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1 Abstract

The compliance method is based on simple force-displacement data and is successfully applied to

determine fatigue crack propagation in linear elastic, isotropic materials like metals and ceramics.

Here, we investigate its potential use in non-linear, time dependent materials like polymers, by

comparing its results with those of direct optical tracking experiments. The non-linear and vis-

coelastic behaviour of polymers proves to cause a strong loading condition- and time dependency

of the calibration curves and, as a result, no unique relation can be found for crack length as

function of dynamic compliance. Normalization of the dynamic compliance, using an apparent

modulus, slightly reduces the difference, but this still does not yield a unique functional description,

∗Author to whom correspondence should be addressed. E-mail: l.e.govaert@tue.nl

1



since the deviations between calibration curves appear to be related to stress enhanced physical

ageing during the experiment. Determination of the crack length via optical tracking prevails.

When impractical and when therefore the compliance method is used instead, results should be

taken with care.

2 Introduction

With polymers increasingly employed in load-bearing engineering applications, it is imperative to

be able to estimate the product’s lifetime under design specific loading conditions. Moreover, it is

essential to understand the mechanisms causing failure of the material. It is known that regarding

long-term failure of polymers, several mechanisms are operative that compete to eventually cause

failure. Three failure regions can be discerned: I) ”ductile failure”, caused by accumulation of

plastic strain, II) ”brittle failure”, caused by slow crack propagation, and III) brittle failure caused

by molecular degradation.1–4 In the present study, the focus will be on the mechanism active in

region II: failure due to crack propagation.

In region II, precursors of cracks are assumed to grow in time until the crack becomes unstable

or reaches a length that causes functional problems in a specific application (e.g. leakage of a

pipe once a crack has breached the pipe wall). Therefore, the lifetime of a product is basically

determined by two quantities: the initial flaw size, which may originate from processing (voids,

impurities, etc.) and/or handling (scratches), and the crack propagation rate, which strongly

depends on loading and environmental conditions.3,5–9 To evaluate the crack propagation kinetics

experimentally, a variety of methods can be used to monitor the crack length in time; some are spe-

cific to the type of material. Methods used are based on direct (optical) observations, on changes

in mechanical response of the specimen,10,11 on use of surface gages12,13 or on the specimens

electrical characteristics.14,15 A well-established method, based on changes in the mechanical re-

sponse, is the so-called compliance method.16 The basis of this method is that the stiffness of the

sample decreases with increasing crack length. For an isotropic, linear elastic material, the crack

tip opening displacement for a certain load can be related to the crack length inside the mate-

rial.11 The compliance method relates the crack opening displacement to two easily measurable
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quantities: applied load and specimen deflection. It uses a calibration curve to relate crack length

to compliance. Therefore, are crack lengths easily obtained, even for situations where direct crack

length measurements are difficult (e.g. in environmental chambers). There is no need for complex

data acquisition. The method can be performed on multiple machines without the need for a mul-

titude of (expensive) set-ups, like cameras, and computers. The compliance method is therefore

popular, well accepted, and widely applied to obtain the fracture toughness of metals17–21 and

ceramics.10,22 Inspired by these excellent results, the method was adopted to determine fracture

characteristics also for other materials that are not linear elastic and isotropic, such as bone,23–29

and polymers, including reinforced30,31 and non-reinforced thermoplastics,32 among which ultra

high molecular weight polyethylene33,34 and polyethylene pipe grades.35–38

It is not trivial to apply a method developed for linear elastic behavior on non-linear, time-

dependent materials, where the (apparent) modulus strongly depends on loading conditions and

loading time. Modifications of the method were therefore proposed; e.g. the use of an (averaged)

apparent modulus rather than the elastic modulus,26,27,29 or by separating the total displacement

in a geometry function and deformation function, via the so-called single specimen normalization

method.39,40 These modifications, the latter in particular, were reported to enable accurate frac-

ture toughness measurements on polymers.31,34,41–45 However, these studies focussed on determi-

nation of the (static) fracture resistance (J −R-curves), via experiments usually in displacement

control. In other words, the time-scale hardly differs for different experiments, and samples are

loaded for rather short time-scales before fracture. In contrast, at present is the characterisation of

(fatigue) crack propagation rates forced towards significantly longer testing times, due to increas-

ing resistance against crack propagation of currently available materials.5,46 The time-scale of an

experiment is therefore now directly related to the crack propagation rate, which is known to be

influenced by test conditions3,6–9 such as the magnitude of the load applied, the load amplitude,

the frequency, and the temperature, but also on specimen level by details such as the initial crack

size. Due to the non-linearity and time dependency of polymers, the question rises whether a

method such as the compliance method is actually applicable in these cases.

