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Abstract: To study the influence of inclusions on the fracture evolution and mechanical properties
of mortar structures, a series of uniaxial compression tests for mortar samples containing cylinder
inclusions of varying mechanical properties were conducted. The digital image correlation (DIC)
technique was employed for the analysis of deformation characteristics. In addition, failure modes
for each sample were determined using self-documenting code. The result shows that inclusions
filled in holes significantly influence the mechanical properties and failure characteristics of mortar
structures as they can change the stress distribution and cracking process. Cracks are typically
initiated at the boundaries of the inclusions but will only extend into the inclusion if it is less robust
than the surrounding matrix. Sample strength increases significantly with an increase in sample
strength when the inclusion’s strength does not surpass that of the surrounding material. Once the
inclusion’s strength exceeds that of the surrounding matrix, the strength of the specimen remains
relatively unchanged.

Keywords: mortar structures; inclusions; mechanical properties; crack process; failure pattern

1. Introduction

Inclusions are commonly found in geo-materials such as rock and coal as well as artifi-
cial structures such as concrete buildings [1,2], tunneling [3,4], and mining roadways [5,6].
In underground environments, a dyke intrusion into sedimentary rock can create an in-
clusion that is denser and stronger than the surrounding material. Backfilling [7–9] and
side-entry retaining [10–12] with the filling of engineering materials are widely used mining
techniques that can generate an inclusion softer than the surrounding rock. In civil engi-
neering, concrete structures generally contain different inclusions, such as aggregate [13,14],
wood [1,15], and embedded materials [16].

The existence of inclusions will have a significant influence on the mechanical proper-
ties and failure characteristics of the whole natural or artificial structure, as inclusions can
change the stress distribution and cracking process. Hence, it is highly worthwhile to study
the influence of inclusions on the overall fracture evolution and mechanical properties. Few
researchers have studied the influence of inclusions through experimental and numerical
studies. Janeiro et al. [17] studied the influence of the shape and number of inclusions on
the cracking behavior of prismatic gypsum subjected to a uniaxial compression load. Based
on the experimental results conducted by Janeiro et al., Wu et al. [5] extended the numerical
manifold method (NMM) to investigate the strength and cracking of samples containing
either one or double cylinder inclusions under a uniaxial compression load. However, the
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NMM model cannot obtain a satisfying prediction of the cracking behavior of samples
containing stiff inclusions. Miao et al. [18] studied the effects of different filling materials
(Gypsum, Cement, and Resin) on the mechanical properties and crack behavior of sand-
stone samples with a single filled flaw under a uniaxial compression load. Zhu et al. [19]
performed uniaxial compression tests on sandstone samples containing single inclusions
with various properties, including stiffness and shape. Most research has focused on the
effect of the shape, number, and distribution of inclusions on crack mechanical properties
and the cracking behavior of rock, concrete, mortar, or gypsum samples. More work needs
to be conducted on the effect of inclusions with different strengths and elasticities on the
crack evolution and mechanical properties of samples.

Digital image correlation (DIC) is a kind of non-contacting method that can achieve
deformation measurements and stress intensity evaluations by performing a digital image
analysis of observed objects [20]. DIC has been widely used to analyze the fracture and crack
propagation of concrete [21,22] and rock [23] due to its advantages of non-contact, full-field
measurement, simple devices, and strong anti-interference. Dario et al. [24] incorporated
DIC techniques into three-point bending tests for notched concrete beams, which were
reinforced with various strengthening systems, identifying failure at characteristic stress
points. Similarly, Tan et al. [25,26] utilized DIC techniques to uncover the fracture behavior
of rock samples containing cavities under both quasi-static and dynamic-loading conditions.
These researches demonstrated that DIC can be successfully applied to analyze the fracture
evolution of geo-materials and concrete.

