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Abstract: Increasing the amount of crushed natural and recycled fine aggregates in mortar and
concrete can help to reduce depletion of resources and increase the recycling rate of construction
and demolition waste. Differences in particle morphology influence fresh and hardened mortar and
concrete properties. The quantitative assignment of this impact to specific characteristics, such as
shape or angularity in differentiation to other mix design parameters, is currently scarcely known.
Therefore, a multiple linear regression analysis was performed to investigate the impact of crushed
natural and recycled fine particles on rheological and strength properties of mortar. The emphasis lies
on the impact of differences in shape and angularity, which were quantified by the three-dimensional
particle representation obtained from micro-computed tomography. A total of 160 mortar mixtures
containing 5 sands of different origins and varying water-to-cement ratios, binder-to-aggregate
ratios, and shapes of grading curves were produced. The results indicate that the particle shape and
angularity of the crushed natural and recycled fine aggregates had a complex impact on fresh and
hardened mortar properties and interacted with other mix design parameters. Careful composition
of the aggregate fraction with respect to shape and angularity and their interaction with mix design
parameters is necessary to maintain sufficient mortar properties.

Keywords: particle shape; particle angularity; rheological properties; strength properties; mortar;
micro-computed tomography

1. Introduction

Fine and coarse aggregates cover the largest volume fraction of mortar and concrete
compositions used in construction. However, depletion of natural sand resources imposes
several risks to the environment, such as erosion and decreasing biodiversity [1,2]. In addition,
the exploitable availability of natural sand resources is low in some countries [3]. Crushed
natural and recycled sands, which are by-products of crushed stone production or the process
of recycling construction and demolition waste, could serve as an alternative [3,4].

Crushed sands differ from natural sands in terms of particle shape, mineral composition,
chemical interaction with the surrounding binder, and the number of fine aggregates [5,6]. Dif-
ferences in particle shape and angularity result from the crushing process in particular [7].
In comparison to natural sand, these crushed sands have a different particle shape, impact-
ing fresh and hardened mortar and concrete properties. Particle shape in general is known
to have a decisive influence on rheological and strength properties. Several studies have
observed that the use of angular crushed aggregates, as opposed to rounded natural aggre-
gates, results in a change in plastic viscosity and yield stress. While performing rheological
measurements on mortars, Westerholm et al. [5] observed an increase in plastic viscosity
and yield stress when analyzing mortars with crushed fine aggregates in comparison to
natural fine aggregates. Among others, the shape of particles was determined by the ratio
of the shortest to longest axis of an equivalent-area ellipse based on two-dimensional (2D)
images. A decrease in particle roundness from 0.59 to 0.41 resulted in a pronounced increase
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in plastic viscosity by a factor of 2.7 and a moderate increase in yield stress. However, the
impact of particle angularity was not quantified in the study. Therefore, it was not possible
to differentiate between shape and angularity.

Cordeiro et al. [8] analyzed both particle shape by sphericity and angularity based
on 2D images. Both morphological indicators were calculated as mean values from only
30 selected particles of one natural sand and one crushed granite sample. Using different
replacement rates of natural sand with fine granite aggregates resulted in concrete mixtures
with varying morphological characteristics of the aggregate fraction. The results show that
a replacement of natural sand with a sphericity index of 0.88 and a roundness index of 0.68
with fine granite aggregates with a sphericity index of 0.66 and a roundness index of 0.44
caused an increase in plastic viscosity by a factor of 1.7 and a decrease in yield stress by a
factor of 0.9. However, tracing these effects back to either sphericity or angularity was not
part of the study.

For super-workable concrete, Aissoun et al. [9] analyzed the impact of the differences
in morphological characteristics of rounded and crushed coarse aggregates on rheological
and strength properties. The morphological differences between those aggregates were
not quantified but were described based on visual impressions. Only the number of flat
and elongated particles was quantitatively provided based on gauge measurements. They
observed an increase in plastic concrete viscosity by a factor of 1.3 and an increase in
yield stress by a factor of 2.5, resulting from a 22% to 31% increase in the number of flat
and elongated particles. Replacing rounded coarse aggregates with crushed aggregates
resulted in an increase in plastic viscosity by a factor of up to 1.48 and a moderate increase
in yield stress by a factor of 1.06. However, morphological characteristics of different
aggregates were not quantified and grading curves were not uniform among the different
materials used. Therefore, assigning a certain proportion of the impact that the crushed ag-
gregates had on concrete rheology to morphological characteristics like shape or angularity
was impossible.

For mortars with varying binder content, Ren et al. [7] showed that replacing glass
beads characterized by low angularity and high sphericity with crushed sand with higher
angularity and a less spherical particle shape resulted in an increase in relative plastic
viscosity by a factor of up to 6 depending on the fraction size of the particle used. For
their study, they quantified particle shape and angularity based on digital image analysis
using 2D microscopic pictures of different aggregate samples. In addition to the kind of
aggregates used, the sieve size fraction of the particles varied, which made differentiating
between the particle shape and the particle size effect difficult.

Based on 2D images of particles in combination with digital image analysis, Zhao et al. [10]
quantified several morphological parameters of three different coarse aggregate samples.
Among others, roundness was characterized by the comparison of the projection area to the
perimeter of the particle projection and sphericity was determined based on the similarity
between the three particle dimensions and a sphere. They analyzed five concrete mixtures
containing an aggregate fraction with different morphological properties composed of the
three analyzed particle samples. A change from ellipsoidal aggregates with a roundness of
0.072 and a sphericity of 0.714 to more angular aggregates with a roundness of 0.05 and
a sphericity of 0.62 resulted in a decrease in plastic viscosity by a factor of approximately
0.7 and an increase in yield stress by a factor of around 1.6. A limitation of this study is,
however, the low number of concrete mixtures analyzed. This did not allow the cause
of the observed effect of the morphological characteristics of the aggregate fraction to be
identified in terms of the differentiation between angularity and other shape parameters.