In the present study, fatigue crack propagation is measured for various polymers under several
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test conditions via optical tracking using a camera set-up. Simultaneous acquisition of both

displacement and loads, used to calculate the corresponding compliances, a large amount of cali-

bration curves result for a wide range of testing conditions, allows a direct comparison between the

crack length obtained via the compliance method and via direct optical observations. To evaluate

the accuracy of the compliance method, results from (separate) investigations on polycarbonate

and nylon are combined using different testing conditions and time-scales in different experiments.

Subsequently, the observed trends are confirmed by investigating crack propagation kinetics in a

high density polyethylene pipe grade.

3 Background

The compliance method is based on that the secant compliance, C, the reciprocal of the slope

force, F , versus the crack opening displacement of the sample, COD, is a unique relationship as

function of the crack length, a.

C =
COD

F
(1)

Using the materials Young’s modulus, E, and the sample thickness, B, the normalized secant

compliance, Ux, is obtained:11

Ux =
1√

ECB + 1
(2)

Subsequently, a calibration curve is required linking Ux to the crack length, a, that is normalized

using the sample width, a/W . The curve can be determined in two ways: analytically or experi-

mentally.

By analytically integrating the stress, that is characterized by the expression of the stress in-

tensity over the cross-section of the sample for different values of the crack length a/W , accurate

estimates of the compliance can be made given the measured crack opening displacement.11 When

the displacements are obtained via other means, e.g. by using local strain gages, one has to correct

for bending and the rotation of the sample. Saxena et al.11 derived the general expression of the
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normalized crack length as function of the normalized secant compliance:

a

W
= C0 + C1 · Ux + C2 · U2

x + C3 · U3
x + C4 · U4

x + C5 · U5
x (3)

For a Compact Tension specimen, with displacement measured via Clevis brackets (in line with

the load), the coefficients of Equation 3 read:16

C0 = 1.0002, C1 = −4.0632, C2 = 11.242, C3 = −106.04, C4 = 464.33, C5 = −650.68 (4)

The compliance method is based on the uniqueness of the relationship between compliance and

crack length. Thus, for a given geometry, every linear elastic, isotropic, homogeneous material

gives the same curve.

The question rises whether this approach is still correct when applied to non-linear, time-dependent

materials. Experience on polymers indicates that this is not the case,32,33 and the remaining option

is to determine the calibration curve experimentally by measuring the compliance using samples

with a pre- or in-situ determined crack length and a polynomial tool is used to obtain a functional

fit. The normalized compliance versus crack length results.26,29,33 However, since material and

specimen dimensions are usually constant per study, the only variable changing with crack length

is the secant compliance, C, and therefore often the evolution of the non-normalized compliance

versus crack length is used.10,23,30,36,37 Since creep crack propagation measurements are rather

time consuming, often fatigue experiments are performed to enhance the propagation,36,37,46–49

and the dynamic compliance, ∆C, is used within Equation 2 to obtain a normalized dynamic

compliance, ∆Ux. When a sinusoidal load is applied with a constant amplitude, the displace-

ments at both the minimum and maximum load of each cycle give the extremes in crack opening

displacement. The dynamic compliance of each cycle is calculated using the reciprocal of the

stiffness between minimum and maximum, from here on referred to as the dynamic stiffness, or:

∆C =
CODmax − CODmin

Fmax − Fmin
=

∆COD

∆F
(5)
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Where ∆C is the dynamic compliance, CODi the crack opening displacement at either the

minimum or the maximum load of that cycle, Fi, and ∆F is defined by Fmax · (1−R) where R

is the load ratio (see Figure 1):

R =
Fmin

Fmax
(6)

According to ASTM E647, for each new test at least one visual reading must be performed to be

R = 1

R = 0.55

R = 0.1

Fmax

Fmin

R↑

Figure 1: Schematic illustration of the applied dynamic load at different R-values.

able to correct the crack length, measured using the dynamic compliance, to the directly measured

real length. This is ultimately effectuated by defining an effective modulus, E′, and substituting

this value in Equation 2 to adjust all crack size calculations:

∆Ux =
1√

E′∆CB + 1
(7)

