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Featured Application: This work provides a comprehensive methodology to derive the fracture
loads of polymeric structural components containing keyhole notches and subjected to compres-
sive loading.

Abstract: This work analyzes, both theoretically and experimentally, the fracture process of square
specimens weakened by keyhole notches and subjected to compressive stresses. Two materials are
covered: general-purpose polystyrene (GPPS) and poly(methyl methacrylate) (PMMA). Firstly, the
load-carrying capacity (LCC) of the specimens is determined experimentally. Then, by using the
equivalent material concept (EMC) for compressive conditions coupled with the maximum tangential
stress (MTS) and the mean stress (MS) criteria, the LCC of the notched specimens is predicted. The
results show that by using the approach proposed in the present investigation, not only can the critical
loads in the keyhole notched polymeric specimens be precisely predicted, but also the corresponding
compressive critical stress of the two mentioned polymers can be successfully estimated.

Keywords: notch fracture; compressive loading; equivalent material concept (EMC)

1. Introduction

When defects such as U-shaped notches accumulate damage at their tip, leading to the
appearance of short cracks, a common repairing method consists of drilling a hole with a
radius (generally) equal to the crack length. Obviously, this repairing alternative will result
in the creation of a keyhole notch if the crack length is greater than the original notch tip
radius [1]. In addition, materials with brittle or quasi-brittle behavior like most polymers
require extra attention, because fracture in these materials usually occurs abruptly. In what
follows, some studies on brittle fracture of notched components are briefly described.

Regarding brittle fracture in notched components under pure mode I, pure mode II, or
mixed-mode I/II loading conditions, a number of papers have been published employing
various failure criteria (e.g., [1–16]), generally aiming to obtain the corresponding load-
carrying capacity (LCC).

At the same time, polymers have shown a wide range of applications due to their
broad spectrum of properties [17], and since polymeric engineering components usually
contain notches with different shapes and sizes, understanding their fracture behavior by
means of notch fracture mechanics (NFM) is crucial. In [12,13,18,19], the fracture behaviors
of poly(methyl methacrylate) (PMMA) and general-purpose polystyrene (GPPS) have been
studied in the presence of different notches and under various loading conditions. The
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fracture behavior of other notched or cracked brittle polymeric components has also been
investigated in [20–22].

The earliest research works on the brittle fracture of notched components under
compressive stresses were undertaken before the year 2000 (e.g., [23–29]). Numerous
fracture experiments were performed in [30] on rectangular graphite specimens containing
V-notches with end holes (VO-notches), with the goal of recording the fracture loads of
the specimens. In [30], also, the results of the experiments were successfully estimated by
means of the strain energy density (SED) criterion. In 2014, by employing the point stress
(PS) and mean stress (MS) criteria, Torabi and Ayatollahi [31] successfully estimated the
fracture loads reported in [30]. Ayatollahi et al. [32] suggested two new test specimens
made of PMMA for fracture testing under compression, and they used stress-based fracture
criteria in order to predict the fracture loads. Other investigations regarding the brittle
fracture of specimens made of PMMA and GPPS polymers weakened by round-tip V-
notches, keyhole notches, and VO-notches under mixed-mode I/II loading with negative
mode I contributions have been reported in [33,34], respectively.

Recently, Bura et al. [35] conducted purely compressive fracture tests on PMMA
specimens weakened by notches with different shapes and sizes, and using a high-speed
camera, they analyzed the strain evolution during the fracture processes. Their valuable
work has provided an effective tool for understanding the mechanisms of failure, and
the types of crack nucleation and propagation from the notch edge caused by the local
compressive stresses.

In 2012, with the aim of simplifying the prediction of fractures in notched/cracked
ductile members with nonlinear behavior, a novel concept, called the equivalent mate-
rial concept (EMC), was proposed by Torabi [36]. This concept has been successfully
used together with traditional linear elastic fracture mechanics (LEFM) criteria for the
estimation of the nonlinear failure of components containing different kinds of stress
concentrations [36–42].

