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a b s t r a c t
The fracture behavior of poly(methyl methacrylate) (PMMA) is studied using double cleavage drilled compression (DCDC) experiments. Increasing sample thickness is found to
increase the stresses required to propagate long cracks. Crack surface features show a correlation with regimes of crack growth. Decreasing hole size leads to signiﬁcant inelastic
deformation during testing and, after unloading, the formation of new stress-relieving
cracks at the central hole. A computational model using the experimental data estimates
the critical stress intensity factor of PMMA to be 0.6–0.75 MPa m½. Photoelastic observations are used to compare experimentally observed and simulated stress distributions.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
The double cleavage drilled compression (DCDC) test is a suitable method for evaluating the fracture properties of brittle
materials. Originally applied to glass [6], the test has been successfully applied to other materials [4,5,11,12] and interfaces
in bi-material sandwiches [14]. The DCDC test subjects a column of material with rectangular cross-section and central circular hole to uniaxial compression (Fig. 1). The geometry and Poisson’s effect create regions of tension at the apex and base of
the hole, leading to mode I cracks. As the axial compression is increased, the cracks are driven along the length of the sample,
slowly at ﬁrst and then more quickly, until being arrested by frictionally-constrained end conditions.
Most DCDC experiments published in the literature have been conducted using increments of load to grow the cracks.
Plaisted et al. [11] used displacement control for DCDC testing and observed two regimes of crack growth. The importance
of sample height, width, and hole size was investigated. A theoretical model was developed combining short and long crack
approximations. The model treats a DCDC sample with short cracks as an inﬁnite plate containing a hole, with corrective
factors accounting for the ﬁnite width. Once the cracks are sufﬁciently long, the DCDC sample is treated as a structure consisting of four beams bending under axial compression.
The DCDC geometry has been used to quantify healing in re-mendable polymers [12] and polymers containing microvascular networks [3]. There are several aspects of the DCDC conﬁguration that lends itself to studying healing in these
materials. Unlike the standard compact tension test, crack growth in DCDC samples is generally stable, and the crack length
can be controlled by the applied compression. Since the cracks cease to grow before they reach the ends of the sample, the
sample remains in one piece, allowing the crack faces to be brought together after unloading. This maximizes contact
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Young’s modulus
energy release rate
mode I critical stress intensity factor
crack length; measured from the edge of the hole to the tip of the crack
height of the DCDC sample
radius of the central hole in the DCDC geometry
thickness of the DCDC sample
internal energy
half-width of the DCDC sample
Poisson’s ratio
axial stress applied to the DCDC sample

between the crack faces, which is necessary for effective healing. After the cracks have been healed, the sample can be
retested. The new cracks will initiate and grow essentially in the same manner and over the same path as in the original
virgin sample.
Healable materials can be difﬁcult to produce and are often available in limited quantities. Repurposing a sample is one
way to conserve material, but compromises must be made on the sample geometry to make it suitable for all experiments.
Reviewing the DCDC literature, there is limited information on the effect of only some geometric parameters on the observed
fracture behavior. In the present work, we investigate the effect of sample thickness and hole size using a readily available
polymer: poly(methyl methacrylate) (PMMA). We complement this experimental work with a systematic computational
simulation to estimate the critical stress intensity factor from the experimental data.