Once the crack length is obtained, the stress field near the crack tip is determined by the stress

intensity factor, K, which for a crack opening load (mode I) is defined by:

KI = Y σ
√
πa (8)

With Y being a geometrical parameter, a the crack length and σ the remotely applied stress. The

stress intensity factor for a Compact Tension specimen, as used in this study, at the maximum
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load reads:16

Kmax =
Fmax

B
√
W

2 + a/W

(1− a/W )3/2[
0.866 + 4.64(a/W )− 13.32(a/W )2 + 14.72(a/W )3 − 5.60(a/W )4

]
(9)

Where B is the sample thickness and W its width, measured from the centre of the fixation holes

(see Figure 2).

4 Experimental

4.1 Materials

Three different polymers are used: polycarbonate, polyamide 4,6, and high density polyethylene.

Polycarbonate (PC) is provided by Sabic Innovative Plastics, Bergen op Zoom (LEXAN™ 101R

resin) and received partly in the form of extruded 12 mm thick sheets (width O(m)) and partly as

a granular material. Polyamide 4,6 (PA46) is provided by DSM Geleen (DSM Stanyl® TW300),

and received as injection moulded plaques of 100x65x6 mm3. High density polyethylene (HDPE)

is provided by SABIC Europe, and is a bimodal pipe grade (SABIC® Vestolen A 6060R 10000),

obtained as granules.

4.2 Sample preparation

Tensile bars are injection moulded from PC granules, according to ASTM D638 Type I test spec-

imen specifications (cross-sectional area of 3.2x13.13 mm2). PA46 plaques are used as-received

and conditioned. Conditioning occurred in a humidity chamber at 62%RH and at 70◦C, and

lasted until the increase in weight in time became negligible (after approx. 3 months). A condi-

tion similar to end-use conditions of products (23◦C/50%RH) was reached. From HDPE granules,

200x200x15 mm3 plaques are compression moulded using a hot-press and subsequently surface

machined in two directions to obtain plates with a final thickness of 12 mm.

Compact Tension (CT) specimens are produced by cutting the sheets and plaques using a circular

saw followed by precision machining of the fixation holes and notch. From the injection moulded
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plaques, the samples are taken such that the crack grows parallel to the flow direction. The

dimensions of the Compact Tension specimen are determined according to the ASTM standard

E64716 and listed in Table 1. For the PC and HDPE the larger samples are used, with 12 mm

thickness, and for PA46 the smaller samples with 6 mm thickness.

Figure 2: Illustration of a Compact Tension specimen.

small large

B [mm] 6 12
W [mm] 32 64
H [mm] 38.5 77

Table 1: Dimensions for the Compact Tension specimen.

To fabricate pre-cracks of reproducible size, a custom made tool is used that clamps the specimen

such that a fresh razor blade can be tapped into the notch root by releasing a pendulum. The

exact initial crack length is subsequently measured using a microscope. The method proves to

realize consistent crack lengths.

4.3 Mechanical tests

Fatigue experiments are performed on two servo-hydraulic MTS Elastomer Testing Systems,

equipped with 2.5 kN load cells and temperature chambers. For the fatigue crack propagation

measurements, the specimen is mounted to the tensile stage by a Clevis bracket, with dimensions

according to the ASTM standard E647. The specimen can freely rotate around the pin and the

bracket contains one degree of freedom for axial alignment of the upper and lower part. A si-

nusoidal load is applied with a frequency of 5Hz, with for each test a constant load amplitude

(R-value) and maximum load. Time, load and displacement are recorded at every peak. For

transparent PC samples, a light from the top is used to illuminate the crack tip. For opaque

samples, HDPE and PA, a strong light source is placed at the back of the sample. It illuminates

the crack when opened.
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4.4 Camera data acquisition and processing

Crack propagation is monitored using a digital camera and a customized script based on the

MATLAB Image Acquisition toolbox. Cameras used are Prosilica EC1280 with a resolution of

1280x1024 pixels and equipped with either a 55 mm or a 50 mm lens. The cameras are positioned

perpendicular to the specimen surface at a distance such that the final crack covers the full width

of the image. A calibration image, made using a specimen with clearly visible calibration points,

is applied to correlate the number of pixels in the image to the physical crack length.