For the first time, the experimental and theoretical fracture assessments of keyhole
notched specimens made of the general-purpose polystyrene (GPPS) and poly(methyl
methacrylate) (PMMA) under negative mode I loading are carried out in the present
research. By utilizing two well-known brittle fracture criteria, the maximum tangential
stress (MTS) criterion and the mean stress (MS) criterion, the load-carrying capacity (LCC)
of the mentioned specimens is theoretically predicted. Then, these analytical outcomes are
compared with experimental results. It is shown that both fracture criteria can precisely
foresee the LCCs of the notched specimens. After that, in order to calculate the critical
stresses and predict the LCCs of the polymeric specimens without any need for complex
and time-consuming calibration, the equivalent material concept (EMC) under compressive
loading is employed and coupled with the MTS and the MS criteria. Finally, it is shown
that the EMC-MTS and the EMC-MS coupled criteria are fully capable of predicting the
experimental results.

2. Materials and Methods
2.1. Compression and Fracture Tests

Two different well-known quasi-brittle polymeric materials were chosen to fabricate
the keyhole notched specimens: PMMA and GPPS. These two polymers exhibit brittle
behavior with minor plastic deformations at room temperature during tensile loading.
However, when the standard un-notched PMMA and GPPS specimens are tested under
compression, significant plastic deformations are developed. One reason for the larger
plastic deformation under compression is that the Poisson’s ratio under compression is
significantly different from the ratio under tension, leading to a change of the cross-sectional
area under compression that may be considerably larger than that observed under tension.
Consequently, the growth rate of the cross-sectional area under compression becomes
considerably greater than the reduction rate of such area under tension.
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The determination of the compressive properties of the polymers chosen in this study
has been performed following ASTM D695-10 [43]. Accordingly, the geometry of the
specimens is a block of 12.7 × 12.7 × 25.4 mm3 ( 1

2 × 1
2 × 1 in3). The compression tests,

three per material, were performed under displacement-control conditions. The load was
recorded by the load-cell, and by using the initial cross-sectional area, the engineering
stresses were computed. Concerning the displacements, the travel of the plates was
assumed to be the same as that occurring in the specimens. Consequently, the engineering
strains were calculated by dividing the recorded displacements by the initial length of the
specimen. This procedure is accurate within the elastic regime (used for the estimation
of the elastic moduli) and does not affect the calculation of the ultimate tensile strength.
Beyond the linear-elastic behavior, and especially beyond the peak point, where friction
becomes significant and barreling starts happening, accurate measurement of the strains
would require the use of an extensometer.

Concerning the fracture tests under negative mode I (compression) loading, the
geometry of the corresponding specimens is shown in Figure 1. It can be observed that it is
a rectangular specimen weakened by a keyhole, with the hole radii varying from 0.5 mm
up to 4 mm, and the thickness being 8 mm.
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Figure 1. Geometry of the fracture specimens.

The specimens were machined from PMMA and GPPS plates with the same thickness.
In order to prevent the appearance of residual stresses around keyhole notches during
the production process, a two-dimensional water-jet cutting machine was used. The total
number of specimens is 24, combining the two materials, the four notch radii and three
tests per combination of material and notch radius. Figure 2 shows two of the specimens.

The displacement rate of the test machine is set as equal to 0.5 mm/min to provide
quasi-static loading conditions.
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Figure 2. Two keyhole notched specimens shown during the compressive fracture test: (a) PMMA,
ρ = 4 mm; (b) GPPS, ρ = 4 mm.

2.2. The Equivalent Material Concept under Compressive Loading

The equivalent material concept (EMC) was proposed by Torabi [36] in order to avoid
the complexities of elastoplastic analyses when dealing with ductile fracture under tensile
loading. Below, this concept is presented in its original form. Then, it is extended to
compressive loading, with the aim of obtaining the critical stress of the material being
analyzed. This is of practical importance, given that it can be utilized as an essential input
in the context of the LEFM criteria when estimating the LCCs of the keyhole notched
PMMA and GPPS specimens tested under compression.