In this study, mortar samples containing cylindrical inclusions of varying properties
are tested under a uniaxial compression load to study the effect of inclusions on the fracture
evolution and mechanical properties of samples using the DIC method. This research aims
to understand the impact of inclusions on the mechanical characteristics and failure features
of mortar. The presence and characteristics of inclusions are critical in many engineering
applications, making this study significant for enhancing material designs and predicting
structural performance.

2. Test Methodology
2.1. DIC Method

The DIC method, which is a fully non-destructive and non-contact measurement
technique, can demonstrate the surface deformation of an object using a number of digital
images from a reference undeformed and subsequent deformed states [23]. DIC can
achieve a full field measurement [27]. DIC has been widely used to track the deformations
of engineering materials, including rock, concrete, coal, and so on [28]. The more detailed
fundamentals of DIC have been well-documented in the literature [29]. In the experimental
study of this paper, the DIC method was applied to track the whole fracture process of
mortar samples with different inclusions. A high-resolution Canon 60D camera, which can
acquire digital images with 1920 × 1088 pixels, was placed in front of the samples during
the test to film the fracture initiation and propagation process on the sample’s surface. The
procedure of the DIC method is as follows:

1. Paint the surface of the sample with white paint.
2. Spray black dots on the white paint as reference points for the image analysis.
3. Place the camera and tripod in front of the sample. Additional light needs to be added

to avoid shadow if necessary.
4. Film the sample surface during the loading process.
5. Visualize the fracture process on the sample surface using image correlation software.

In this study, the analysis of the recorded digital image data was conducted using the
Ncorr v1.2.2 program [30]. This software, based on a parametric concept, can achieve a
2D evaluation of a digital image series of conventional cameras, high-speed cameras, or
industrial image processing cameras. The DIC method adopted in this study is illustrated
in Figure 1.
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Figure 1. Flowchart of DIC method.

2.2. Sample Preparation

The samples containing different inclusions were prepared in a laboratory with
Botany sand for rendering and concreting; general-purpose cement conforms to the AS
3972 standard [31] and water. The preparation of each sample includes two main steps:
1. The preparation of cylinder inclusions according to a designed mixing plan. 2. The
casting of a mortar block containing an inclusion after the compaction of the inclusion. The
sample preparation process is shown in Figure 2. The dimensions of the mortar samples
are 100 mm (height) × 100 mm (width) × 30 mm (thickness). The size of the inclusion is
25 mm in diameter and 30 mm in height. The centroid of the inclusion is positioned in
the centroid of the whole sample. The schematic diagram of the sample size and shape is
shown in Figure 3.
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The inclusions are prepared according to the composition plan listed in Table 1. For
each type of inclusion, two cylindrical samples (each 25 mm in diameter and 50 mm in
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height) were prepared to ascertain their mechanical properties. The stress–strain curves
of all inclusions are shown in Figure 4. The composition plan for the mortar blocks was
identical to that of Group S3. Finally, as shown in Table 2, five group samples with different
inclusions are prepared for the experimental study. Each group contains three samples.
The sand was selected using sieves ranging from 50 to 100 mesh, resulting in a particle size
of approximately between 0.15 and 0.30 mm.
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Table 1. Composition and mechanical properties of inclusions.

Inclusion Type Cement/% Sand/% Water/% Strength/MPa

I1 51.72 34.48 13.79 69.44

I2 41.67 41.67 16.66 53.97

I3 40.00 40.00 20.00 46.49

I4 38.46 38.46 23.08 40.11

I5 32.27 48.38 19.35 34.08
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Table 2. Sample group with different inclusions.