Fig. 1. A DCDC sample. Under compression, pre-cracks (a) grow together to form cracks (b), which grow along the height of the sample (c).
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2. Experimental procedure
DCDC samples were machined from a sheet of Cyro Acrylite GP (PMMA) (Table 1). The samples were 50 mm tall and
12 mm wide, with 3, 4, 5, 8, and 11 mm thicknesses. Most of the samples contained a 3 mm diameter central hole, giving
a half-width-to-hole radius (w/R) ratio of 4. Two of the 3 mm thick samples contained a 2 mm diameter hole for a w/R ratio
of 6. The front and back faces of all samples were polished so the cracks could be clearly seen, while the remaining sides were
left as machined. To prevent out-of-plane buckling, the 3, 4, and 5 mm thick samples were tested in a brace. The brace consisted of two acrylic plates loosely bolted together around the sample (Supplemental Materials, Fig. 15). Cutouts in the plates
allowed a clear view of the hole and cracks during testing. The supported faces of the w/R = 4 samples were lubricated with
vacuum grease to reduce interfacial friction between the samples and brace. The brace-sample interfaces of the w/R = 6 samples were not lubricated, as the experiments were performed much earlier than the w/R = 4 cases, and friction was not noted
as a problem. The w/R = 6 samples required signiﬁcantly higher axial stresses for crack propagation due to the smaller hole
size, an effect that dominated frictional problems.
Before DCDC testing, a razor blade was used to create 1 mm deep triangular notches in the apex and base of the hole on
the front and back of each DCDC sample. This method of pre-cracking was found to be necessary for effective crack initiation
in PMMA samples [11]. In the present work, this method was determined to be insufﬁcient for thin w/R = 4 samples, as the
stored energy before crack initiation was sufﬁcient to start the cracks and propagate them to the ends of the sample. By cycling the applied load and incrementally increasing the maximum compressive stress, the formation and initial growth of the
cracks could be carefully controlled. A procedure using 1 Hz sinusoidal load cycling with a 3 MPa increase in peak stress
every 120 s (Supplemental Materials, Fig. 16) was developed to supplement the notching. This scheme was applied to most
DCDC samples (see Table 1). A different load cycling procedure was applied to w/R = 6 sample 3mm-6 (this notation gives the
thickness and a sample number) in order to initiate cracks without producing inelastic deformations. For this, the sample
was held in a bath of liquid nitrogen while the applied compression was linearly increased to 125 MPa in 1 min, sinusoidally
cycled from 125 to 175 MPa at 1 Hz, and then linearly decreased to zero in 1 min. After load cycling, all samples were unloaded and left overnight to allow any residual stresses to dissipate before DCDC testing.
Compression was applied using an MTS 309.20 load frame with a 22.2 kN load cell at a constant 0.5 lm/s displacement
rate. This rate was chosen to be slower than the 0.9 lm/s average displacement rate used by Plaisted et al. [11]. For comparison, a PMMA sample of similar dimensions to a w/R = 4 geometry used by Plaisted was tested using the constant displacement rate and showed excellent agreement with Plaisted’s results. During testing, the sample was loaded by ﬂat, polished
maraging steel plungers, 19 mm in diameter, guided by linear bearings in an aluminum frame. Photographs were taken every
30 s using a Nikon D70 SLR camera with Micro-Nikkor 70–180 mm ED lens. The autofocus-assist light of the camera was
detected by a photoresistor and recorded in the data to allow each picture to be synchronized with the applied load from
the load cell. The crack length in each picture was measured by counting pixels and normalized by the number of pixels that
measured the hole radius in the undeformed sample. The nominal applied stress was determined using the applied load and
undeformed cross-sectional area.
3. Experimental results
Four snapshots of a representative test are shown in Fig. 2. For the cases where load cycling was performed, the notches
were grown into through-thickness cracks with a normalized length (l/R) of approximately 0.7–1.0. During DCDC testing, the

Table 1
Nominal DCDC sample geometries and whether cracks were initiated via load cycling.
Sample

L (mm)

w (mm)

t (mm)

R (mm)

w/R

Load cycled

3mm-1
3mm-2
3mm-3
3mm-4
3mm-5
3mm-6
4mm-1
4mm-2
5mm-1
5mm-2
5mm-3
8mm-1
8mm-2
11mm-1
11mm-2
11mm-3
11mm-4
Photoelastic

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
8

3
3
3
3
3
3
4
4
5
5
5
8
8
11
11
11
11
8

1.5
1.5
1.5
1.5
1.0
1.0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
2.0

4
4
4
4
6
6
4
4
4
4
4
4
4
4
4
4
4
4

Yes
Yes
Yes
Yes
No
Yes (in LN2)
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
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Fig. 2. A DCDC test (8mm-2). (a) Load cycling has been completed and the pre-cracks have grown together; (b and c) a constant, axially applied
displacement rate drives the cracks; and (d) the test is stopped.