In addition to fresh mortar and concrete properties, particle shape also has an influ-
ence on hardened properties like compressive and flexural strength. The above-mentioned
study by Zhao et al. [10] also showed that more angular aggregates resulted in an increase
in compressive strength by a factor of up to 1.1 and in flexural strength by a factor of
approximately 1.25. Within their study, Aissoun et al. [9] observed an increase in com-
pressive strength by a factor of 1.1 when incorporating crushed instead of rounded coarse
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aggregates for super-workable concrete. With respect to compressive and flexural strength,
the study by Donza et al. [11] on concretes produced with fine aggregates of different
material origin showed an increase in compressive strength by a factor of 1.1 and a similar
range of increase for flexural strength when replacing rounded river sand with crushed
granite fine aggregates. But, due to the limited number of concrete mixtures and the vi-
sual classification of aggregate shape and angularity, a quantitative relationship between
changes in morphological characteristics of aggregates and concrete strength could not be
drawn, except that the angularity flakiness had an influence on the compressive strength.
To isolate the particle shape effect, Polat et al. [12] manually sorted gravel particles into
the categories of spherical, elongated, and flat before concrete production. The mean
flakiness of a particle sample was afterwards determined via 2D images from two sides
of the particle and digital image processing as the ratio of thickness to width, whereas
elongation was characterized by the ratio of width to length. Concrete with flat particles
showed a decrease in compressive strength by a factor of 0.80 in comparison to concrete
with spherical particles. When incorporating elongated instead of spherical particles, the
compressive strength decreased by a factor of 0.83. Difficulties lay in the delimitation of
those results to other parameters such as roundness or grading curve, which changed when
sorting the gravel aggregates into groups.

This summary of the results of several studies analyzing the impact of morphological
particle characteristics on rheological and strength properties of mortar or concrete shows
that, in part, contradictory observations have been made. Comparison of the observed
impacts is complicated by the difficulty of quantitatively describing the morphological
parameters of aggregates, as well as assigning effects to either particle shape or angular-
ity, and the differentiation between different mixture parameters such as binder content
remains unclear.

Laboratory procedures exist to characterize particle characteristics like flakiness ac-
cording to EN 933-3 [13] or elongation according to EN 933-4 [14] for coarse particles with a
sieve size larger 4 mm that are not suitable for the characterization of fine aggregates used
in mortar or concrete. To this end, micro-computed tomography (µCT) offers the possibility
of detailed shape characterization for this particle size fraction. This has been demonstrated
in studies such as those of Garboczi et al. [15] and Cepuritis et al. [16], which focused on
crushed particles with a minimum sieve size of 20 µm or different crushed sands with a
sieve size range of 4 µm to 250 µm, respectively. Using µCT imaging, the three-dimensional
(3D) shape of particles can be characterized with respect to form and angularity. From a
large number of proposed morphological descriptors, one shape parameter found suitable
by Erdogan et al. [17] and Estephane et al. [18] for describing the prolate particles within
a particle sample and one angularity parameter introduced by Zhang et al. [19] for 2D
particle representations and extended to the 3D case here were chosen. Thus, based on µCT
images, the distribution of a shape descriptor within one sample of sand particles and the
quantitative degrees of a shape descriptor of different sand samples could be calculated.

Due to the described limitations of the above-mentioned studies, this study aimed to
carry out a systematic analysis of the effect that different crushed natural and recycled fine
aggregates have on mortar properties. Although many of those studies relied on laboratory
tests or visual classification of the shape of particles within the bulk material, µCT imaging
can now be used to quantify mean measurements and the distribution of a shape descriptor
within the bulk material. This allows for differences in particle shape to be described, espe-
cially for crushed recycled sands. However, using this knowledge in mix design to increase
the amount of crushed natural or recycled sands would require a detailed quantification of
the effect these materials have as well as their interaction with other parameters, which
would guide the mortar mix design. Therefore, the emphasis of this study lies on the
differences in particle shape observed for crushed fine aggregates in comparison to natural
fine aggregates. This study focuses on the interactions of those particle shape characteristics
determined for various sands using µCT imaging with the mixture design properties of
water–cement ratio (w/c ratio), binder–aggregate ratio (b/a ratio), and the grading curve of
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fine aggregates. This study is based on a multiple linear regression analysis and therefore
is limited to the considered materials and range of variation of the variables. Other mortar
mixtures used in practice may exceed these limitations. Furthermore, it can serve as a basis
for discrete element modeling, which was not performed in this study.

2. Materials and Methods
2.1. Materials

Five sands with sieve size between 125 µm and 2 mm were used for the experimental
investigation. Particles smaller and larger than these bounds were removed by dry sieving
according to EN 933-1 [20] due to the limitations of µCT imaging described in Section 2.2
as well as the limitations of rheological measurement described in Section 2.3. Materials
used in this study included glass beads (G) as a reference material with a very spherical
shape and high roundness. Furthermore, a natural sand (S) with less rounded surfaces
but a spherical shape was used. Three different kinds of crushed sand were considered:
one natural crushed microdiorite (M) with sharp edges and two recycled sands—one from
concrete (RC) and one from masonry (RM) demolition waste with intermediate roundness
and sphericity. After sieving the natural and crushed materials into the four sieve size
fractions of 0.125 mm/0.25 mm, 0.25 mm/0.5 mm, 0.5 mm/1 mm, and 1 mm/2 mm, two
grading curves were manually composed from those groups. The glass bead grading curve
was slightly different due to the limitations in glass bead sizes available. One grading
curve was characterized by a larger coarse aggregate fraction (AB), whereas the other
contained a larger number of fine aggregates (BC) (see Figure 1). The denominations AB
and BC were chosen following DIN 1045-2, annex Q [21]. Table 1 lists the details of the
material properties. Water absorption was measured either according to EN 1097-6 [22]
or by electrical resistivity following the procedure described by Kim et al. [23], which
proved to be suitable for recycled fine aggregates with a high water absorption rate and
crushed natural materials. Following the procedure of Kim et al. [23], a sample of 2500 g
from the recycled concrete, recycled masonry, and crushed microdiorite was immersed in
water for 24 h. Each sample was dried stepwise while taking subsamples with different
moisture contents in regular intervals. After cooling each subsample to room temperature,
the electrical resistivity was measured in a measurement cell with an edge length of
25 mm × 60 mm. The moisture content was plotted against the electrical resistivity and
approximated by two regression lines. The water absorption after 24 h of those samples was
indicated by the point of intersection between the two regression lines. In addition, the bulk
density according to EN 1097-3 [24] and the apparent density according to EN 1097-6 [22]
were determined. For the apparent density measurement, two to three pycnometers were
filled with subsamples of each material, fulfilling the requirements regarding minimum
sample sizes according to EN 1097-6, and immersed in water for 24 h. Afterwards, the
apparent density was measured by determining the ratio of the oven-dried sample mass to
the mass of the water-saturated samples. For the glass beads and natural sand samples, the
water-saturated but surface-dry moisture state was determined by the slump cone criterion
according to EN 1097-6 for the water absorption measurement after 24 h. The results of the
bulk density measurements represent the mean of three independent measures for each
material sample according to EN 1097-3. The bulk density was determined by filling a
cylindrical sample holder with a 1 L capacity with aggregates following the requirements
of EN 1097-3.
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Figure 1. AB and BC grading curves of natural and crushed materials as well as glass beads.