The EMC equates a ductile material having elastic-plastic behavior with a virtual
brittle material showing linear elastic behavior until final fracture [36], and having the
same elastic modulus and fracture toughness as the real elastoplastic material, but with a
different tensile strength. For obtaining the tensile strength of the virtual brittle material,
the two materials are assumed to have the same values of strain energy density (SED) until
the ultimate point. This means that the shaded areas in Figure 3 must be equal.
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Now, given that both materials have the same elastic modulus, and according to [36],
by equalizing the expressions of the SEDs of the ductile and the equivalent materials, the
following equation can be obtained:

(SED)DM = (SED)EM =
σ∗

f
2

2E
(1)

where E and σf* are the elastic modulus and the tensile strength of the virtual brittle
material, respectively. In accordance with Equation (1), the tensile strength of the virtual
material follows Equation (2):

σ∗
f =

√
2E(SED)DM (2)

Therefore, by entering the SED of the ductile material (i.e., (SED)DM, see Figure 3a)
into Equation (2), the tensile strength of the virtual brittle material can be easily calculated.

Although the EMC was originally formulated for tensile loading conditions, it can also
be used under compressive loading conditions. Since in compressive loading both stress
and strain have negative values, the sign of (SED)DM remains positive, but the equivalent
compressive strength will become negative. Hence, the compressive strength follows
Equation (3):

σ∗
f = −

√
2E(SED)DM (3)

With all this, it can be expected that the critical loads of the keyhole notched GPPS
and PMMA specimens tested under compression may be estimated by using the resulting
values from Equation (3) in various brittle fracture models, such as those briefly outlined
in the following sub-section.

2.3. The Maximum Tangential Stress and the Mean Stress Criteria

Regarding the analysis of brittle fracture in keyhole notched specimens under different
loading conditions, a broad diversity of failure criteria has been employed in the literature.
Herein, two of the most well-known fracture models, namely, the maximum tangential
stress (MTS) and the mean stress (MS) criteria, are employed.

Based on [44], the MTS criterion postulates that, in a brittle medium, fracture (or
cracking) takes place once the tensile tangential stress at a specific critical distance (rc)
reaches the value of the critical stress (σc). In the case of brittle and quasi-brittle materials,
this critical stress (σc) is usually considered to be the same as the material ultimate tensile
strength (σu) [45]. In addition, according to [45], the critical distance of the material can be
calculated by:

rc =
1

2π

(
KIc
σu

)2
(4)

where KIc is the material plane–strain fracture toughness.
Another brittle fracture criterion utilized in the present investigation is the MS criterion.

This was first proposed by Wieghardt [46] to estimate brittle fracture in cracked samples.
The MS criterion proposes that fracture occurs when the average tensile tangential stress
over a particular critical distance (dc) from the notch tip meets the material critical stress
(σc). Seweryn [47] suggested Equation (5) for computing the critical distance (dc):

dc = 4rc =
2
π

(
KIc
σu

)2
(5)

When dealing with crack-like defects, under negative mode I loading conditions the
crack faces are in contact with each other, so the pre-existing crack does not propagate and
instead, the failure of the cracked specimen occurs through different mechanisms. Hence,
the parameter KIc becomes physically meaningless and, subsequently, Equations (4) and (5)
(rc and dc) seem revoked under such loading conditions. Thus, another approach should
be used for the determination of both rc and dc.
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In this sense, Ayatollahi et al. [32] proposed a new method based on experimental cali-
bration, successfully estimating the compressive fracture toughness of round-tip V-notched
PMMA samples. In this work, a similar calibration process is followed by performing
finite element (FE) analyses of the tested specimens for the calculation of the existing com-
pressive tangential stress distributions, from which the critical stress (σc) and the critical
distances (rc and dc) may be inferred. Here, it should be noted that the critical stress will
thus be obtained by two different methodologies: the direct application of the EMC, and
the above-mentioned calibration process.