cracks developed a pronounced thumbnail shape with the maximum height in the middle of the sample and minimum
height at the free surfaces. The two cracks propagated axially, away from the central hole, as the axial compression gradually
increased. The crack growth was slow at ﬁrst, requiring relatively large load increments for relatively small increases in crack
length. This stage is termed the short crack regime. After a normalized crack length of approximately 1.5 was reached, the
crack extension began to accelerate. Beyond a normalized crack length of about 2, the cracks grew by signiﬁcant lengths with
minimal increases in load. This is the long crack regime, where the sample reaches an almost constant plateau stress. The
tests were stopped and the samples unloaded when the cracks grew to a sufﬁcient length or out of view of the camera. Tests
of thin samples were stopped much earlier than tests of thicker samples, since the supporting brace obscured the tips of the
cracks beyond a normalized crack length of 5 (for w/R = 4).

Fig. 3. DCDC experimental results for all w/R = 4 samples. Data points are marked by sample thickness. The single-line series, 11mm-3, was tested using
8 mm thick steel inserts between the sample ends and test ﬁxture (Fig. 4). The double-line series, 11mm-4, had no crack initiation beyond the triangular
notches prior to DCDC testing. The insert shows the mean, maximum, and minimum plateau stresses for each tested thickness up to l/R = 5.
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The effect of varying sample thickness is shown in Fig. 3. The short crack regime (l/R < 1.5) is reasonably independent of
sample thickness. Differences could be partially attributed to variations in the initial length of the cracks after load cycling.
The long crack regime shows a correlation between sample thickness and plateau stress. Thicker samples have a higher plateau stress than thinner samples. Increasing sample thickness from 3 mm to 11 mm translates to a 10% increase in plateau
stress. In other words, it requires 10% more stress to propagate a long crack along a thick sample than a thin sample. This
effect is not attributed to the brace as the unbraced 8 mm thick samples had consistently lower plateau stresses than the
11 mm thick samples.
Several of the thin samples tested in the brace show unexpected jumps in stress in the long crack regime. This was due to
the brace becoming too tight, constraining in-plane bending. During initial tests, the brace was loosened when this problem
was observed, resulting in the cracks jumping a ﬁnite distance. During later tests, the brace was continuously checked and
loosened when needed. Before a sample gets bound up in the brace, its plateau stress appears lower than other samples that
never become conﬁned. This effect was observed in the 3, 4, and 5 mm thick sample sets. The out-of-plane compressive
stress caused by the brace may enhance crack growth before ultimately the frictional and geometric in-plane constraints
take over and restrict growth. We have not studied the effect of out-of-plane compression on crack propagation here.
Two of the 11 mm thick samples were tested under altered conditions (single-line and double-line data in Fig. 3). One
sample, 11mm-3, was tested with 8 mm thick boundary conditions. After load cycling, 8 mm thick steel blocks were centered between the sample and steel plungers such that the front and back edges of the sample were unsupported (Fig. 4).
This arrangement allowed the edges to rotate around the boundary during testing. The results appear similar to previous
11 mm samples, indicating sample thickness at the boundary is not affecting the results. A second 11 mm thick sample,
11mm-4, was directly DCDC tested without prior load cycling. The notches grew together to form full cracks during the
course of the DCDC test. The stresses in the short crack regime are initially 10% higher than the load cycled 11 mm thick
samples, but the two sets overlap once the normalized crack length reaches 1.5.
The w/R = 6 samples showed signiﬁcant inelastic deformation. The ﬁrst sample, 3mm-5, was tested without load cycling.
After unloading, new cracks approximately 1 mm in length formed at the horizontal crowns of the hole, normal to the direction of the applied axial compression (Fig. 5). Similar tensile cracks due to unloading after inelastic deformation have been
observed in void collapse experiments [9]. The second w/R = 6 sample, 3mm-6, was load cycled in a bath of liquid nitrogen to
prevent inelastic deformation before DCDC testing. After the cracks were initiated, polarized-light photographs were taken to
conﬁrm no inelastic deformation had occurred. The DCDC results show the sample load cycled in liquid nitrogen (3mm-6)
required less stress than the non-load cycled sample (3mm-5) to propagate the cracks in both the short and long crack
regimes (Fig. 6). Asymmetries in the shape of the 3mm-6 crack tip could indicate the sample was beginning to buckle during

Fig. 4. DCDC experimental setup for 11mm-3. The 11 mm thick sample was tested using 8 mm steel blocks centered on the top and bottom faces.
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Fig. 5. w/R = 6 DCDC sample 3mm-5 after testing. (top) A front view of the entire sample. (bottom left) A close-up image of residual stresses around the hole
as viewed using polarized light. (bottom right) A close-up image of the central hole and cracks. The sample has been sanded down to mid-thickness and is
viewed using optical microscopy.