After each measurement, the Matlab-script locates the position of the crack tip. This crack length

is used to calculate the stress intensity factor using Equation 9. From the crack length as function

of time, the derivative is taken in each point using a linear regression of an interval surrounding this

point to obtain the crack propagation rate. Loads and displacements are recorded at the minima

and maxima of the load signals. Before obtaining the dynamic compliance in time, the signals are

first interpolated using a new linear time vector, because of the high frequency (5Hz) (Figure 3a).

Next, the crack opening displacement (COD) is found by subtracting the two interpolated signals.

The COD is subsequently normalized for the load amplitude to obtain the dynamic compliance,

∆C. The crack length in time results from the image acquisition, and the data is interpolated

using the same new time vector. These actions result in data of the dynamic compliance and the

corresponding crack length, in each time point (Figure 3b).
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Figure 3: a) Displacement versus time, where the inset shows the difference between the original data and the
interpolated points. b) Interpolated crack length and dynamic compliance versus time. Example used: polycarbonate
(70◦C, Fmax = 500, R = 0.2).
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To obtain better interpretable graphs, an extra data-reduction step is applied. The dynamic

compliance, as function of the crack length, and the crack propagation rate, as function of the

stress intensity factor, are interpolated over a constantly increasing vector along the x-axis. This

resulted in 75 data points equally divided over the complete x-range (crack length and stress

intensity factor, respectively).

5 Results

5.1 The influence of load ratio, R, and temperature

The crack propagation rate is strongly influenced by the load amplitude and thus the load ratio

R. In general, for the same maximum load, an increase in amplitude, thus a decrease in R-value

results in an increase in crack propagation rate and consequently a decrease in test time.50 Also a,

limited, effect of temperature is measured, and an increase in environmental temperature results

in higher crack propagation rates. Results of tests on PC are presented in Figure 4.

With larger load amplitudes, thus decreasing R-values, the dynamic compliance increases for

all crack lengths and the differences between the curves increase with increasing crack length,

see Figure 4a. Figure 4b shows that with increasing temperature the calibration curves shift in

vertical direction towards higher compliance values. Clearly, no unique relation of crack length

as function of the dynamic compliance results. Using a single reference curve could easily result

in errors in crack length of 30%. Next ∆C is normalized to yield ∆Ux. An apparent modulus

is chosen such that the initial normalized dynamic compliance equals that of the reference curve

at the initial crack length. The results of this normalization are presented in Figure 4c and d;

in both cases the reference curve was chosen at R = 0.1 and 23◦C. To match the normalized

dynamic compliance using this reference curve, the apparent moduli had to vary approximately

30%, which strongly exceeds the allowable range (10%) according to ASTM standard E647. Note

that the 30% variation also exceeds the 10% change expected due to an increase in temperature

as observed in DMTA. Despite the correction by normalization that gives an improvement for the

data at room temperature, see Figure 4c, with increasing temperatures deviations increase, see
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Figure 4d. The use of the apparent modulus corrects for the translations in vertical direction at

higher temperatures, but the shift is by a constant factor, thus also the curvature changes.

The use of the normalized dynamic compliance clearly does not result in a unique relation valid

for the complete range of R-values and temperatures. To illustrate this even more clearly, also

data of other R-values are added in gray in Figure 4d. If the reference curve is determined on a

short-term measurement (e.g. R = 0.1 at room temperature), the dynamic compliance measured

for higher R-values and temperatures would yield crack length values that strongly (in the order

of 5 mm) underestimate the physical crack length. Therefore, the use of the dynamic compliance

or the normalized one to calculate crack lengths, give insufficiently accurate results.
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Figure 4: Data on PC: Calibration curves of the dynamic compliance versus crack length at 23◦C (a,c), and different
temperatures at R = 0.1 (b,d). Figures (a,b) are raw data; (c,d) plot the lines normalized with apparent moduli
that make the lines fit to the reference curve (solid markers) at the initial crack length. In (d) the markers in colour
represent the data in (b) and markers in gray all the available data.
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5.2 The influence of load

The time-scale of an experiment is directly related to the crack propagation rate, which increases

with increasing maximum stress intensity factor, that scales linearly with the (maximum) load

applied. Figure 5a plots the dynamic compliance versus crack length for applying maximum loads

of 250N, 350N and 400N, while maintaining R = 0.1.
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Figure 5: Calibration curves of a) the dynamic compliance and b) the normalized dynamic compliance versus crack
length, for conditioned PA46, measured at 23◦C using R=0.1. In Fig.5b coloured markers indicate the data corrected
using an apparent modulus, E′, and the gray markers data without correction.

