studies on the fluid-
structure interaction inside fatigue cracks during fast pressure drops do not
explain increased crack growth in hydraulic systems. A laminar flow model was
developed to simulate the fluid flow inside a crack under periodic pressure loads.
The viscosity restrained the oil inside the crack, and the mechanical resistance of
the closing crack led to a high pressure increase. Knowledge of the pressure pro-
files inside fatigue cracks helps to estimate the effective fatigue damage during
transient loads.
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1 Introduction

Use cases in mobile hydraulics are characterized by varying
conditions and transient loads. Repeated loads above the fa-
tigue limit lead to wear and eventually to failure of hydraulic
components [1]. Even a few events above the fatigue limit can
have a negative influence on the lifetime of a component
through damage accumulation [2] and lead to failure if the
damage aggregation reaches the fatigue limit [3]. Accurate pre-
diction of fatigue damage is important for the design and test-
ing of hydraulic components. Knowledge of the fatigue mecha-
nism can eventually assist in real-time condition monitoring
and damage accumulation. Nowadays, material fatigue tests are
mostly performed in an accelerated process, in order to save
time while assuming the damage to be independent of the load
gradient. In hydraulic components, however, the damage does
depend on the applied pressure gradient [4]. The action mech-
anism of the component itself or external loads can cause pres-
sure gradients. For example, the piston chamber of an axial pis-
ton pump with a compression angle of 12� undergoes a
pressure gradient of 106 bar s–1 for a pressure rise from 0 to
250 bar at a pump speed of 7800 rpm [5]. These pressure gra-
dients occur both as positive and negative gradients. The im-
pact of a wheel loader’s bucket during loading is an example of
external loads causing high pressure gradients. The resulting
gradient can exceed a rate of 2 · 104 bar s–1 [6] and represents
an extraordinary stress for all connected components.

Certain standards have been established for pressure impulse
tests. Hoses are tested by periodic pressure loads in compliance
with ISO 6802 and ISO 6803. A typical cycle consists of a pres-
sure rise before the nominal pressure is held for a certain peri-
od and then reduced to the lower pressure level. The gradients
are defined by the test frequency (0.5–1.3 Hz) and the nominal
(system) pressure. For high-pressure components, the pressure

rise gradients are in the range of (2.5–6.5) ·104 bar s–1, which is
up to 100 times lower than the gradients occurring in mobile
machines. Similar standards have been established for active
and passive components in hydraulic systems in the aerospace
sector (ISO 6772:2012). In contrast to the positive pressure gra-
dient, the pressure drop rate is not specified in these regula-
tions.

Studies on the effect of fluid-material contact are known
from related fields. Davis and Ellison studied the effect of
hydrodynamic pressure on crack propagation in submerged
specimens [7]. Their experiments showed that the fluid viscosi-
ty opposed the closing of the crack and that the stress ampli-
tude was reduced due to an increased lower stress level of the
crack, leading to a small decrease in the crack propagation rate.
Lower crack propagation rates for highly viscous fluids have
also been reported [8], and the effect of high ambient pressure
on fatigue crack growth has been studied [9]. Crack grow rates
at cycle frequencies of 1 and 5 Hz at high oil pressure were
studied, with lower crack grow rates for higher frequency loads,
while crack grow rates were generally increased by high ambi-
ent pressure [9]. Tzou et al. [10] reported an increase in crack
growth rates for low fatigue levels, while at high fatigue levels
oil has a reducing effect on crack growth rates. In contrast to
hydraulic components, in which the material stress and defor-
mation of the component are caused by the fluid, in these
experiments, the specimens were submerged in the fluid and
an external load was applied. Flow regimes in cracks come to
attention with the concept of ‘‘leak before break’’ (LBB). While
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the majority of research has fo-
cused on large cracks with applica-
tions in the power industry, some
work has been done on narrow
cracks, such as those found in pres-
surized gas cylinders [11–13]. A
model of laminar flow performed
well for cracks when the grain size
is smaller than the crack width,
while for small crack widths, mod-
eling the turns and bends due to
material roughness is more accu-
rate [11]. Bagshaw et al. used a sim-
plified computational fluid dynam-
ics (CFD) model to simulate flow
rates in narrow cracks smaller than
three times the magnitude of the
surface roughness [12].