Fig. 6. DCDC results for all 3 mm thick samples. The w/R = 6 samples require signiﬁcantly higher axial stresses than comparable w/R = 4 samples to
propagate cracks.

DCDC testing despite the presence of the brace (Fig. 7). The addition of bending out of the sample plane would promote fracture of the DCDC sample.
4. Morphology of crack surfaces
Visual inspection of the fractured w/R = 4 DCDC samples reveals three regimes in the crack surface appearance (Fig. 8).
First, closest to the hole, is a region that is either smooth or contains ridges and valleys oriented parallel with the direction
of crack growth. The second region has a rougher appearance, with a chaotic collection of pits and peaks that appear as bright
speckles in photographs. The third region, farthest from the hole, consists of ridges and valleys radiating outward from the
center of the hole. This third region comprises most of the crack surface. Some of the thin w/R = 4 samples that were tested in
a brace have thumbnail-shaped bands in this region.
Photographs of the samples in the unloaded state were correlated with the crack length versus applied stress data. The
photographs were taken with the samples lying ﬂat and the crack plane parallel with the table. The hole was in the center of
the image, with the camera angled 45° above the front face. Each image was scaled such that the hole diameter equaled a
normalized crack length (l/R) of 2, as measured by the plot’s x-axis. The images were cropped to the size of the plot area
starting from the edge of the hole (beginning of the crack).
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Fig. 7. w/R = 6 DCDC samples after testing. 3mm-5 (top) was tested without prior load cycling, while 3mm-6 (bottom) had been previously load cycled in
liquid nitrogen to initiate the cracks (white regions near the hole).

Fig. 8. DCDC experimental results for w/R = 4 sample 5mm-2. The crack surface changes as the sample transitions from short crack to long crack growth.
The thumbnail-shaped band in region 3 correlates with the sample being arrested in-plane by the brace.

Comparing the scaled images with the acquired data (Fig. 8 and Supplemental Materials, Fig. 17–20) indicates a correlation between crack surface morphology and axial stress versus crack length DCDC results. As the sample transitions from
short crack to long crack behavior, the crack surface transitions from the speckled second region to the smooth ridges
and valleys of the third region. All w/R = 4 samples exhibited this behavior, including sample 11mm-4, which had not been
load cycled. The thumbnail-shaped bands in the long crack regime of several thin samples correlate with the samples being
arrested by the brace during testing. This morphology suggests the crack surface features are related to crack tip growth rate
with respect to the applied load. In the short crack regime the crack advances slowly as the axial load is increased, while the
long crack regime sees much faster crack growth, unless an over-tightened brace interferes.
The w/R = 6 sample 3mm-5, which was not load cycled, contained similar crack surface regions to the w/R = 4 samples
(Fig. 6). Since the sample underwent signiﬁcant inelastic deformation, the pictures could not be scaled and compared with
the data as was done with the w/R = 4 samples. The second w/R = 6 sample, 3mm-6, contained cracks with a bright region
corresponding to growth during load cycling in liquid nitrogen and a mostly smooth and clear area corresponding to growth
during the DCDC test (Fig. 6).
The crack surfaces of a 5 mm thick sample were examined using optical microscopy. After DCDC testing, the sample was
split axially, exposing the crack surfaces. The short crack regime where bright speckles appear in macroscopic photographs
has numerous shark tooth-shaped structures pointing in the direction of crack growth (Fig. 9) and consistent with the formation of crazes [13]. These structures were examined more closely using a scanning electron microscope. Small strands of
material protrude from some of the structures. Sample 3mm-6, which did not have the same macro-appearance as the rest of
the samples, was also microscopically examined (Fig. 10). The region of the crack grown during load cycling in liquid nitrogen has a chaotic pattern creating the highly reﬂective surfaces seen in photographs.
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Fig. 9. Microscopy images of the fracture surface of a 5 mm thick sample. The highlighted area of the crack surface (top left) was viewed using optical
microscopy (right). The triangular notches are visible on the top and bottom of the crack surface next to the through-thickness hole. The crack grew from
left to right. Small, shark tooth-shaped structures on the crack surface are the cause of the bright speckles in macroscopic photographs. (middle left) SEM
view of a tooth-shaped structure, and a craze (bottom left).