Sample Group S1 S2 S3 S4 S5

Inclusion Type I1 I2 I3 I4 I5

2.3. Test Procedure

The experimental setup comprises two main components: the mechanic loading ma-
chine and the high-resolution camera, as depicted in Figure 5. The uniaxial compression
tests were conducted by a MATEST C125N servo loading machine, which is manufactured
by Matest, a company in Treviolo, Italy. Load–displacement data were obtained by the
LVDT mounted on the upper loading plate. The loading rate is 0.1 mm/min with displace-
ment control, ensuring that the specimen is subjected to quasi-static loading. The video is
recorded by a high-resolution camera placed in front of the sample. These recordings are
used to visually analyze the fracture process at the surface of the sample. To enhance the
filming quality, additional light is used to improve the contrast between the samples and
the background.
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3. Test Results
3.1. Axial Stress–Strain Curves

The axial stress–strain curves of all samples containing different inclusions are shown
in Figure 6. It can be seen from the stress–strain curves that the inclusion’s property has an
obvious influence on the overall mechanical behavior of the intact samples. The average
strengths of groups S1, S2, S3, S4, and S5 are 90, 85, 80, 58, and 41 MPa, respectively. The
strength variation within each group does not exceed 4%, indicating that samples in the
same group have similar mechanical properties. Group S1 samples contain the strongest
inclusions and have the highest strength. Consequently, it can be concluded that the
strength of samples containing inclusions increases with the mechanical properties of the
inclusions, which is identical to the experimental studies in other studies [17].

The axial stress–strain curves of the samples can be divided into three stages, i.e.,
fissure closure, elastic deformation, and post-peak [19]. As shown in Figures 6 and 7, all the
samples experienced these three stages during the loading process. In the fissure closure
stage, the majority of existing defects in the mortar samples are compressed by applied
stress with a low level. Hence, the stress–strain curves at this stage are in a non-linear
relationship. Then, the stress–strain curves turn into the elastic deformation stage. In this
stage, the deformation of the mortar samples grows almost linearly with the increase in
the applied uniaxial load until it reaches the peak. It can be seen from Figure 7 that the
pre-peak elasticity of the samples is also influenced by the properties of the inclusions. The
consistency of the stress–strain curves within groups S1, S2, and S3 is better than groups S4
and S5, which might be caused by the dominant effect of strong inclusions. Moreover, the
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stress–strain curves of groups S1 and S2 only have one sudden drop during the post-peak
stage, whereas the curves for the other groups tend to show a more gradual decline, often
in two or more stages.
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3.2. Cracking Process

In this study, the cracking process around the different inclusions is analyzed with the
DIC method, as the development of micro cracks is hardly visible to the naked eye. The
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processed images of samples S1-1, S3-1, and S5-1 are shown in Figures 8–10, respectively.
For each sample, the displacement and strain contours at five evenly selected loading
time points from the onset of a localized strain concentration to the end of the test are
presented to illustrate the deformation and failure evolution process throughout the entire
test. By combining the displacement contours in the X direction with the strain contours,
it is evident that the main cracking path in all three samples is almost parallel to the
loading direction. Under uniaxial compression, the macroscopic failure of all samples is
predominantly characterized by splitting tensile failure.
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The comparison among samples containing various inclusions reveals that the strength
of the inclusions notably influences the initiation and progression of the cracks. For sample
S1-1, the tensile cracks propagate parallel to the loading direction but are confined to the
mortar matrix, never crossing the inclusion boundary. Conversely, for samples S3-1 and
S5-1, the tensile cracks extend parallel to the loading direction, affecting both the inclusions
and the surrounding mortar. Specifically, for sample S5-1, the crack is initiated from the
inclusion or inclusion boundary to the mortar sample.
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In addition, it has been mentioned in the literature that the mechanical properties of
rock with an opening are closely related to the stress distribution around the opening [32].
For the weaker inclusion, the tensile cracks would initiate at the top or bottom of the
interface as high tangential tensile stress occurs and is concentrated in these areas [17]. This
pattern is observed in samples S3-1 and S5-1, where the tensile crack, indeed, initiates at
the top and bottom locations surrounding the weaker cylindrical inclusions. However,
for sample S2-1, the cracks are initiated from the inclusion boundary. Additionally, it is
evident from these figures that the number of cracks in the samples significantly increases
during the loading process, and the crack distribution pattern of samples with stronger
inclusions is more complicated than that of weaker inclusions. This is primarily because
samples containing stronger inclusions are capable of withstanding greater loads without
the formation of cracks.