Another related topic is fatigue
crack propagation in lubricated
components with surface contact
pressure. Crack propagation has
been investigated in driven over-
rail systems [4, 14–17]. Bower stated that cracks in railway
tracks occur, especially when there is a fluid on the rails [4].
Crack growth of an existing crack only occurred at an angle
similar to the direction of movement and when the course of
the crack also pointed in the direction of movement. Other-
wise, the crack stagnated. In these cases, fluid is pressed into
the crack by the external load of the wheel, which results in a
hydrostatic pressure and a wedge effect inside the crack. The
theory of the underlying models and the investigations in [18]
point out that mixed stress intensity factors of mode I (open-
ing) and modes II and III (shear) act at the crack tip due to
their individual effects. Modes II and III occur primarily due to
the mechanical loading of the rail crossing, which can be ne-
glected for the approach presented in this paper.

Current research focuses on crack propagation in hydraulic
fracture systems, e.g., in oil and gas wells [19–21]. The main
considerations are the flow of a viscous fluid in an existing
crack, the crack propagation due to the hydraulic pressure, and
the deformation due to internal and external loads. Other pub-
lications in this field focused on modeling these effects with the
extended finite element method (XFEM) [22–24]. High rates of
pressure change during cyclic loads and possible correlated
effects, e.g., the oil wedging postulated by research on crack
propagation of railway tracks, were not part of these studies.
The methods used to model material fatigue could potentially
be adapted to crack growth in hydraulic components.

The above-mentioned studies lead to inclusive results on the
effect of fluid on material fatigue and its influence on compo-
nent lifetime. The influence of the pressure drop rate on the
fatigue crack growth of hydraulic components is yet to be iden-
tified. The aim of this paper is to describe the fluid flow and
the pressure levels inside a crack for high pressure drop rates
and to quantify their influence on fatigue crack growth. A lami-
nar flow model was developed for this purpose. The high-pres-
sure interior of an axial piston pump inspired the studied
geometry, which was proposed in [25], with an already estab-

lished fatigue crack. Fig. 1 shows a 2D representation of the
studied geometry, in which the crack was centered on the
opposite face of the pressure inlet at a straight angle. Through
the pressure inlet on the left side of the geometry, the external
pressure load was applied.

First, the elastic deformation of the component was studied
under the influence of pressurized fluid inside the crack to
quantify the wedging effect of trapped fluid. Then, a laminar
flow model was added to account for the fluid flow during
crack closure, and a parameter study was performed to quanti-
fy the effect of different pressure levels and pressure drop rates.
Finally, linear elastic stress intensity factors were used to deter-
mine the crack growth rates for the simulated load profiles.