Table 1. Characteristics of the materials used in this study.

Material Grading Curve Bulk Density ρb
(g/cm3)

Apparent Density ρa
(g/cm3) Water Absorption (%)

Glass beads AB 1.62 2.49 0.00
(G) BC 1.61 2.49 0.00

Natural sand AB 1.53 2.62 1.28
(S) BC 1.52 2.63 1.71

Crushed microdiorite AB 1.46 3.07 1.80
(M) BC 1.47 3.11 2.70

Recycled concrete AB 1.08 2.67 15.10
(RC) BC 1.07 2.67 16.50

Recycled masonry AB 1.17 2.64 13.70
(RM) BC 1.22 2.71 13.70

2.2. µCT Imaging and Particle Shape Characterization

To determine the shape characteristics, µCT images of five samples from each mate-
rial and grading curve were taken using a CT ALPHA-240 (ProCon X-Ray GmbH). The
associated 16 bit flat-bed detector had a size of 2144 × 1760 pixels with an edge length
of 127 µm. Images were taken with a voltage of 100 kV, a current of 80 µA, an exposure
time of 0.45 s, and a voxel size of 8 µm. The voxel size of 8 µm represented the lower
limit of the µCT system specifications and guided the image resolution. To guarantee
a sufficient level of measurement accuracy, only particles larger than 125 µm were an-
alyzed within this study. The ratio of particle sieve size to voxel size was therefore in
between the recommendation of [25] for the minimum required voxel size. Following the
recommendation from EN ISO 15708-3 [26], projections of 1680 rotation increments were
recorded. To reduce image noise and scattering, a flat-field correction was performed prior
to scanning, and for every rotation increment, three projections were averaged. Every
sand sample was scanned as a packed bed in a scanning container made of floral foam.
Using VGSTUDIO 3.2 (Volume Graphics), the µCT images were reconstructed. Afterwards,
image processing and particle shape characterization were performed using ToolIP with
MAVIkit and MAVI with MAVIparticle (Fraunhofer Institute for Industrial Mathematics).
Image processing, including smoothing of the grey-value image, thresholding into a binary
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image, and segmentation of individual particles by adaptive h-extrema transformation,
was performed using the procedure described in detail in [27]. The resulting µCT images
after segmentation are presented in Figure 2 for the five materials used in this study.
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Figure 2. Two-dimensional slice of the reconstructed particle sample after µCT imaging, image
processing, and particle segmentation: (a) glass beads, (b) natural sand, (c) crushed microdiorite,
(d) recycled concrete, and (e) recycled masonry.

After segmentation, size and shape characteristics for all particles were calculated. For
each material sample and grading curve, a minimum of 38,000 particles formed the basis for
particle shape characterization. The particle dimensions of thickness t, width w, and length
l (with t < w < l) refer to the edge length of a box with minimal volume surrounding the
particle, as defined by Blott and Pye [28]. To quantify angularity and texture, the modified
descriptor AT proposed by Zhang et al. [19] for 2D images of particles and transferred to
the 3D case herein was calculated according to Equation (1). It is based on a comparison
between the surface area (SA) and the surface area of the convex hull (SACH) of a particle.

AT =
|SA− SACH|

SACH
(1)

To characterize the whole aggregate sample, two metrics were calculated. The first one,
ATd50, is the median value of AT with respect to the particle volume. The second metric,
ATd90/10, is the ratio of the AT value at a cumulative volume passing of 90% to the AT
value at a cumulative volume passing of 10%. Whereas ATd50 is suitable for characterizing
the magnitude of angularity and texture of a sample, ATd90/10 describes the spread within
the sample. The results for ATd50 and ATd90/10 for the ten samples considered here are
presented in Figure 3a,b, respectively. Another parameter used within this study described
how prolate a particle was. Based on the procedure described in [17,18], every particle
was assigned to a bin within a matrix based on the ratios l/t and w/t. Particles falling
in the bin with l/t and w/t between 1.0 and 1.5 were considered to be spherical. All
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particles falling within one of the bins with w/t between 1.0 and 1.5 but l/t larger 1.5 were
considered prolate. To characterize each aggregate sample, the number of prolate particles
in comparison to the total number of particles PRT was calculated. In addition, the median
of the ratio of l/t of all particles classified as prolate PRTd50 was calculated analogously
to the definition of ATd50. Figure 4a,b show the results for PRTd50 and PRT for the ten
considered materials.
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2.3. Design of Experiment and Laboratory Tests