3.3. Failure Pattern

The final failure patterns of samples containing different inclusions are presented
in Table 3. Points A–D on each sample are measurement circles positioned on the paths
of cracks. To avoid the potential error of the manual selection of fractures, the failure
patterns are automatically recognized by self-documenting code based on MATLAB 2018b.
In the failure pattern, the independent fractures in each sample are distinguished by
different colors.

It can be seen from Table 3 that the failure pattern of the samples is very similar to the
corresponding DIC analysis of the strain contour. For sample S1-1, the final failure of the
sample is caused by three major tensile cracks. The cracks on the left form an approximate
“Y” shape along the inclusion’s left boundary, and another crack is basically along the
tangent of the boundary on the right side of the boundary. The inclusions are not penetrated
through by these macro cracks due to the support of the inclusion with higher strength. For
sample S3-1, the final failure of the sample is caused by an inverted “Y” shape crack on the
left side of the sample. The inverted “Y” shape crack is initiated and propagated parallel to
the loading direction at the beginning but deflects towards the inclusion when approaching
the loading ends of the sample. An independent crack is observed in the inclusion but
fails to reach the boundary. In sample S4-1, the crack’s distribution is more complicated
than in the other sample. Several cracks rapidly propagate along the loading direction and
penetrate through the entire sample, including the inclusion.
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Table 3. Failure pattern of samples with different inclusions.

Sample S1-1 S3-1 S5-1

DIC Analysis
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While current DIC technology can effectively capture the deformation process on the
surface of samples, a deeper investigation into the initiation and progression of cracks
within damaged areas is necessary. To address this, a measurement circle method was
proposed to reveal the strain characteristics of cracks for a better understanding of the
fracturing process in this study. As shown in Figure 11, a measurement circle is a small
circular set on the crack path in the ROI area of the sample surface, and the average strain
calculated by the subsets (a set of pixels) inside the measurement circle is the strain value of
the measurement circle area. The evolution of the cracks is further studied by monitoring
the changes in the strain value inside the measurement circle. Figure 12 shows the evolution
of the internal strain curve of the measurement circle with different radii at the same
monitoring point. Despite a similar developing trend, the curves from the circles of different
radii exhibit a significant difference in terms of value. Since the strain value indicates the
average strain within the measurement circle, the curves for measurement circles with a
larger radius tend to flatten, which may be insufficient in describing the characteristics
of the deformation evolution of the crack. Taking this influence into consideration, the
measurement circle with a 1.0 mm radius is selected. As shown in Table 3, in this study,
four typical measurement circles (A, B, C, and D) are installed for the cracks of each sample
to further explore the evolution of the failure pattern.
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Figure 12. Strain evolution curves of measurement circles with different radii at the same location.

Figure 13 shows the curves of the maximum principal strain over time for these
measurement circles as well as the sudden change in the maximum principal strain contours
during key stages. A notable observation is that a turning point on the strain curve typically
signals the abrupt emergence of a concentrated strain area. For example, for sample S1-1,
as the loading time reaches approximately 270 s, the strain curves on all four measurement
circles begin to show a marked increase from a stable state. Comparing the strain contour
maps between 269 s and 291 s, it becomes evident that a high-strain concentration zone
suddenly emerges beneath the inclusion at this time, suggesting the potential formation of
a crack in this area. Similar phenomena have been observed in other samples as well.

Observing the strain curves of the four measurement circles for each of the three
samples in Figure 13 reveals a trend in some of the circles that can be characterized as
a sequence of calm to rapid rise to slow rise to rapid rise. This pattern is evident in
measurement circles B and D of sample S1-1, B and C of sample S3-1, and B and D of
sample S5-1. This trend reflects the complete process of a crack evolution: the initial rapid
increase from a calm state indicates the onset of a strain concentration in the area of the
measurement circle. This is followed by a relatively slow and stable increase, suggesting
that the concentrated strain area is gradually forming a crack and extending stably. The
subsequent rapid increase indicates that the crack in the sample has entered a late, unstable
expansion phase in that region, and the material in the area has lost its load-bearing capacity.
Overall, these curves comprehensively depict the complete process of a crack evolution,
from initial appearance through stable development to unstable progression.