2 Linear Elastic Crack Deformation

2.1 Elastic Crack Opening Displacement

The elastic deformation of the solid causes the crack gap to
open when the load pressure is applied (pressure rise) and close
(pressure drop) when the load pressure is released. During one
load cycle, the load pressure is applied with a certain positive
pressure rise rate, held for a certain time, and released with a
certain negative pressure drop rate. The elastic deformation of
the crack region, as shown in Fig. 1, is simulated with the com-
mercial finite element method (FEM) solver Ansys in a 3D
simulation. The mesh consists of a single layer and symmetry
conditions in the third direction, resulting in a pseudo-2D sim-
ulation. The solid regions are meshed with hexahedron and
prism elements with linear basis functions. Around the crack
and the crack tip, the mesh is refined by factors of 10 and 100,
leading to a total of 14,750 elements for the solid part. The fluid
pressure is assumed to be identical at all regions (Fig. 1) and
equal to the nominal load pressure before the pressure drop.
The material of the loaded part is modeled with linear elastic
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Figure 1. Geometry of the studied part with the fluid domains in blue (pressure chamber: dark
blue, crack: light blue), the fixed support on the right, and the pressure inlet on the left.
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material behavior and a Young’s modulus of E1) = 210 GPa and
a Poisson’s ratio of n = 0.3. The oil is assumed to be an incom-
pressible Newtonian fluid with the characteristics described in
Sect. 3.1. The deformation of the crack region was assumed to
be small compared to the dimensions of the part, and linear,
purely elastic deformation normal to the crack faces was
assumed. Under the assumption of linear deformation, the
crack opening displacement ey in Eq. (1) can be expressed as a
superposition of the crack opening displacement of a deformed
piece ey,e caused by the pressure force (of the fluid) on the com-
ponent faces (external pressure field) and the additional defor-
mation ey,i caused by the fluid pressure on the crack faces
(internal pressure field).

ey xð Þ ¼ ey;i xð Þ þ ey;e xð Þ (1)

The crack opening displacements caused by the internal and
external pressure are simulated separately by applying the load
pressure solely to the pressure chamber or to the crack faces.
For linear-elastic materials, the deformations can be super-
posed to calculate the total linear-elastic deformation.

During a pressure drop, the oil has to flow out of the crack for
the crack tip opening displacement to become zero (crack clo-
sure). A rising pressure gradient from the crack mouth to the
crack tip is established as the oil flows out of the crack. The max-
imum pressure of the oil is limited by the material resistance.
The oil pressure is equal to the force required for a crack defor-
mation of the size of the current oil volume. This leads to an
equilibrium between the flow resistance of the oil and the mate-
rial resistance of the solid part. First, a pressure release with a
nearly infinite pressure drop rate is theoretically considered. The
release time Dt is the ratio of the system pressure p0 and the drop
rate Dp0. As p0 is a constant and Dp0Dfi¥, Dt = p0/Dp0fi0, the
strain rate of a Newtonian fluid t = h(du/dy)fi¥, in which h is
the dynamic viscosity and u the velocity, as well as the hydro-
dynamic pressure Dpdynfi¥. Hence, Dpdyn is considerably
greater than the elastic resistance of the material. In this case,
the oil flow during the pressure drop can be neglected. Without
oil flow, the total deformation is constant during the pressure
drop. The deformation caused by the force of the external pres-
sure field is, however, decreasing.

The normal pressure sy(x) required for the crack to remain
open is simulated by imposing the crack opening deformation
ey(x,p0) as a boundary condition. The normal pressure sy(x)
required for the crack to remain completely open is, in theory,
the highest possible oil pressure in the case of high pressure
drop rates.

Under the assumption of linear elastic strain, the strain-pres-
sure ratio ey(x,p0)/p0 is constant, and the overpressure factor
kp, defined in Eq. (2), is introduced. The overpressure factor
only depends on the geometry of the component and material
properties and is independent of the system pressure.

kp xð Þ ¼
sy x; p0ð Þ

p0
(2)

The crack opening displacement is considerably larger at the
crack mouth than towards the crack tip. In consequence, the
relative volume change during crack closure has its peak at
the crack mouth. The linear elastic resistance, however, does
vary considerably less over the length of the crack. Fig. 2 shows
overpressure factors for the studied component. It varies along
the crack length. The highest crack overpressure factor is
observed at the crack mouth, and it decreases towards the crack
tip. Under certain conditions, this variation could result in oil
being pressed into the crack. An oil flow towards the crack tip
would lead to increased deformation of the crack tip region.
However, the crack tip deformation does not solely depend on
the crack tip pressure, but also on the complete crack pressure
profile and deformation. Hence, the complete pressure profile
during the pressure drop inside the crack must be studied, and
a specific crack tip pressure alone does not allow the conclu-
sion of an increased crack tip deformation. At the crack tip, the
overpressure factor is equal to one, as the stress intensity has a
singularity at the crack tip for linear elastic models [26].