2.4. Finite Element Analyses

As mentioned above, finite element (FE) stress analyses are needed for completing
the calibration of the critical stress and the critical distances and, ultimately, for predicting
the LCCs of the keyhole notched polymeric samples studied in this paper. In the present
investigation, two-dimensional (2D) plane-stress FE models were created and analyzed
by employing commercial code ABAQUS/CAE 6.10 (Dassault Systèmes Simulia Corp.,
Johnston, RI, USA). As shown in Figure 4, the bottom line of the model is entirely fixed by
constraining all its nodes. In addition, in order to conduct the simulation of the loading
conditions accurately, the average critical load for each combination of material and notch
radius (see experimental results below) was applied to the top line of the specimen model
as a uniformly distributed compressive load (see Figure 4).
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Figure 4. Loading and boundary conditions for the keyhole notched specimens subjected to com-
pressive loading. BC: boundary conditions.

About 160,000 eight-node plane-stress quadratic elements were used with the medial
axis mesh algorithm. Since the stress gradient is significant near the notch tip, refined
elements with the size of 0.02 mm were defined in this region (see Figure 5). The mesh
pattern used in the FE analyses is based on the authors’ large experience in the numerical
analysis of notched components. The analysis of numerous two-dimensional (2D) notched
specimens by the authors (e.g., [31–34]) has demonstrated that optimal results, with ex-
cellent convergence, are obtained when the size of the meshes at the notch tip is about
0.02 mm. Here, it is important to notice that unlike in general FE analyses performed in
the context of solid mechanics, for which the entire mesh pattern may contribute to the
mesh-sensitivity analysis, in the field of notch fracture mechanics (NFM), the mesh pattern
far from the notch tip does not affect the numerical results.
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It should be highlighted that, based on the experimental observations, in which
obvious contact occurred between the horizontal edges of the key-hole notches, frictionless
contact was defined between such edges.

3. Results and Discussion
3.1. Compression and Fracture Tests

Table 1 shows the main compressive properties for both polymeric materials, whereas
Figure 6 shows examples of the obtained compressive engineering stress–strain curves. The
results show a clear non-linear behavior in the compression curves of the two materials,
although PMMA is significantly more non-linear (ductile) than GPPS.

Table 1. Main mechanical properties of the two polymers tested under compression.

Material E (GPa) Standard Deviation
(GPa) σu (MPa) Standard Deviation

(MPa)

PMMA 1.70 0.09 86 2.94
GPPS 2.14 0.12 68 2.30

Table 2 shows the LCCs of the different tested fracture specimens, which can be
interpreted as the peak points of the corresponding load-displacement curves. In the table,
the notch tip radius, the three repetitions, and the average critical load are indicated by ρ,
Pi (i = 1, 2, 3), and Pavg, respectively. Figure 7 shows two of the keyhole notched specimens
after testing. It can be observed that at the neighborhood of the blunt tip of the keyhole
notch under compressive loading an evident damage zone is created, from which a crack
initiates and propagates abruptly. This phenomenon is in accordance with the findings
reported in [32]. Herein, it is worth mentioning that such an event would not happen in
the tensile mode I loading (also known as the notch opening mode), under which only a
single crack initiates from the notch tip and grows promptly.

Table 2. Experimental LCCs for the keyhole notched specimens.

Material ρ (mm) P1 (N) P2 (N) P3 (N) Pavg (N)

PMMA

0.5 16,636 16,553 17,070 16,753
1 17,093 17,288 17,537 17,306
2 19,032 19,203 19,329 19,188
4 20,287 20,328 19,973 20,196

GPPS

0.5 7360 6933 7244 7179
1 7638 7668 7272 7526
2 8941 8646 8448 8678
4 9430 9186 9657 9424
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Figure 6. Compressive stress–strain curves for (a) PMMA and (b) GPPS.
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Figure 7. Two of the keyhole notched polymeric specimens after the compressive fracture test:
(a) PMMA, ρ = 4 mm; (b) GPPS, ρ = 4 mm.