At small crack lengths, the dynamic compliance increases with increasing load and the curves

diverge at larger crack lengths. Again, no unique relation is found. Figure 5b plots the normalized

dynamic compliances of these curves with in gray the results using a single modulus for all ex-

periments (1GPa). Normalization of the coloured curves is done such that the compliance at the

start of each experiment equals the one for the 400N test, and the apparent moduli required were

9% and 25% larger for the 350N and 250N measurements respectively. Where the curves for the

two maximum loads overlap, the one for the lowest load deviates over the entire range of crack

lengths. Using the final value at the largest crack length for normalization would clearly yield

better results, but such a procedure requires to obtain reference crack lengths at multiple times

during the experiment, similar to an approach suggested by Berer et al.32 Many of the advantages

of the use of the compliance method would, however, vanish by doing this.
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5.3 Variations in initial crack length

Small initial cracks correspond to a lower initial stress intensity factor and, as a result, lower initial

crack propagation rates. Initial crack sizes are varied by releasing the pendulum (which taps the

razor blade into the notch root) from different heights. Results for PA46 samples measured at

140◦C, are shown in Figure 6.

As expected, the (via optical tracking obtained) crack propagation rate as function of the stress

intensity factor is, within experimental error, independent of the initial crack length (Figure 6a).

However, again no unique relation between the dynamic compliance and crack length is found, see

Figure 6b. Differences between curves increase with increasing test times (i.e. decreasing initial

crack length and increasing R-value).
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Figure 6: a) Crack propagation rates versus stress intensity factor, from crack lengths obtained via optical tracking
and b) the calibration curves for the dynamic compliance versus crack length, on PA46 with different initial crack
sizes measured at 140◦C using a maximum load of 300N with R=0.1 and R=0.3.

5.4 Confirmation: a HDPE pipe grade

To confirm the results obtained, we test a pipe grade of HDPE (PE100) using different initial

crack lengths, maximum loads and R-values. The calibration curves resulting from the fatigue

crack propagation measurements are presented in Figure 7.

This figure shows that:

- A decrease in dynamic compliances is found with increasing R-value and constant maximum

load.

13



0 5 10 15 20
0

0.5

1

1.5

2

crack length [mm]

∆C
 [µ

m
/N

]

 

 

F
max

=1750N

F
max

=1500N

F
max

=1400N

F
max

=1250N

F
max

=1000N

R = 0.1

a
0 5 10 15 20

0

0.5

1

1.5

2

crack length [mm]

∆C
 [µ

m
/N

]

 

 

F
max

=1750N

F
max

=1500N

F
max

=1250N

F
max

=900N

R = 0.3

b

Figure 7: Calibration curves of the dynamic compliance versus crack length for HDPE at 23◦C and various applied
maximum loads, for a) R = 0.1 and b) R = 0.3.

- An increase in dynamic compliance is found with increasing maximum load and constant

R-value.

- Deviations between different curves increase for increasing crack lengths with increasing test

time (decreasing forces, increasing R-values and/or decreasing initial crack length).

- For smaller initial crack lengths the differences slightly increase with increasing crack length.

The experiments illustrate that, when performing a study to determine the crack propagation

kinetics under varying experimental conditions (such as maximum load, R-value, initial crack

length, and temperature), large deviations in the dynamic compliance can be expected. Therefore,

it is impossible to use a single calibration curve as a reference to accurately describe the crack

length, neither as function of the dynamic compliance, ∆C, nor as function of the normalized

dynamic compliance, ∆Ux.

6 Discussion

Results of the experiments on (normalized) calibration curves obtained under different test con-

ditions can be summarized as follows: (i) The dynamic compliance increases with increasing

temperature and/or maximum load and with decreasing R-value, and (ii) Deviations between dif-

ferent (normalized) calibration curves increase for larger crack lengths, thus with increasing test
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times (e.g. via lower loads, higher R-values and/or smaller initial crack lengths). The effect of

temperature is easy to understand, since the modulus decreases with increasing temperature51

and therefore does its reciprocal, the compliance, increase. We will investigate the influence of

non-linearity in stress-strain curve and that of time- and rate-dependency, typical for polymers, in

somewhat more detail.