3 Crack Flow Regime

For typical pressure drop rates, the oil flow cannot be neglected
during pressure release. A simplified model is introduced in
the following to account for the fluid flow inside the crack.

3.1 Laminar Fluid Flow

Fluid flow rates through cracks have been analyzed and com-
pared to theoretical results when assuming laminar flow be-
tween two parallel planes or flow through a pipe with bends
and changes in area [11]. The assumption of a laminar flow
between two parallel planes is accurate for large crack widths.
However, it underestimates the fluid flow through small cracks
with crack openings equal to or smaller than the surface rough-
ness. In the following, laminar flow is assumed for all crack
dimensions, as the introduced errors are assumed to be small.
Additionally, the flow resistance is proportional to the pressure
drop rate. Therefore, an over- or underestimation of the flow
resistance would lead to an over- or underestimation of the
corresponding pressure drop rates, but not alter the theoretical

Chem. Eng. Technol. 2023, 46, No. 1, 45–52 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 2. Overpressure factor for a component width of
by = 25 mm.

–
1) List of symbols at the end of the paper.
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considerations. The oil is considered to be a non-
compressible Newtonian fluid with a dynamic
viscosity of h = 0.046 Pa s and a density of
r = 860 kg m–3.

For two parallel planes which extend to a great
length, the volume flow Q in Eq. (3) can be calcu-
lated as a function of the pressure drop Dp, the
planes’ geometry b, h, and l, and the dynamic vis-
cosity h of the fluid [27].

Q ¼ bh3

12hl
Dp (3)

For cracks in hydraulic components, the as-
sumption of a constant height is not valid. The
cross section of the crack decreases from the crack
mouth to the crack tip. However, the change in the
cross section of up to 50 mm is assumed to be small
compared to the length of the crack. The crack was
modeled as M discrete sections with constant
height. In the case of a pressure drop, the crack
opening displacement is time-dependent. Eq. (4)
calculates the fluid flow Q between two discrete time steps
Dt = tn – tn–1 based on the crack size difference Dh(x), the crack
width b, and the section length Dl.

DQ xð Þ ¼ Dl b Dh xð Þ
Dt

(4)

Eqs. (3) and (4) can be used to derive the fluid pressure
loss for a crack section during crack closure in Eq. (5) and the
total fluid pressure at position x ¼ xm; m ˛ 1;M½ � and time
tn; t ˛ 1;N½ � by using the cumulative sum and the load pres-
sure p0(tn) in Eq. (6).

Dp xm; tnð Þ ¼
12 hDl

R l0

xm
Dh x̂; tnð Þdx̂

h xm; tnð Þ3Dt
(5)

p xm; tnð Þ ¼ p0 tnð Þ þ
Xm

m̂¼0

Dp xm̂; tnð Þ (6)

Eq. (6) is used to calculate the hydrodynamic pressure when
assuming that the crack is closed after pressure release for a
given system pressure and a specific pressure drop rate. The
results for certain system pressure levels and pressure drop
rates are plotted in Fig. 3. Given the magnitude of the dynamic
pressure at higher drop rates, it must be assumed that the
majority of the oil is not flowing out of the crack during the
pressure release but is forcing the crack to remain open.

Coupling the laminar flow model with the finite element
simulation would increase the computational cost considerably.
A linear elastic approximation is used in combination with a
polynomic regression to limit computational costs. Each dis-
crete section x ¼ xm; m ˛ 1;M½ � has a constant height. Eq. (7)
calculates the crack size, which consists of the internal hi(x,tn)
and external he(x,tn) pressure field, in relation to the current
pressure p(x,tn) in this section, the reference pressure pref, and
the coefficients a0 . . . an. The elastic interdependency between

the discrete sections of a constant crack height is neglected.
The total crack opening displacement h(x,tn) is the sum of the
displacement caused by the external load pressure he(x,tn), the
pressure inside the crack acting on the crack faces hi(x,tn), and
the initial crack size of the unloaded crack in correspondence
to the FEM model.