The experimental plan followed a full factorial design based on three two-level factors
and one five-level factor, resulting in 40 mixture compositions. The w/c ratio was varied
on the two levels of 0.45 and 0.55, whereas the factor b/a ratio varied on the levels of
0.95 and 1.05. Aggregate samples with two grading curves, namely, AB and BC, were
used. The fourth factor was the material. To increase statistical power, four replicates of
every mixture were produced and tested, resulting in a total test program of 160 mixtures
to be analyzed. The experimental design was divided into four blocks, with each block
containing the 40 different mixture compositions. To minimize the impact of random errors,
mixtures within each block were produced and tested in a random order. Every mixture
consisted of 1700 g of aggregates. The aggregate fraction was composed of 212.5 g limestone
powder, oven-dried aggregates, and additional water to compensate for 80% [29] of the
water absorption capacity of the material, as listed in Table 1. The amount of cement and
mixing water depended on the factor’s w/c ratio and b/a ratio. All laboratory tests were
carried out at (20 ± 2) ◦C room temperature and (65 ± 5)% humidity. A laboratory mixer
with a low speed of 62 rpm and a high speed of 125 rpm according to EN 196-1 [30] was
used. The mixing procedure included the following steps:

1. Blend the aggregates and 2/3 of the total amount of water and mix for 30 s at
low speed.

2. Wait for 570 s for the aggregates to saturate.
3. Add the remaining water, limestone powder, and cement within 30 s.
4. Mix for 60 s at low rotational speed and 30 s at high rotational speed.
5. Wait and clean the mixer for 90 s.
6. Mix at high rotational speed for 60 s.

The rheological measurements were performed using a Viskomat NT (Schleibinger
Testing Systems) with a rotating cylindrical sample cell 90 s after the end of the mixing
procedure. Every measurement was performed for a mortar sample of approximately
375 mL. This measurement setup is suitable for rheological measurements on mortars and
binders with particles smaller than 2 mm. In this study, the maximum particle size was
therefore limited to a sieve size of 2 mm. A stationary mortar probe with a fishbone shape
was used to minimize the risk of sedimentation during measurement [31]. The pre-shearing
phase consisted of an increase in rotational speed from 0 to 50 rpm within 20 s and a
constant rotational speed of 50 rpm for additional 25 s. After pre-shearing, the rotational
speed was lowered by 10 rpm every 15 s. For each down-step, the first 7 s and the last
2 s of measured torque values were discarded. The median of the remaining 6 s of torque
measurements was calculated. From the torque, which correlates with the shear stress of a
mixture, and from the rotational speed, which corresponds to shear rate, the parameters of
yield stress and dynamic viscosity were calculated based on the Bingham model [32,33].
After the rheological measurement, three mortar prisms (160 mm × 40 mm × 40 mm) were
produced and demolded after 24 h. After 28 days of curing under water at a temperature
of (20 ± 2) ◦C, the flexural strength in a three-point bending test setup and the compressive
strength according to EN 196-1 [30] were measured.

2.4. Statistical Methods

The results were evaluated using R (R Core Team) and RStudio [34]. The relationship
between one of the dependent variables—yield stress, dynamic viscosity, flexural strength,
or compressive strength—and the independent variables was analyzed using multiple
linear regression. The aim of this regression analysis was not to precisely predict the
dependent variable but to evaluate the effect that particle shape had on it. As independent
variables, w/c ratio (categorial), b/a ratio (categorial), grading curve (categorial), and the
four shape parameters described in Section 2.2 (continuous) were considered.

As the factor for material included redundant information on particle shape and thus
had a high correlation to the shape descriptors, it was not incorporated into the regression
analysis in order to prevent multicollinearity. It was assumed that variables describing
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shape and angularity were sufficient to represent the variable material for fresh mortar
properties. Other influencing factors, such as mineralogical composition or particle strength,
were assumed to play a subordinate role and were therefore neglected. This assumption
could be incorrect for the evaluation of particle strength. Therefore, the additional variable
material origin was considered for multiple linear regression analysis. This categorial
variable distinguishes between the two levels of natural (N) and recycled (R). It covers
differences in particle strength as well as the effect of unhydrated cement attachments to
the recycled particles that might interact with the surrounding cement binder. The three
sands from natural origins formed a group of similar-strength materials and were expected
to exhibit an inert mortar phase. A potential alkali–silica reaction originating from the glass
beads was expected to play a subordinate role due to the short time of 28 days between
mortar production and strength testing.

Within this study, the main effects as well as the interactions between two variables
were considered. Whereas the main effects describe the impact that an independent variable
has on the dependent variable, the interactions indicate whether this impact depends on
the level of a second independent variable. Interactions between the categorial and the
continuous independent variables were considered. However, the interactions between
shape descriptors or between categorial variables were neglected. Due to the large number
of variables possibly contributing to the regression results, variable selection was necessary.
To avoid multiple testing, a best subset regression was performed. Regression models for
all combinations of main factors and interactions were calculated. To ensure a meaningful
evaluation of the regression, all combinations in which interactions were present but whose
corresponding main effects were not were excluded [35]. This resulted in 8694 potential
regression models for fresh mortar properties and 17,389 models for hardened mortar
properties. From the remaining regression models, the model with the lowest Bayesian
information criterion (BIC) was chosen for further analysis [36]. After model selection,
the validity of the assumptions of multiple linear regression were checked. The linearity
between the dependent and independent variables as well as the independence of residuals
was validated visually based on scatter plots. The assumption of no multicollinearity
was verified by ensuring that the maximum variance inflation factor (VIF) was below
ten [37]. Normal distribution of the residuals was checked via the Shapiro–Wilk test [38]
and homoscedasticity via the Breusch–Pagan test [39]. If an assumption was not met,
transformation of the dependent or independent variables was performed. In the case of
strong outliers, those data points were excluded from further evaluation.

3. Results and Discussion
3.1. Dynamic Viscosity

The chosen regression model was significant (F(6, 150) = 164.5, p < 0.000), with an R2

of 0.86, for analyzing the effect that particle shape had on the log-transformed variable of
dynamic viscosity of the mortar mixtures, as shown in Table 2. From the 160 observations,
1 missing data point and 2 strong outliers were excluded from analysis. The value in
brackets behind the categorial variable indicates the dummy-coded level. For example, the
w/c ratio (0.55) indicates that w/c = 0.55 was dummy coded 1, whereas the level w/c = 0.45
was the reference level of 0.