The results show a significantly larger LCC in the case of PMMA, which is more than
double the LCC of GPPS for all the different notch radii considered in this work. Moreover,
the two polymers show a clear notch effect, developing progressively larger LCCs when
the notch radius increases. The notch effect is more significant in GPPS, for which the LCC
increases by 31.2% when comparing the results for 0.5 mm and 4 mm radii, this increase
being 20.5% in the case of PMMA.

Figure 8 gathers some of the load-displacement curves obtained in tests of the key-hole
notched specimens under compression. It is interesting to note that the shape of the curves
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is different from that observed in fracture tests of notched components either under tension
or compression. Most probably, this is because of the contact between the key-hole notch
parallel faces during loading.
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Figure 8. Examples of load-displacement curves obtained in key-hole notched specimens under compression: (a) PMMA,
ρ = 0.5 mm; (b) PMMA, ρ = 2 mm; (c) GPPS, ρ = 0.5 mm; (d) GPPS, ρ = 2 mm.

3.2. Calibration of Critical Stress and Critical Distances

The distribution of linear-elastic stresses around keyhole notches was numerically
obtained by executing the above-described FE analyses. The compressive stress distribu-
tions around some of the keyhole notches are represented in Figure 9. It is evident in the
figure that, in agreement with the experimental observations, at the critical conditions,
the horizontal edges of the key-hole notches contact each other, with the area of contact
depending directly on the notch tip radius, the magnitude of the applied load, and the
material being analyzed. Interestingly, Figure 9c illustrates a full contact between the notch
edges for the GPPS specimen weakened by a keyhole notch of 4 mm tip radius.
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As mentioned in Section 2, under compressive loading conditions, the fracture tough-
ness KIc becomes physically meaningless. Since the critical distances of PMMA and GPPS
are necessary for the theoretical predictions derived from both the MTS and the MS criteria,
and since they cannot be computed from Equations (4) and (5), an alternative experimental
calibration must be performed. In what follows, one alternative approach is applied, which
can be considered as an extension of the theory of critical distances (TCD) [48] from the
positive mode I loading to negative mode I loading.

The approach starts with the FE models of the specimens weakened by keyhole
notches, with notch tip radii of 0.5 and 4 mm, and subjected to the mean values of the
experimentally recorded fracture loads. These two specimens have the maximum and the
minimum stress concentrations, respectively, of all the specimens being analyzed. After
that, on the bisector line of the keyhole notch, and starting from the notch tip, a straight path



Appl. Sci. 2021, 11, 4138 11 of 16

is established. Regarding the MTS criterion, the variations of the compressive stresses along
the distance from the notch tip are obtained for both PMMA and GPPS specimens. This
results in having two stress–distance curves for each material (one for the notch tip radius
of 0.5 mm, and the other for the 4 mm notch radius). Then, these stress–distance curves are
drawn in a single graph, as shown in Figure 10. The coordinates of the point at which the
curves intersect each other are considered to be the critical stress σc (y component) and the
critical distance rc (x component). The resulting values are reported in Table 3.
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Figure 10. Variations of compressive stress versus the distance from the notch tip: (a) PMMA; (b) GPPS.

Table 3. Main mechanical properties of the two polymers tested under compression.

Material rc (mm) MTS Criterion σc (MPa) MTS Criterion dc (mm) MS Criterion σc (MPa) MS Criterion

PMMA 0.26 −181.1 0.97 −165.2
GPPS 0.37 −101.4 1.78 −84.7

Concerning the MS criterion, the procedure is very similar, but the stress–distance
curves are drawn based on the mean compressive stresses computed by the integral method.
First, several distances are chosen along the bisector line of the notch, and the corresponding
mean stresses are calculated. Secondly, each distance and its corresponding mean stress
are represented by a single point in a mean stress–distance plot, and by connecting these
points, a curve is obtained. Again, the obtained curves for 0.5 mm and 4 mm notch tip radii
are plotted in a single figure and the intercept point of the two curves is defined as the
compressive critical stress σc and the critical distance dc. The mean stress–distance plots
for PMMA and GPPS polymers are shown in Figure 11, and the values of the critical stress
and critical distance derived from the MS criterion are gathered in Table 3.