h x; tnð Þ ¼ hi x; tnð Þ þ he þ h0

with hi x; tnð Þ ¼ p x; tnð Þ
pref

a0 þ a1x þ . . .þ anxl� �

and he x; tnð Þ ¼ p0 tnð Þ
pref

a0 þ a1x þ . . .þ anxl� �
(7)

Neglecting the elastic interdependency between the discrete
sections leads to an underestimation of the crack size at the
crack mouth (x < 1 mm). The pressure at the crack mouth is
close to zero after the release of the system pressure. The defor-
mation of the crack mouth is, however, not zero and depends
on the other parts of the deformed crack. The crack size ap-
proximation is extended with the condition that the crack size
cannot diminish for x fi 0 to account for this interdependency.
A more accurate approximation is possible when considering
the effect of every section and modeling the crack heights as
matrix operation hi x; tnð Þ ¼ A�p tð Þ with the square matrix
A ¼ ai;j

� �
. Each coefficient ai;j; i; j ˛ 0;m½ � describes the influ-

ence of the pressure at section j on the crack opening displace-
ment at section i. Obtaining the coefficients ai,j of the matrix A,
however, is not trivial, as A has m2 unknown coefficients,
whereas hi x; tnð Þ ¼ A�p tnð Þ are only m equations. Thus, m
independent pressure profiles �p tnð Þ are required to calculate A.

The laminar flow equations cannot be solved directly, as
h x; tnð Þ and p x; tnð Þ are unknown. The load pressure p0 tnð Þ is
used as a boundary condition and as the initial solution for
all p x; tnð Þ. Using Eqs. (6) and (7), the system is iterated
towards its steady state (Fig. 4). When using a high temporal
resolution, small changes in the crack size h x; tnð Þ lead to

Chem. Eng. Technol. 2023, 46, No. 1, 45–52 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 3. Absolute pressure for different system pressures and pressure drop
rates under the assumption of complete crack closure during pressure drop.
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considerable pressure peaks and the system has difficulties
converging. For this reason, a high relaxation factor of
a ˛ 0:9; 0:99½ � is used to stabilize the pressure variable

pk x; tnð Þ ¼ apk�1 x; tnð Þ þ 1� að Þ~pk x; tnð Þ: (8)

The laminar flow approximation is compared to the solution
of the finite element solver for validation (see Supporting Infor-
mation).

3.2 Influence of Load Parameters

In the following it is assumed that the crack is filled with pres-
surized oil. Raise rate and hold time influence the fluid pressure
inside the oil (see Supporting Information).

3.2.1 System Pressure

The maximum system pressure influences the crack pressure in
two ways. Under the assumption of linear elastic deformation,
the system pressure is proportional to the deformation and, as
a consequence, to the crack size (Eq. (7)). If the crack size is
increased, the internal crack pressure required to maintain the
total deformation also increases proportionally. On the other
hand, the flow resistance decreases cubically with increasing
crack size (Eq. (3)). As a consequence, the relative pressure
overshoot decreases with increasing system pressure. For low
system pressure, no pressure overshoot can be identified, which
can be explained by the initial crack size. If the initial crack size
is similar to the total deformation, or even larger, the pressure
overshoot becomes insignificant. As the assumption of a cer-
tain size of an initial crack is a consequence of the meshing of
the fluid domain in finite volume simulations, it is considered a
modeling error. Since very low system pressures do not pose a
challenge regarding material fatigue, very low system pressures
are neglected in this paper.

Fig. 5 shows the pressure overshoot for different pressure lev-
els applied to the same geometry. While the absolute pressure
increases for higher system pressures, the relative overpressure
factor has its peak at 125 bar and decreases with the system
pressure. The pressure overshoot reaches its maximum at
900 bar. For a system pressure above 900 bar, the overpressure
factor of 1 indicates that the internal crack pressure does not
exceed the system pressure and no overpressure inside the
crack occurs.