6.1 Changes in compliance

Figure 8 shows the force-displacement response of polymers under constant deformation rate:

linear up to a limited strain (approx.0.2%), and non-linear at higher strains. Figure 8a illustrates

that increasing the maximum load (at the same R-value) decreases the modulus, and therefore

increases the compliance. Figure 8b illustrates that with increasing R-value while keeping the

maximum load constant the modulus decreases and the compliance increases. In contrast, all

results on the Compact Tension-specimens used show exactly the opposite, and the dynamic com-

pliances decrease with decreasing amplitude. This could be caused by time- and rate effects that

were completely neglected.
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Figure 8: Influence of non-linear response on the dynamic compliance a) for different maximum loads while main-
taining the same R-value and b) different R-values with the same maximum load.

To investigate this further we plot the dynamic compliance as function of time in Figure 9a of stan-

dard tensile bars where no crack propagation occurs for different maximum loads and R-values.

Clearly, the dynamic compliances increase with increasing load for all R-values (as expected ac-
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cording to Fig.8a). Further for the lowest two loads (and at short-time scales for the highest load),

the dynamic compliance increases with increasing R-value, also according to the expectations of

Fig.8b. However, the dynamic compliances decrease in time, and the rate of decrease increases

with increasing R-value and with increasing maximum load. In other words, the rate of decay

increases with increasing mean load. Interestingly, for the highest load the decay in compliance is

for large R-values sufficiently fast to result in a decrease in compliance with increasing R-value,

already after 300 seconds of loading.

We can conclude that the dynamic compliance of polymers is strongly loading condition and time

dependent, even when no crack propagation occurs.

a

R↑
F ↑max

R↑

1050N

1575N

2100N

b

# cycles

Figure 9: Dynamic compliance on tensile specimens: a) Evolution of the dynamic compliance in time for several
maximum loads and R-values and b) the force-displacement response corresponding during the 10th, 100th, 1000th

and 7000th cycle under a maximum load of 2100N and R = 0.4.

After loading for a different number of cycles (R = 0.4; highest maximum load), the permanent

displacement due to cumulative plastic deformation gradually increases, see Figure 9b, while the

dynamic stiffness increases with time under load and hysteresis decreases. The material’s response

becomes more elastic with increasing number of cycles, which is in agreement with observations

reported in literature.52–54

The increase in modulus and decrease in damping is related to physical ageing, that is known

to cause an increase in resistance against deformation.55 The material gets stiffer. The rate of

physical ageing depends on temperature, but also on the stress.53,56–60 Figure 10 illustrates the

occurrence of physical ageing during fatigue loading, by measuring the yield stress after a certain
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time under load. Physical ageing is observed already at room temperature after relatively short

time-scales. These conditions are easily reached during fatigue crack propagation measurements,

even possibly before any (significant) crack growth has taken place.
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Figure 10: Evolution of yield stress of PC 101R after several loading times under R = 0.1 at 1Hz for different values
of the maximum applied stress. Markers represent measurements, lines ar added as a guide to the eye. Reproduced
from Janssen et al. 53

The occurrence of physical ageing during the experiments sufficiently explains why the dynamic

compliance decreases with increasing R-value and that differences in dynamic stiffness, and there-

fore the dynamic compliance, increase with the time-scale of the experiment (larger R-values,

smaller applied loads and/or initial crack lengths).

6.2 Crack propagation rates

Next we focus on the effect of differences in crack length on crack propagation rates as function of

the stress intensity factor. Figure 11 shows the crack propagation rates for HDPE, as obtained from

the data presented in Figure 7, and determined from crack lengths obtained from either the direct

camera measurements or from crack lengths calculated using dynamic compliance measurements

via a polynomial-based master curve fitted on the compliance, ∆C, or the normalized compliance,

∆Ux. As shown in Figure 12, data obtained with a maximum load of 1750N and R = 0.1 are

used as a reference. Crack propagation rates obtained from crack length measurements using

optical tracking show significant scatter at low Kmax-values for R = 0.1. In these experiments

stepwise crack propagation is observed, where a plastic zone behind the crack tip causes an arrest
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of the crack that lasts until the plastic zone is sufficiently deteriorated. The crack propagates

further and a new plastic zone develops; this process is repeated.47,61,62 To avoid obscuring by

too much scatter, data in this range should be excluded from the presented results. The crack

propagation rates calculated from the compliance spans a smaller range. This is caused by the

consequences of obtaining a functional polynomial description of the reference calibration curve.