Fig. 10. Optical microscope image of the 3mm-6 crack surface. The crack grew from left to right. The chaotic pattern covers the region where cracking
occurred in liquid nitrogen. The relatively smooth region is where the crack was grown during DCDC testing at room temperature.

5. Finite element modeling
Models have previously been developed to estimate fracture toughness using DCDC experimental data. He et al. [4] use a
ﬁnite element approach and plane-strain linear elasticity, but do not consider nonlinear geometric effects that occur when
the cracks are long. The result is a linear relationship between axial stress and crack length that does not capture the plateau
regime of crack growth observed in the present work. Pallares et al. [10] combine linear elastic ﬁnite element simulations
and experimentally measured crack opening displacements to estimate crack shapes and stress intensity factors as a function of geometry and loading. Plaisted et al. [11] consider beam bending in their theoretical model for estimating critical
stress intensity factors for the DCDC test.
Here, an approach is developed that uses experimental results to estimate stored internal energy, energy release rate, and
critical stress intensity. The approach relies on ﬁnite element (FE) calculation for a sequence of crack lengths and includes
nonlinear geometric effects. In each simulation, one quarter of a DCDC sample is used with boundary conditions accounting
for the missing sections (Fig. 11). Crack length is prescribed through the use of traction-free boundary conditions along the
crack surface. Each model consists of 1690 shell elements with 1799 nodes. Reﬁning the mesh size by a factor of four did not
lead to a signiﬁcant change in simulation results. The mesh was not concentrated at the crack tip, since we are interested in
the total stored elastic energy for each crack length. While the geometric nonlinearities are included, the constitutive relation for PMMA is approximated by a linearly elastic isotropic model. Young’s modulus E = 3100 MPa was determined by uniaxial compression experiments. Poisson’s ratio m = 0.40 was assumed. Varying the Poisson’s ratio from 0.3 to 0.4, values
typical for PMMA [8], was found to have a minimal effect on the results. Since the w/R = 6 samples clearly deformed inelastically, the simulations focused on the w/R = 4 geometry. Both plane stress and plane strain cases are considered. The simulations are performed using the LS-DYNA implicit solver.
For each crack length, a complete simulation begins with a series of small displacement steps applied to the top nodes.
The total force required at each displacement step is determined and compared with experimental data for the associated

C. Nielsen et al. / Engineering Fracture Mechanics 91 (2012) 1–13

9

Fig. 11. Finite element model of the DCDC geometry.

crack length. Once the axial load of the model has been correlated with experiment, the internal energy is recorded and compared with the internal energy at the same displacement in the next FE simulation where the crack is one element longer. In
this manner the computer script ‘‘grows’’ the crack by one element length, Dl (Dl/R  0.2 for the studied element sizes),
while holding the displacement constant. Comparing the internal energy, U, before and after crack growth yields the strain
energy release rate:

G ¼ 2

DU
:
Dl

ð1Þ

The change in internal energy must be multiplied by two because the ﬁnite element model includes only one side of the
complete crack. The critical stress intensity factor is then:

K Ic ¼

pﬃﬃﬃﬃﬃﬃﬃ
GE0

E0 ¼ E
E0 ¼

E
1  v2

ð2Þ
for plane stress; and
for plane strain:

The simulations estimate the KIc of PMMA to range from 0.6 to 0.75 MPa m½ (Fig. 12). These critical stress intensities are
on the low end of the range given in literature for a variety of fracture experiments [7]. Using a long crack approximation for
the DCDC experiment, Plaisted et al. [11] estimates the KIc of PMMA to be 0.71 MPa m½, which falls within the range estimated here.
Examining individual simulation results, the thickest samples (11 mm) have a 10% higher KIc than the thinnest samples
(3 mm), which is consistent with plateau stress observations. The critical stress intensity factors estimated using plane stress
analysis are generally 1–3% higher than those calculated using plane strain analysis. The total variation in the estimated KIc
as the cracks grow is relatively small (±10% maximum), but follows a distinct pattern. During short crack growth (l/R < 2), KIc
for the load-cycled samples generally increases with crack length, particularly in the thicker, load-cycled samples. Since the
non-load-cycled sample maintains a relatively constant KIc in this regime, the increase suggests some damage has accumulated ahead of the crack tips during initiation. Damage would facilitate the initial crack growth during the DCDC test. Once
the cracks become long (l/R > 2), the estimated KIc decreases with crack length, indicating the cracks are becoming easier to
drive. The sides of the DCDC sample are now starting to bend outward, away from the crack plane, and viscoelastic effects
coupled with this change in geometry could increase the energy available to drive the cracks and therefore the material appears to lose toughness. Once the cracks become very long (l/R > 5.5–6), however, the sides of the DCDC sample have bent
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Fig. 12. Finite element simulation results of the DCDC test using two dimensional plane stress (top) and plane strain (bottom) shell elements.

outward so signiﬁcantly that the sample deforms permanently (see Fig. 14). Each marginal increase in crack length now
requires additional energy for plastic work. Since the simulation uses a linear elastic material model, it can only interpret
the crack growth in this regime as the sample appears tougher.

6. Photoelastic veriﬁcation
A DCDC experiment was conducted using polarizing light ﬁlters to observe the photoelastic effect. The photoelastic
fringes are compared with the stress fringes determined by ﬁnite element simulation.
The DCDC experimental setup previously described was modiﬁed slightly to accommodate additional equipment. A lamp
with a polarized ﬁlter was positioned behind the sample. A second cross-polarized ﬁlter was attached to the camera lens. The
ﬂash was covered so the only light captured by the camera passed through both polarizing ﬁlters. The sample was oriented
to face the camera. A ﬁrst-surface mirror was positioned next to the sample so the camera could observe the crack. This setup
ensured that each photograph would capture a front view and an angled view of the sample. A new DCDC sample was machined out of Acrylite GP PMMA. It measured 50 mm tall, 16 mm wide, and 8 mm thick with a 4 mm diameter central hole
for a w/R ratio of 4. It was prepared for testing in the same manner as discussed previously, including load cycling to initiate
the cracks.
A qualitative comparison of the photoelastic pictures taken during DCDC testing and the results of the ﬁnite element simulation indicates reasonably good agreement (Fig. 13). The distribution of Von Mises stresses within the ﬁnite element models has a pattern analogous to the photoelastic fringes observed. Around the hole, a butterﬂy-shaped experimental stress
distribution is estimated to have a 52° angle from the horizontal midline. The simulation produced a similar shape with
an angle estimated to be 57°.
The sample was also photographed using polarized light before and after DCDC preparation and testing (Fig. 14). Prior to
any loading, the sample shows two small areas of inelastic deformation at the apex and base of the central hole. This is where
the razor was pushed into the sample to create the notches. Immediately after load cycling, residual stresses are apparent,
but they dissipate within a few minutes. After DCDC testing, signiﬁcant residual stresses remain, particularly around the
hole, 90° from the direction of loading. The inelastic deformation that led to these residual stresses is likely the cause of
the discrepancy between the angles associated with the experimental and simulated stress distributions. The non-linear
material effects in the experiment were not captured by the simulation, which assumes perfectly elastic behavior.
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Fig. 13. Experimental photoelastic results (converted to grayscale) compared with ﬁnite element simulation results. (Left) The DCDC cracks are visible in
the angled view created by the mirror. (Center) Frontal view of the DCDC sample under polarized light. (Right) Von Mises stress determined by ﬁnite
element analysis. The stress concentration around the hole makes an angle of 52° in the experiment and 57° in the FEM simulation. Note: the grayscale
fringe levels only apply to the ﬁnite element results.

Fig. 14. The photoelastic DCDC sample at different stages during testing: after polishing, after load cycling, and after DCDC testing.