3.2.2 Viscosity and Pressure Drop
Rate

The laminar flow property (Eq. (3))
gives a proportional ratio between the
flow rate Q and the dynamic viscosity h
The volume flow rate is proportional to
the crack size (Eq. (4)), which depends
on the pressure drop rate. From the
theoretical background, it can be con-
cluded that the viscosity and the drop
rate are proportional and reducing the
viscosity has the same effect as reduc-
ing the pressure drop rate.

In a certain range, the maximal overpressure increases for
higher pressure drop rates. However, the pressure overshoot is
bound, as it does not exceed the theoretical maximum derived
in Sect. 2 and does correspond to the system pressure for low
drop rates. Fig. 6 shows the maximum crack pressure in rela-
tion to the pressure drop rate. The maximum fluid pressure
inside the crack, which is observed at the crack tip, exceeds
the elastic pressure of the material for a constant deformation.
This leads to the theory that the non-uniform pressure distri-
bution, provoked by the fast release of the system pressure,
leads to oil being pushed into the crack tip. An increased defor-
mation at the crack tip region could then cause increased
fatigue damage.

Chem. Eng. Technol. 2023, 46, No. 1, 45–52 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Next Iteration

End

Figure 4. Laminar fluid simulation flow chart.

Figure 5. Maximum crack pressure and overpressure factor for a
pressure drop rate of 500 kbar s–1 and various system pressures.

Figure 6. Maximum crack pressure compared to theoretical
elastic pressure for a constant crack deformation (system pres-
sure = 300 bar)
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4 Fatigue Crack Propagation

Linear elastic stress intensity factors describe the effective
fatigue damage of linear elastic stress and strain in the vicinity
of a crack. For mode 1 loads, the stress intensity factor KI can
be calculated by using the crack strain occurring on the crack
faces nFEM (Eq. (8)) [28]. As the component is studied as a 2D
piece, the plane strain state is assumed.

KI ¼ lim
r fi ¥

E
4� nð Þ 1þ nð Þ

ffiffiffiffiffiffi
2p
r

r
vFEM (9)

Following the results of the laminar approximation of
Sect. 3.2.2, the load case of a system pressure of 300 bar and a
pressure drop rate of 100 kbar s–1 was used. For a crack pres-
sure above 800 bar the deformation at the crack tip could be
increased compared to the nominal load. Similar to the ap-
proach in Sect. 3.1, the resulting pressure sequence of the lami-
nar flow model was used as a boundary condition for the FEM
simulation. Fig. 7 shows the used pressure sequence, the maxi-
mum crack tip pressure, and the stress intensity factors during
one load cycle. The fluid pressure at the crack tip does exceed
the theoretical limit of 800 bar.

The crack size simulated with the FEM solver showed no
increase in the crack tip’s deformation during pressure release.
Fig. 8 shows the crack size and the linear elastic stress intensity
factors under nominal load and at the time of the maximum
crack pressure. Due to the high pressure overshoot, the crack
tip and the crack opening did not close at the same rate. The
influence of the local pressure at the crack tip was not sufficient
to cause the crack tip deformation to increase. Even with a
pressure overshoot of this magnitude, no oil was flowing into
the crack tip. The linear elastic stress intensity factors, which
depend after Eq. (9) solely on the elastic strain, did not increase
either. This leads to two possible conclusions, either the pres-
sure overshoot is not increasing fatigue damage, or the linear
elastic stress intensity factors are not able to explain the addi-
tional fatigue damage.

Currently, there are two explanations for the absence of
increased fatigue damage. First, elastic deformation is not suffi-

cient to explain the ongoing mechanism inside the crack. A
possible hypothesis would be that the increased internal pres-
sure leads to an increase in the plastic zone around the crack
tip and, as a consequence, to faster crack growth. Second,
impulse tests are sometimes performed at frequencies that lead
to partially filled cracks, where an increase in crack tip strain
for high pressure drop rate occurs (see Supporting Informa-
tion). This seems unlikely, as the overall crack growth rate
should be lower than in the case of low cycle frequencies with a
long hold time when the internal crack field is established.