By examining Table 3, it can be observed that, for PMMA, dc is very close to 4rc. For
GPPS, however, dc is approximately 4.8rc, which is 20% larger than dc = 4rc derived from
Equations (4) and (5) in tensile conditions. This issue requires additional investigation
in other materials to analyze the relationship between the two critical distances under
compressive loading conditions. Moreover, the deviations of the critical stress values
derived from the experimental calibrations through the MTS and the MS criteria are about
9% and 16% for PMMA and GPPS, respectively, which are quite acceptable.
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3.3. Estimation of Load Carrying Capacity

The LCC of the different keyhole notched specimens with tip radii of 1 mm and 2 mm
was performed by using the corresponding FE stress analyses, and applying the MTS and
the MS criteria with the values of rc and σc shown above. When considering the MTS
criterion, the critical load is reached when the compressive stress at the critical distance
rc in front of the notch tip reaches the critical stress σc. When using the MS criterion, the
critical load is obtained when the mean value of the compressive stresses over the critical
distance dc attains σc. Here it should be noted that, because of the contact between the two
parallel edges of the keyhole notches during the loading process, and due to the resulting
dependence of the contact area on the load being applied, a trial-and-error procedure is
essentially needed to extract the critical loads according to MTS and MS criteria. Normally,
when determining the critical load in non-contacting notches analyzed using linear elastic
fracture mechanics (LEFM), an arbitrary load is first applied to the notched member and
the corresponding stress distribution is obtained around the notch. Then, the arbitrary
load is multiplied by a known factor, which is actually the ratio between the critical stress
and the normal stress obtained for the arbitrary load at the critical distance (or the average
normal stress over the critical distance), to achieve the critical load. In other words, the
stress field is simply scaled to obtain the critical condition. This strategy cannot be used in
the analyzed keyhole notches, as the resulting contacts impede the scaling procedure. Thus,
a trial-and-error process is required: an arbitrary load is first applied to the keyhole notched
sample, and the compressive stress at the critical distance rc is computed. Depending on
its value, the load is increased or decreased until the stress attains the compressive critical
stress of the material. This procedure may continue several times to reach the critical load
according to the MTS criterion. An analogous approach is followed for the MS criterion
but, this time, determining the mean stress over the critical distance dc.

The theoretical and experimental LCCs, together with their discrepancies for the
keyhole notched PMMA and GPPS samples, are gathered in Table 4. The results show that
both the MTS and the MS criteria are fully capable of providing accurate predictions of the
fracture loads of the keyhole notched polymeric specimens under compressive loading
conditions. Note that since the critical stress and the critical distances are derived from the
experimental calibration, in which the test data of the keyhole notches with the tip radii
0.5 and 4 mm are included, the discrepancies for the keyhole notch tip radii 0.5 and 4 mm
are zero. The discrepancies found for notch radii of 1 mm and 2 mm are lower than 10%,
with the estimations being conservative in all cases (i.e., estimated fracture loads below
the experimental fracture loads). On this occasion, for both PMMA and GPPS, the MTS
criterion is more accurate than the MS criterion.
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Table 4. Estimations of LCC derived from the MTS criterion (PMTS) and the MS criterion (PMS), and
the discrepancies between estimations and experimental results (Pavg).