7. Discussion
Even though our analysis is presented both using plane stress and plane strain conditions, the plane stress case may be
more appropriate for our experiments. Plane strain conditions enforce an unrealistic global stress state, i.e. very large stress
component through thickness (out-of-plane component). However, the arched shape of the crack tip is developed due to the
locally different stress states between the free surface and the center; the height of the arch in the long crack regime was
1.2 mm in an 11 mm thick sample, and only 0.2 mm in a 3 mm thick, w/R = 4 sample. As expected [2,1] given the less constrained conditions for plastic deformation on the free surfaces, the crack growth is slower than inside the sample. This effect
can also be interpreted as a higher toughness at the free surfaces. In the thinner samples, the stress condition is more uniform through the thickness and therefore one observes a less pronounced arch.
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Each crack grows due to the tensile stress state ahead of the crack tip. This can be related to the applied axial load and
may be inﬂuenced by the way in which the end loads are applied. In general, the crack length is correlated with the applied
axial stress. Furthermore, the stress required to extend the crack has to be increased by a small amount for thicker samples
(10% increase for 3 mm and 11 mm thick samples). The distinction between thicker (e.g. 11 mm thick) samples and the
thinner ones (e.g. 3 mm thick) may be attributed to the more constrained global deformation of the sample. To evaluate this
hypothesis, we simulated 3D FE models of typical thick and thin (11 mm versus 3 mm) w/R = 4 quarter geometries with the
same crack length: l/R  4. In both cases the sample was expected to be in the plateau regime of crack growth. The axial load
was adjusted such that the opening stress component, averaged along the crack tip line would be equal. The value of axial
applied stress was then compared. It was found that the 11 mm model requires 3.9% higher axial stress compared to the
3 mm model, to produce the same average opening stress. Note the experimentally observed difference between the plateau
stresses in these two extreme thicknesses is 10%; however this entire effect is simply ignored in a 2D analysis. We must
further note a few observations and limitations about the analysis just mentioned. First and foremost, the analysis clearly
gives us an average state of stress, essentially masking the singular ﬁelds. Second, in our 3D FE models we assumed a straight
crack tip. Third, even though the average opening stresses are made equal, the maximum opening stress (in both cases
located at the center of the crack tip line) is different. In fact the maximum is about 11% higher in the 11 mm model.
However, it decreases more sharply towards the free surfaces in the 11 mm model, while it is relatively ﬂat in the 3 mm
model. Finally, we observed a substantial difference in the other stress component: the out-of-plane stress. In a 2D plane
stress analysis, this component of the stress tensor is assumed zero, while in plane strain analysis, it is predominantly
compressive. However, in both 3D analyses (11 mm and 3 mm), the out-of-plane stress is observed to be tensile and of
the same order of magnitude as the opening stress. Furthermore, on average and at the maximum point (center of the crack
line) it is about 60% higher in the 11 mm model compared to the 3 mm model. This difference could clearly contribute to the
crack growth and suggests the 2D simulations are more accurate for the relatively thin samples. However, the effect of the
three-dimensional state of stress around the crack tip will require further detailed study.
8. Conclusions
Decreasing DCDC sample thickness to reduce the volume of material was found to decrease not only the force but actually
the axial stress necessary to propagate long cracks. Using a brace that could frictionally constrain the in-plane motion of the
reduced-thickness samples to prevent their out-of-plane buckling is not recommended, as it clearly inﬂuenced the results of
several tests. However, using other buckling-prevention mechanisms that eliminate or minimize friction may be a viable
alternative when material quantities are limited. Furthermore, a 2D geometrical analysis is more applicable to a thinner
shape as discussed earlier. Reducing the DCDC hole size by one third led to signiﬁcant inelastic deformation, with one sample
forming new, stress-relieving cracks upon unloading. The morphology of the crack surfaces was correlated with the regimes
of crack growth data. The short cracks and long cracks have distinct surface features that are believed to be associated with
the velocity of the crack tip. A series of ﬁnite element calculations was developed to estimate critical stress intensity factors
based on the experimental data. The calculations include the nonlinear geometric effects, but use a linearly elastic constitutive relation. A qualitative comparison of experimental and simulated stress distributions showed reasonably good agreement, the limitations of 2D stress analysis notwithstanding.
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