Next, each part of the determined regression model concerning the impact of a shape
or angularity characteristic on the dependent variable was visualized as an effect plot. Effect
plots show the impact of one selected independent variable on the dependent variable while
correcting for the impact of other independent variables as part of the regression model.
The gray-shaded area related to the effect plot reflects the confidence interval. Further,
the underlying raw data points were visualized by residuals of the regression model,
indicating the scatter observed within the study. Whereas prediction of the dependent
variable required the consideration of the full model, which is presented, for example,
in Table 2, effect plots illustrate trends caused by isolated variables of a multiple linear
regression model.
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Table 2. Result of the regression analysis for the evaluation of the impact of prolate particles and the
angularity of particles on the log-transform of the dynamic viscosity of mortar.

Variable Coefficient Standard Error p-Value

Intercept −1.4932 0.0744 0.000
w/c (0.55) −1.4745 0.0991 0.000

PRT −0.0035 0.0012 0.005
ATd50 −0.8300 0.8245 0.3157

w/c (0.55):ATd50 5.3572 0.9042 0.000
ATd90/10 −0.0706 0.0126 0.000

w/c (0.55):ATd90/10 0.1249 0.0161 0.000

As shown in Table 2, a significant impact of the number of prolate particles PRT on the
dynamic viscosity was detected. Figure 5 demonstrates this effect. With an increasing num-
ber of prolate particles, the dynamic viscosity decreased, as shown in Figure 5. An increase
in PRT from 10% to 40% resulted in a decrease in dynamic viscosity of 0.017 Nmm·min.
Although this decrease was small in comparison to the scatter of dynamic viscosity values
observed in Figure 5, PRT had a statistically significant impact on the behavior of the fresh
mortar with respect to the dynamic viscosity. This large scatter also contributed to the
comparably low coefficient of determination R2 of 0.86. This could be a possible indication
of other factors influencing the measurement result that were not considered within this
study. However, the degree of PRTd50 did not have a significant impact on dynamic viscos-
ity. Westerholm et al. [5] and Aissoun et al. [9] expected the dynamic viscosity to increase
with an increasing degree of elongation due to the increase in specific surface area of the
particles. In comparison to spherical particles, the specific surface area of prolate or elon-
gated particles was larger, resulting in a higher demand of binder to cover the surface of the
particles. This resulted in a thinner mortar layer between particles when the total amount
of binder was kept constant [40]. Both authors expected the probability of collision between
neighboring particles to rise, thus leading to an increase in dynamic viscosity. However,
the effect plot of the impact of prolate particles on dynamic viscosity presented in Figure 5
does not reflect the observations described by Westerholm et al. [5] and Aissoun et al. [9].
A similar observation as the one in this study was, however, made by Zhao et al. [10]. A
possible cause could be that prolate particles orient themselves in suspension with the
longest dimension in the direction of motion. Although the effect of a thinner mortar layer
between particles was expected to be present, the effect of orientation in suspension under
motion may have been dominant here. Due to this orientation under motion, the risk of
collision between particles might have decreased, and thus, the resistance against shearing
was minimized.

Looking at the angularity and texture parameter ATd50, a strong impact on dynamic
viscosity was only present for mortar mixtures with a high w/c ratio (see Figure 6a). Here,
an increase in ATd50 from 0.08 to 0.12 resulted in an increase in dynamic viscosity of 0.043
Nmm·min. The observation that dynamic viscosity increased with increasing angularity
and texture made for high w/c ratios corresponds to the results of other studies [7–9]. One
possible cause may be in the higher specific surface area of particles with high angularity
and texture in comparison to rounded particles. With a constant amount of mortar available,
the mortar layer between particles decreased due to the increased amount necessary to
cover each particle [40]. This could have led to more collisions between particles [7–9]. In
addition, friction between angular and rough particles as well as particles and the binder
matrix was higher than in the case of rounded particles [8]. Both causes could have led to
the increased dynamic viscosity. This effect was, however, not observed for mixtures with
a low w/c ratio. Here, an increase in ATd50 from 0.08 to 0.12 resulted in a slight decrease in
dynamic viscosity of 0.015 Nmm·min. One reason could be that, for these mixtures, the
dynamic viscosity is mainly driven by the properties of the binder matrix. As this binder
was relatively stiff, it might have prevented the particles from colliding or interlocking.
Testing of further mortar mixtures with additional w/c ratios could have been suitable for
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exploring this hypothesis. However, rheological measurements for mortars with very low
w/c ratio might be difficult to carry out.
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With respect to the spread of angularity and texture within the mixtures shown
in Figure 6b, an increase in the parameter ATd90/10 was observed for mixtures with
a high w/c ratio and a decrease for mixtures with a low w/c ratio. In the case of a
w/c ratio of 0.45, an increase of ATd90/10 from 2 to 5 caused a decrease in dynamic vis-
cosity of 0.030 Nmm·min, whereas in the case of a high w/c ratio of 0.55, an increase of
0.014 Nmm·min was observed. Mixtures with low ATd90/10 contained either mainly round
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or mainly angular particles. Mixes between round and angular particles resulted in increas-
ing ATd90/10 values. A possible cause could be in the loosening effect, which describes a
decrease in packing density due to mismatching particle sizes or shapes [41]. Looking at
Table 1, it can be seen that a decrease in bulk density, a measure for packing density without
compaction, was accompanied by an increase in ATd90/10. For mixtures with a high w/c
ratio, an increased amount of binder would be necessary to fill the additional voids from
the loosening effect, leading to a potential decrease in lubrication between particles. For
mixtures with a low w/c ratio, the same loosening effect could have led to a decrease in the
significance of the binder and an increase in the significance of the aggregate fraction for
the mobility of particles within the mixture, resulting in a decreasing dynamic viscosity.
Further tests on mortar mixtures with additional w/c ratios could contribute to exploring
the underlying mechanisms.