Material ρ (mm) Pavg (N) PMTS (N) Discrepancy
(%) PMS (N) Discrepancy

(%)

PMMA

0.5 16,753 16,753 0 16,753 0
1 17,306 16,832 −2.6 16,793 −2.9
2 19,188 18,549 −3.3 17,614 −8.2
4 20,196 20,196 0 20,196 0

GPPS

0.5 7179 7179 0 7179 0
1 7526 7416 −1.4 7203 −4.2
2 8678 8532 −1.6 7886 −9.1
4 9424 9424 0 9424 0

As shown above, and since the behaviors of the PMMA and GPPS polymers in the
standard compression tests are nonlinear, the compressive critical loads of the keyhole
notched samples can be computed by the application of the Equivalent Material Concept
(EMC). Therefore, the EMC will be employed here to calculate the critical stresses of the two
polymers. Subsequently, the EMC (through the resulting critical stresses) will be coupled
with the MTS and the MS criteria to predict the critical loads of the keyhole notched
polymeric samples. With this aim, it is only necessary to assume that the critical stress
σc is equal to the compressive strength of the equivalent linear-elastic material. Thus, for
both polymeric materials, the areas under the compressive stress–strain curves, up to the
corresponding peak point (see Figure 6), were calculated. After that, these values were
substituted into Equation (3). The resulting compressive strengths (σf*) of the equivalent
materials are equal to −175.1 and −90.2 MPa for the PMMA and the GPPS, respectively.
These critical stress values are appealingly close to those achieved from the experimental
calibration. Finally, the estimations of the LCCs were derived from the MTS and the MS
criteria and using σf* as σc (EMC-MTS and EMC-MS predictions). The results are reported
in Table 5.

Table 5. Estimations of LCC derived from the EMC-MTS criterion (PEMC-MTS) and the EMC-MS
criterion (PEMC-MS), and the discrepancies between estimations and experimental results (Pavg).

Material ρ (mm) Pavg (N) PEMC-MTS
(N)

Discrepancy
(%)

PEMC-MS
(N)

Discrepancy
(%)

PMMA

0.5 16,753 16,484 −1.6 17,505 +4.5
1 17,306 16,982 −1.8 18,214 +5.2
2 19,188 187,08 −2.5 20,594 +7.3
4 20,196 19,628 −2.8 21,888 +8.3

GPPS

0.5 7179 6919 −3.6 7301 +1.7
1 7526 7057 −6.2 7681 +2.0
2 8678 8101 −6.6 9304 +7.2
4 9424 8669 −8.0 9814 +4.2

In contrast to Table 4, since the values of critical stresses are not obtained from the
experimental calibration, the discrepancies for the notch tip radii 0.5 and 4 mm are no
longer equal to zero. In addition, for all notch tip radii, the discrepancies are considerably
lower, always below 10%. This shows that not only is the EMC capable of estimating the
compressive critical stress of the two polymers, but also that both the EMC-MTS and the
EMC-MS coupled criteria can outstandingly predict the fracture loads of keyhole notched
polymeric specimens under compression loading. Finally, it is worth mentioning that the
EMC-MTS criterion has provided conservative predictions of the experimental fracture
loads for both PMMA and GPPS, whereas the EMC-MS criterion provided critical load
estimations larger than the experimental ones (slightly non-conservative results).
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It may be of interest for the reader to know that the authors are currently working
on the prediction of the compressive critical loads of notched specimens using a fully
analytical approach. This requires determining the critical distances under compression
without any experimental calibration.

4. Conclusions

In this work, a set of fracture tests were performed on PMMA and GPPS keyhole
notched specimens with various notch tip radii and subjected to compressive loading. The
corresponding load-carrying capacity (LCC) of the notched specimens was experimentally
obtained. Then, by using the theory of critical distances (TCD), the critical stress and the
critical distances of the maximum tangential stress (MTS) and the mean stress (MS) criteria
were calibrated by using part of the experimental results and finite element analyses.
Additionally, the critical stresses of the two materials were theoretically estimated by
employing the equivalent material concept (EMC) under compressive loading.

The results indicated that the critical stresses obtained from the experimental calibra-
tion could be successfully estimated by means of the EMC.

Finally, the resulting fracture criteria (MTS, MS, EMC-MTS and EMC-MS) were applied
to derive estimations of the fracture loads (or LCCs). It was shown that the four criteria
provide highly accurate predictions of the fracture loads of PMMA and GPPS keyhole
notched specimens under closing mode loading.
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