It should be noted that not all measurement circles’ strain curves exhibit this complete
trend. For some circles, such as measurement circle C in sample S1-1, circle A in S3-1,
and circle C in S5-1, the strain curves do not clearly show the unstable phase of crack
development by the end of the tests, which is when the samples as a whole have already
been broken. This could be due to the emergence of major macroscopic cracks in other
regions of the sample. When such major cracks appear, the failure of the sample tends
to concentrate around these cracks, ultimately leading to the overall instability of the
sample. As a result, the development of cracks in other regions may be suppressed to a
certain extent, preventing them from progressing to an unstable phase and forming major
macroscopic failure cracks.
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4. Discussion

The influence of the inclusion on the strength of the sample mainly depends on its
influence on the stress distribution around the hole. The stress solution in the area around
the rigid inclusion (E = ∞) in an infinite field has been provided in the literature [17],
which indicated that a rigid backfilled inclusion changes the stress concentration around
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the inclusion and thus changes the rock’s stability and failure behavior. However, in practi-
cal engineering, the inclusion cannot be regarded as rigid material in most cases, where
deformation modules of the inclusion are various and may have different influences on the
surrounding materials from case to case. To further determine the influence of inclusion
elasticity on the stress distribution around the inclusion, the stress distribution characteris-
tics around the hole-containing incursion with varying elastic moduli are discussed.

Figure 14 demonstrates the stress curves of the top and side corners of a unit circular
hole in an infinite plate subject to a vertical far field uniaxial, compressive stress σ0 with
different ke (ke refers to the ratio of the elastic modulus of the inclusion to that of the
external material). Figure 14a presents the stress curves for both numerical and analytical
solutions in the absence of an inclusion. The numerical solution is obtained through finite
element numerical methods, while the analytical solution is derived using complex variable
function methods [33,34]. Figure 14b,c depicts scenarios where the elastic modulus of the
inclusion is less than (ke < 1) and greater than (ke > 1) the elastic modulus of the external
material, respectively. σθ and σr refer to the hoop stress and radial stress within the plane,
respectively. It can be seen from Figure 14a that for the plate containing a single circular
hole, a strong compressive stress concentration can be observed in the middle point of
the hole sides (σθ = 3σ0), while tensile stress concentration was formed in the top and
bottom of the hole (σθ = −σ0). Hence, the bottom and top corners experienced a tensile
crack, while the side corners of the opening experienced splitting damage due to the
compression stress concentration [35–37]. However, the existence of the inclusion will
change the stress distribution around the inclusion and thus change its failure behavior.
As shown in Figure 14b, when ke was less than 1.0, the stress concentration in both the
side and top points decreased with the increase in ke, indicating the support from the
inclusion is improving. When ke was greater than 1.0 (Figure 14c), σθ in the top point was
transferred to compressive stress and increased slightly with the increase in ke. Meanwhile,
as for the middle point in the side, σθ in the form of compressive stress decreased, but
σr tended to have tensile stress under a low level near the middle side point along the
horizontal line. Compared with Figure 8, it can be seen that for the samples with a strong
inclusion, an initial strain concentration appeared around the inclusion sides but failed to
form macro-cracks.
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According to the maximum principal strain versus time curves and maximum princi-
pal strain contours, the crack propagation process can be divided into four stages with an
increase in the loading time as shown in Figure 15.
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Figure 15. Evolution characteristics of the maximum principal strain at monitoring points on a
crack path.

Stage 1—Quiet stage: Strain concentration has not yet appeared, and the principal
strain remains at a very low level.