3.2. Yield Stress

For yield stress, the resulting regression model is shown in Table 3. The model was
significant (F(12, 144) = 2077.0, p < 0.000), with an R2 of 0.99. The dependent variable was
log-transformed, and 1 missing data point and 2 outliers from a total of 160 observations
were excluded. All four shape parameters had a significant influence on yield stress either
as a main effect or as part of an interaction.

Table 3. Result of the regression analysis for the evaluation of the impact of prolate particles and the
angularity of particles on the log-transform of the yield stress of mortar.

Variable Coefficient Standard Error p-Value

Intercept −0.7436 0.2489 0.003
w/c (0.55) −1.0630 0.0181 0.000
b/a (1.05) −0.0407 0.0347 0.242

Grading (BC) −0.2648 0.0433 0.000
PRT −0.0103 0.0009 0.000

Grading (BC):PRT 0.0105 0.0011 0.000
PRTd50 4.8630 0.4029 0.000

(PRTd50)
2 −1.5497 0.1212 0.000

ATd50 7.2711 0.4510 0.000
b/a (1.05):ATd50 −1.3641 0.3218 0.000

ATd90/10 0.0736 0.0079 0.000
w/c (0.55):ATd90/10 0.0322 0.0057 0.000

Grading (BC):ATd90/10 −0.0352 0.0078 0.000

With respect to the number of prolate particles within a mixture, a different impact
on yield stress depending on grading curve was observed (see Figure 7a). In comparison
to other parameters like PRTd50, ATd50, and ATd90/10, the effect PRT had on yield stress
was less pronounced (see Table 3). This is represented by the large scatter of data shown in
Figure 7a as well as the comparably large confidence interval associated with the regression
line in Figure 7a. Due to this large confidence interval, interpretation of the results is
associated with severe uncertainty. Although the results in Figure 7a show no explicit
impact of increasing PRT values on yield stress for grading curve BC, a more pronounced
decrease was observed for mixtures with grading curve AB. Other studies observed either
no impact of the elongation of prolate particles on yield stress [5] or an increasing yield
stress with increasing elongation of particles [10], which is attributed to the thinner binder
layer between particles. The difference between the two grading curves is in the higher
number of fine aggregates for BC gradings. The reason for the decreasing yield stress with
increasing number of prolate particles observed within this study could be the difference in
packing when filling mortar in the measurement cell. If the particle shape differed from
spherical, a loosening effect was observed in several studies [18,42,43]. The torque needed
to overcome the static condition of a less packed mortar probe might be lower than for
dense packings, resulting in a decrease in yield stress. The fact that this behavior was
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observed to be more pronounced for AB gradings than for BC gradings could indicate that
the prolate shape of larger particles in particular leads to a loosening of the packing. This
effect probably plays only a subordinate role for the yield stress, as in mixtures with BC
grading the number of larger particles was low. However, a follow-up study considering
additional grading curves could contribute to analyzing this effect in greater detail. In
addition, aggregate samples with PRT values of between 10% and 40% could expand the
informative value of the observed interaction between PRT and grading curve.
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Looking at Figure 7b, an increase in PRTd50 values of 1.0 to 1.5 caused an increase in
yield stress of 4.61 Nmm followed by a decrease in yield stress of 3.03 Nmm for a rise in
PRTd50 from 1.5 to 2.0. Zhao et al. [10] observed an increase in yield stress when incor-
porating prolate particles. They indicated the increased probability of collision between
prolate particles as a reason for the increasing yield stress. This trend is verified by the
results presented here for low to moderate PRTd50 values. The decrease in yield stress
for increasing PRTd50 from a moderate to high level shown in Figure 7b was, however,
an unexpected observation. This decrease in yield stress could have resulted from an
orientation of highly prolate particles along their major axis during the filling process. As
the measurement motion occurred vertical to the filling direction, this effect could have led
to a decrease in yield stress. Additional experimental tests are necessary.

With increasing angularity and texture ATd50 as well as an increasing spread in angu-
larity and texture ATd90/10, an increase in yield stress was observed, as shown in Figure 8a,b.
Here, the results of multiple linear regression analysis reveal the importance of the con-
sideration of interactions with other influencing parameters like w/c ratio or b/a ratio.
An increase in ATd50 from 0.08 to 0.12 caused an increase in yield stress of 2.74 Nmm for
mixtures with a b/a ratio of 1.05 and an even stronger increase of 4.03 Nmm for mixtures
with b/a ratio of 0.95. The impact of an increase in ATd90/10 from 2.0 to 5.0 on yield stress
depended on two interactions and ranged from an increase of 2.75 Nmm for mixtures with
a w/c ratio of 0.55 and grading curve BC to an increase of 6.93 Nmm for mixtures with a
w/c ratio of 0.45 and grading curve AB. This observation follows the expectations and is
consistent with the results from other studies [9,10]. The increase in yield stress could have
been caused by increasing friction between angular particles, according to Aissoun et al. [9].
In addition, the specific surface area increased for angular particles, resulting in a thinner
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layer of binder between particles and thus stiffer contact between particles [10,40]. This
would also explain the different effects observed for mixtures with high and low b/a ratios.
With a high b/a ratio, the remaining binder layer between particles was still larger than for
mixtures with a low b/a ratio, probably resulting in a certain preservation of flexible contact
between particles. Further experiments could include additional mortar mixtures covering
a larger range of b/a ratios. The effect of increasing ATd90/10 values was more pronounced
for mixtures with grading curve AB and a low w/c ratio. Apparently, the difference in
angularity values of the coarser particle fraction in particular seemed to influence yield
stress. It was expected that, for high w/c ratio mixtures, the binder consistency would
superimpose the interaction between round and angular particles and thus result in a less
strong effect on yield stress in comparison to mixtures with a low w/c ratio.
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3.3. Compressive Strength