This description is only valid within the range validated by the experimental range of the reference

calibration curve, hence extrapolation outside this range could cause incorrect crack lengths (e.g.

negative or extremely large). As shown in Figure 12, many of the measured compliance values

and crack lengths are out of the range of applicability.
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Figure 11: Crack propagation rates versus stress intensity factor, of HDPE (PE100), obtained via either camera or
the (normalized) compliance methods. For R = 0.1 (a) and R = 0.3 (b). Lines represent Paris’ law fits, using the
parameters in Table 2.

The differences between the crack propagation rates obtained via the different measurements are

very small, although differences tend to increase somewhat with increasing R-value. Since the

calculated crack length underestimates the actual crack length, also the stress intensity factor

is underestimated for the (normalized) dynamic compliance data. However, note that since the

stress intensity factor scales with the square root of the crack length these differences are less

pronounced. Nonetheless, this is an issue when the crack propagation rates are used e.g. to

determine the (dynamic) fracture toughness.63

Usually the Paris’ law is used to describe crack propagation rates in the range where its logarithm
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increases linearly with the logarithm of the stress intensity factor:64

ȧ = A(R) ·Km
max (10)

The pre-factor, A, is defined by the intersection at Kmax = 1, and m is the slope of the line,

and given in Table 2. Where for optical tracking the slopes m of the Paris law are identical for

different R-values and loads, see Figure 13a, the results obtained using the dynamic compliance

show that slopes increase with increasing testing times (decreasing load, increasing R-value), see

Figure 13b. Please note that the deviations are less when using the normalized compliance, since

then the error in crack length is smaller, but the changes in slope remain.

optical tracking ∆C ∆Ux

R [-] 0.1 0.3 0.1 0.3 0.1 0.3

A [m/s] 10−8.7 10−9.25 10−8.1 10−8.7 10−8.2 10−9.3

m [-] 6.8 6.8 5.6 7 5.2 6

Table 2: Paris’ law coefficients for the data presented in Figure 11.

We clearly find that results obtained via the (normalized) compliance method are time-dependent.

Therefore, although the use of the (dynamic) compliance is well-established within the field of
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Figure 12: Calibration curves of the dynamic compliance versus crack length for HDPE at 23◦C and various applied
maximum loads, for R = 0.1 and R = 0.3. The actual range of applicability of the polynomial fit (line) of the
reference curve (solid markers) is only where experimental data are available. And its boarders are indicated with
dashed lines.
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fracture mechanics of linear materials and isotropic properties, application outside this field should

be handled with care and optical tracking of the crack propagation prevails.

7 Conclusion

To study the accuracy of the compliance method in fatigue crack propagation studies on poly-

mers, that are non-linear, time dependent materials, we compare optical tracking with use of the

corresponding force and displacements. Calibration curves are obtained for many loading condi-

tions on a number of different polymers. It is shown that the dynamic compliance increases with

increasing temperature and maximum load, and with decreasing R-value. Differences between

different calibration curves increase with increasing test time (lower maximum load, smaller initial

crack, larger R-values), and no unique relation is found for the crack length as function of dynamic

compliance. Normalizing the dynamic compliance, making use of an apparent modulus, still does

not result in a single, accurate functional description. Therefore, it is impossible to use a single

calibration curve as a reference to sufficiently accurate describe the crack length, as function of

the dynamic compliance, ∆C, or normalized dynamic compliance, ∆Ux.

The origin of the deviations from a single calibration curve can be found in stress enhanced

physical ageing during the experiment. Physical ageing proceeds with time and is accelerated by

temperature and stress. Therefore, with increasing R-values, or increasing mean loads, a decrease
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Figure 13: Crack propagation rates versus stress intensity factor for HDPE as presented in Fig.11, obtained via
optical tracking (a) and the dynamic compliance (b) for R = 0.1 (open markers) and R = 0.3 (closed markers).
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in compliance is found. When the crack lengths obtained from the dynamic compliance are used

to find the corresponding crack propagation rates as function of the stress intensity factor, the

differences appear to be minor, but the stress intensity factor is consequently underestimated.

The parameters of the Paris’ law for each R-value obtained via optical tracking are independent

of the time-scale of the experiment, but, where optical tracking suggest a constant slope of the

Paris’ law, the slopes increase with increasing test time for the by the compliance method obtained

results. From this, it can be concluded that the use of the dynamic compliance on non-linear,

time dependent materials could result in discrepancies between the actual crack length and crack

propagation kinetics. Therefore we should interpret results on the measurements, both based on

the dynamic as based on the normalized dynamic compliance, with care and optical tracking is

preferred.
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