Stage 2—Formation Stage of the Stress Concentration Area: The principal strain
suddenly increases. Strain concentration begins to manifest at the location predisposed to a
crack formation.

Stage 3—Stable Propagation Stage of Cracks: The strain curve during this phase
exhibits an approximately linear rise, which is indicative of the crack progressing in a
steady and controlled manner. This stage reflects the period during which the material
undergoes predictable and manageable crack growth.

Stage 4—Rapid Propagation Stage of Cracks: The slope of the curve suddenly increases.
The visible cracks appear as the width of the cracks increases rapidly. The entire sample
has entered an irreversible instability state. This stage is not necessary as failure may be
non-violent on the crack path, or the test may be stopped before this stage.

Overall, it has been observed that inclusions significantly influence the mechanical be-
havior of mortar structures. When there is a substantial difference between the mechanical
properties of the inclusions and the surrounding material, the strain distribution charac-
teristics and the paths of crack development are notably altered. The overall evolution
of cracks follows a discernible pattern, and the stages of crack propagation identified in
this study are seen to provide essential insights into the predictive maintenance of mortar
structures. Through the recognition of early indicators of deformation concentration and
crack initiation, timely interventions can be implemented to avert catastrophic failures.
Moreover, the incorporation of reinforcing materials, such as steel fibers into concrete, is
known to significantly enhance mechanical properties [38], introducing a layer of complex-
ity to the interactions between the surrounding matrix and inclusions as well as the overall
mechanical behavior of the structure, which merits further exploration. An in-depth com-
prehension of such a material’s mechanical behavior when containing inclusions is found
to contribute to the enhancement of durability and safety in mortar infrastructures, thereby
prolonging their operational life and minimizing long-term maintenance expenditures.

5. Conclusions

In this study, mortar samples with different cylindrical inclusions were tested under
a uniaxial compression load to study the effect of inclusions on fracture evolution and
mechanical properties of mortar structures with the application of the DIC method. The
measurement circle method was proposed to further explore the evolution of fractures. The
following conclusions can be drawn based on this paper:

1. The existence of inclusions can significantly improve the stress concentration around
the opening and increase the strength of the mortar sample. However, this improve-
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ment in overall strength is not very obvious when the inclusion is stronger than the
external material.

2. The inclusion has a significant influence on the fracture pattern of the sample. When
the inclusion is weaker than the external material, the inside of the inclusion will
undergo penetrated tensile failure along the loading direction. The failure mode of the
external part is similar to the samples without an inclusion. The top and the bottom
of the opening are characterized by tensile failure, but the splitting failure around
the left boundary of the opening is not apparent due to the restraint effect of the
inclusion. The debonding failure along the interface is not conspicuous either. When
the mechanical properties of the inclusion are consistent with the external material,
the debonding failure can be found. Under the influence of the interface, the presence
of failure within the inclusion is unlikely to lead to contiguous deformation or a
pronounced failure that extends through to the external material.

3. The results of the strain evolution of the measurement circle along the fracture path
show that, under uniaxial static compression, the fracture’s propagation can be di-
vided into four stages: the quiet stage, the formation stage of the stress concentration
area, the stable crack propagation stage, and the rapid crack propagation stage.

4. The strength of the intact sample is higher than that of all samples containing inclu-
sions, even if the inclusions are identical or stronger than the external material. This
shows that the discontinuity of the mechanical properties of the inclusions and the
external material may have a certain weakening effect on the overall mechanical prop-
erties of the sample, which suggests more attention should be given to the coordinated
force and deformation between the backfilling material and the surrounding rock in
related projects.

5. By strategically arranging measurement circles along the crack path and employing
DIC technology, the deformation characteristics within the fracture zone can be ac-
curately captured, allowing for effective monitoring of the crack’s entire evolution
process. In future studies, this approach can be further optimized by incorporating
displacement vector fields around the cracks, enabling the classification of crack types
to be determined.
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