Following the procedure used in Sections 3.1 and 3.2, multiple linear regression
analysis showed that the differences between natural and recycled aggregates could not
be sufficiently explained by the considered variables. It was expected that the difference
in particle strength would play an important role in mortar strength [29]. In addition,
unhydrated cement could have been attached to recycled particles, impacting the strength
behavior of the mortar produced within this study. Therefore, a simplified categorial
factor for the material origin with the two levels of natural (N) and recycled (R) was
considered as an additional input variable for the multiple linear regression analysis for
flexural and compressive strength. The interaction between the variable origin and the
shape parameters was considered. The interactions with the b/a ratio were excluded
instead, as no significance was observed in trial tests. The fourth replication of compressive
strength tests needed to be excluded due to a detected measurement error as well as one
strong outlier, resulting in a total of 119 data points. The result of the multiple linear
regression analysis for compressive strength is shown in Table 4. The model was significant
(F(7, 111) = 342.0, p < 0.000), with an R2 of 0.95.
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Table 4. Result of the regression analysis for the evaluation of the impact of prolate particles and the
angularity of particles on the compressive strength of mortar.

Variable Coefficient Standard Error p-Value

Intercept 52.13 1.56 0.000
w/c (0.55) −11.76 0.99 0.000
b/a (1.05) 0.98 0.37 0.008
Origin (R) 84.06 21.39 0.000

Origin (R):ATd50 −891.03 181.74 0.000
ATd90/10 −1.49 0.85 0.082

w/c (0.55):ATd90/10 1.30 0.31 0.000

For compressive strength, no impact of the number of prolate particles or the degree of
the l/t ratio was observed. This complies with the observation made by Aissoun et al. [9].
However, angularity and texture played an important role in affecting the compressive
strength of mortar. For natural aggregates, an increasing compressive strength was ob-
served with increasing angularity ATd50, as shown in Figure 9a. An increase in ATd50 from
0.08 to 0.12 resulted in an increase in compressive strength of 7.61 MPa. As angular particles
have a larger specific surface area than rounded particles, larger bond forces can form
between the particle and the binder matrix [9–11]. In addition, the interlocking between
particles increases [11]. Both effects result in an increase in compressive strength. How-
ever, for recycled aggregates, compressive strength decreased with increasing ATd50 (see
Figure 9a). As shown in Figure 9a, no sample with recycled aggregates in conjunction with
very low or very high angularity was investigated in this study. Both recycled aggregate
samples exhibited quite similar ATd50 values. Therefore, the regression line in Figure 9a for
recycled aggregates presented a strong extrapolation beyond the data points analyzed here.
This is also indicated by the large confidence interval in the region of low angularity. It is
therefore questionable whether higher strength could be achieved for mortar with recycled
aggregates in combination with low angularity in comparison to natural aggregate mortar.
Eckert and Oliveira [29] observed a decreasing compressive strength with an increasing
number of recycled aggregates incorporated into a concrete mixture. They determined
that one of the main causes of this behavior was the lower particle strength of recycled
aggregates in comparison to that of natural aggregates. An interpretation of the results
observed within this study was limited to the observed uncertainty regarding the course
of the regression line, indicating the impact of ATd50 on compressive strength for recycled
aggregates. This result could suggest that different failure behavior for mortar specimens
with recycled aggregates might apply. Due to the high porosity of aggregates and lower
aggregate strength, fractures could occur within particles. This would explain the differ-
ence between the compressive strength of natural and recycled aggregate mortar mixtures.
The decrease in compressive strength for recycled aggregates with increasing ATd50 could
have resulted from the higher probability of fracture of a particle if angularity was high in
comparison to more rounded particles. However, additional tests covering a larger range
of ATd50 values for recycled aggregate samples, including a quantitative analysis of the
number of fractured particles, would be necessary to confirm this theory.

Figure 9b shows that an increased spread of angularity ATd90/10 resulted in a decrease
in compressive strength, especially for mortar mixtures with a low w/c ratio. However, the
confidence interval for ATd90/10 values was high, making an interpretation of these results
difficult. The large scatter of residual data points shown in Figure 9b also indicates no clear
trend of compressive strength development depending on ATd90/10. To further explore this
impact, additional tests with mortars of different w/c ratios could be useful. A potential
cause could lie in the difference in bond forces between angular and rounded particles,
resulting in an unequal distribution of compressive stresses. Thus, the potential for a
fracture in an area of a concentration of compressive stresses might increase. Modeling of
the stress distribution around angular and rounded aggregates could be useful for further
investigation of the described effect.
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Figure 9. Impact of angularity and texture on compressive strength, including residual data points:
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3.4. Flexural Strength

The significant regression model (F(2, 155) = 90.07, p < 0.000) for the effect that particle
shape has on flexural strength is shown in Table 5. Two missing data points were excluded
from the analysis. The low R2 of 0.53 indicates that the considered input variables resulted
in a comparably large fraction of unexplained variance.

Table 5. Result of the regression analysis for the evaluation of the impact of particle angularity on the
flexural strength of mortar.

Variable Coefficient Standard Error p-Value

Intercept −0.27 0.45 0.55
w/c (0.55) 0.39 0.17 0.02

ATd50 53.74 4.07 0.00

The only statistically significant shape parameters besides the w/c ratio affecting
flexural strength were angularity and texture ATd50, according to the results of this study.
Going against expectations, parameters determining compressive strength as b/a ratio or
material origin did not contribute to the explanation of variance for the regression model of
flexural strength. No significant differences in flexural strength between mortar mixtures
with natural and recycled aggregates were observed. Although the observed impact of the
w/c ratio on flexural strength was small, an increase in ATd50 from 0.08 to 0.12 resulted in
an increase in flexural strength of 2.15 MPa (see Figure 10 and Table 5). The residual data
points shown in Figure 10 also reveal this trend while also indicating the large scatter of the
data. The comparably low coefficient of determination of R2 = 0.53 also reflects that part of
the observed scatter remains unexplained by the regression model from Table 5. A large
variance between results was observed during the flexural strength testing of replicated
mortar mixtures with identical w/c ratio, b/a ratio, grading curve, and material used. This
could have resulted from the three-point bending test setup used, which is known to result
in larger variance between identical mortar mixtures in comparison to a four-point bending
test setup [44]. For future investigations, a modification of the test setup could therefore be
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considered. The observation of increasing flexural strength with increasing angularity of
particles corresponds to those of other studies [10,11]. Two effects, namely, the increased
interlocking between particles [11] and the increased bond forces between particle and
binder matrix due to the larger specific surface area of angular particles [10,11], led to the
increase in flexural strength. Here, the origin of the aggregates, whether natural or recycled,
did not seem to influence the measurement result.
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4. Conclusions