5 Conclusion

The fluid-structure interaction inside a fatigue crack filled with
oil inside a hydraulic component was studied, and the flow
regime during pressure drop was modeled. In the case of high
pressure drop rates, the oil does not flow out of the crack dur-
ing the pressure drop due to the flow resistance of the oil, and
the fluid pressure inside the crack increases. In a theoretical
consideration, infinite drop rates were used to simulate the lin-
ear elastic pressure limit. In this case, the crack opening defor-
mation is constant and the magnitude of the strain caused by
the internal crack pressure field and external load pressure is
used to introduce a new load-independent overpressure factor.
Overpressure factors can be used to compare different geome-
tries and to describe how the elastic material resistance influ-
ences the resulting pressure magnitude. Especially in the front
part of the crack, the fluid pressure must increase considerably
to cause the required deformation for the crack to remain
open.

A laminar model was used to account for the fluid flow and
was combined with the FEM results. To decrease computation-
al costs, the elastic resistance of the component was simplified
and modeled as a polynomial regression. The simulation sup-
ports the assumption of increased pressure inside the crack
during the pressure release and shows the influence of pressure
drop rate, viscosity, and system pressure. In the case of partially
filled cracks, oil flow into the crack tip can be observed. For
completely filled cracks, however, no flow into the crack tip is
observed, and the crack tip deformation does not increase
during pressure drop. As a consequence, the resulting fatigue
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Figure 7. Stress intensity factor and pressure sequence during
one load cycle for a system pressure of 300 bar and a pressure
drop rate of 1,000 bar s–1 (solid) and mode 1 stress intensity fac-
tor (SIF K1, dashed).
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damage, which solely depends on the elastic strain, does not
support the hypothesis of increased crack growth for high pres-
sure drop rates.

In future work, CFD should be used to validate the findings
of the laminar flow model. The CFD solver can be directly
coupled to the FEM solver to account for the fluid-structure
interaction and to avoid discrepancies in the deformation of
the crack faces caused by the polynomial regression. In a sec-
ond step, XFEM could be adapted to simulate crack growth.
Additionally, plastic deformation can be included in the me-
chanic analyses to take non-linear and material hardening
effects into account. In particular, the influence of the pressure
on the size of the plastic zone should be the subject of future
studies, since an increased plastic zone would result in altered
fatigue crack growth.
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Symbols used

a [–] coefficient
A [–] matrix
b [mm] crack width
bx [mm] component size (x)
by [mm] component size (y)
E [MPa] Young’s modulus
h [mm] total crack size
h0 [mm] initial crack size
hi [mm] crack opening displacement by

internal pressure load
he [mm] crack opening displacement by

external pressure load
kp [–] overpressure factor
KI [MPa m–1/2] mode 1 stress intensity factor
l [m] crack length
M [–] number of sections
p [bar] absolute fluid pressure
p0 [bar] nominal (system) pressure
pref [bar] reference pressure
Dp0 [bar s–1] pressure drop rate
Dpdyn [bar] hydrodynamic pressure
Q [m3] volume flow
t [s] time

u [m s–1] velocity
x [mm] crack coordinate

Greek letters

a [–] relaxation factor
ey [mm] total elastic crack deformation
ey,i [mm] elastic crack deformation by

internal pressure field
ey,e [mm] elastic crack deformation by

external pressure field
h [Pa s] dynamic viscosity
r [kg m–3] fluid density
n [–] Poisson’s ratio
nFEM [m] crack face displacement
sy [MPa] normal pressure on crack faces
t [s–1] strain rate

Abbreviations

CFD computational fluid dynamics
FEM finite element method
SIF stress intensity factor
XFEM extended finite element method
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