In this study, the effect of particle shape and angularity on the dynamic viscosity and
yield stress of fresh mortar as well as on the flexural and compressive strength of hardened
mortar was investigated. In total, 40 different mortar mixtures were produced four times,
each resulting in a test program based on 160 samples. A multiple linear regression analysis
including the main effects and interactions was used to evaluate the impact of particle
shape and angularity, determined by µCT imaging on mortar properties. The following
conclusions can be drawn based on the presented results:

• With an increasing number of prolate particles, a decrease in the dynamic viscosity
was observed within this study. If reducing the risk of segregation of a mixture is the
aim of optimization, a reduction in the number of prolate particles could therefore lead
to an increase in dynamic viscosity. If an improvement in workability is the aim of
optimization, an increase in the number of prolate particles could be beneficial. With
respect to angularity, a strong increase in dynamic viscosity was observed for mixtures
with a high w/c ratio with increasing angularity. To reduce the risk of segregation for
mixtures with a high w/c ratio, it might be beneficial to include higher numbers of
angular particles, like recycled fine aggregates. For mortar mixtures with a low w/c
ratio, no strong impact of angularity on dynamic viscosity was observed.

• The interaction between shape and angularity characteristics, mortar composition
properties, and the yield stress of mortar mixtures was quite complex. For grading
curves with low fine aggregate content (AB), decreasing yield stress was observed
for increasing numbers of prolate particles, whereas there was no impact for grading
curves with high fine aggregate content (BC). As severe scatter and large confidence
intervals are associated with this observation, a follow-up study with additional
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experimental tests would be required to examine this impact in greater detail. In
addition, a moderate increase in the degree of l/t ratio resulted in higher yield stresses,
whereas very high degrees of l/t ratio seemed to result in decreasing yield stress values.
Thus, to improve the workability of mortar, the incorporation of prolate particles for
grading curves with low fine aggregate content could be suitable. With increasing
angularity, yield stress increased as well. From a practical point of view, reducing the
number of angular particles as well as the degree of angularity could lead to mortar
mixtures with improved workability.

• For compressive strength, an increase was observed with increasing angularity of
natural aggregates. Increasing the number of fine crushed natural aggregates with
higher angularity in comparison to weathered fine aggregates resulted in higher
compressive strength values for mortar. However, when fine recycled aggregates
were incorporated into mortar mixtures, a different impact on compressive strength
was observed, associated with large confidence intervals that showed the uncertainty
related to this observation. Independent of angularity, a lower compressive strength
was observed for mortar mixtures with recycled aggregates in comparison to mixtures
with natural aggregates. For a reliable interpretation of results, additional experimental
tests covering a larger range of angularity and texture characteristics for recycled
aggregate samples is required.

• With increasing angularity and texture, an increase in flexural strength was observed
independent of the use of natural or recycled fine aggregates. The results show a
comparably large number of unexplained variance, which could have been caused by
the test setup used. Incorporating crushed natural or recycled aggregates into mortar
mixtures with increased angularity and texture in comparison to natural aggregates
therefore had a potential positive effect on flexural strength.

In summary, prolate particles and particle angularity have a decisive influence on fresh
mortar properties like yield stress and dynamic viscosity, as well as on hardened mortar
properties like compressive and flexural strength. Incorporating crushed fine aggregates
with shape and angularity differing from the characteristics of natural fine aggregates thus
has a complex impact on various mortar properties. The results obtained within this study
show that careful balancing of the aggregate fraction with respect to the particle l/t ratio
and angularity is required and can allow for larger fractions of crushed fine aggregates in
mortar mix design.

As differences in particle shape and angularity are introduced by incorporating fine
aggregates of different origin, other characteristics, such as mineralogical composition,
may have contributed to the unexplained variance observed for the four regression models
presented in Sections 3.1–3.4. Thus, the presented impact of shape and angularity on
rheological mortar properties, but which was more notable on strength properties, may
be partially influenced by material origin. Using the presented results for extrapolation
beyond the framework of the discussed regression analysis is error prone. Therefore, future
investigations could extend the number of considered variables as well as the range of factor
levels covered. This could include larger ranges of grading curves, w/c ratios, b/a ratios,
and materials, as well as additional independent variables like chemical composition of
aggregates, particle strength, number of unhydrated cement residuals attached to recycled
aggregates, or the impact of different cement types, plus additional dependent variables
like slump, splitting strength, or modulus of elasticity. As µCT imaging provides the 3D
digital representation of particles within a sample, the presented results could serve as a
basis for discrete element modeling of the impact of aggregates on rheological and strength
parameters of mortar or even concrete. With respect to the transferability of the presented
results from mortar to concrete, additional tests for upscaling to the concrete level would
be necessary.
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Abbreviations

2D Two-dimensional
3D Three-dimensional
AB Grading curve with a larger coarse aggregate fraction
ATd50 Median value of AT for a particle sample
ATd90/10 Ratio of the AT value at a cumulative volume passing of 90% to 10%
b/a ratio Binder–aggregate ratio
BC Grading curve with a larger number of fine aggregates
G Glass beads
l Particle length
µCT Micro-computed tomography
M Crushed microdiorite
N Natural material origin
PRT Number of prolate particles in comparison to the total number of Particles
PRTd50 Median of the ratio of l/t of all particles classified as prolate
R Recycled material origin
RC Recycled concrete
RM Recycled masonry
S Natural sand
SA Surface area
SACH Surface area of the convex hull
t Particle thickness
w Particle width
w/c ratio Water–cement ratio
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